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ABSTRACT

We present petrographic, mineralogical, geochemical and isotopic data on the 5034 kimberlite of the Cambrian Gahcho Kue
kimberlite cluster (Slave craton, northern Canada). This Group-IA kimberlite is a multiphase intrusion composed of the diatreme-
facies magmatic and hypabyssal kimberlite, which intruded in at least four magmatic phases. The dominant hypabyssal phase is
composed of macrocrystal monticellite – phlogopite – serpentine kimberlite. Occasional samples with diopside ± melilite may
reflect local heterogeneities in the bulk composition or separate intrusive phases. Aphanitic monticellite – serpentine kimberlite
forms as early and contemporaneous small-volume magmas and is present in autoliths and in cross-cutting dykes. The subsequent
explosive magmatic phase formed tuffisitic kimberlite breccia, which in turn is cut by macrocrystal phlogopite – serpentine
kimberlite. The phlogopite in all recognized hypabyssal rock-types has distinct compositional trends, but within a given rock-
type, it also varies significantly in response to local chemical heterogeneities and to the composition of minerals adjacent to it.
The large variability in phlogopite compositions is due to very local diffusion-controlled crystallization, and not to changes in
bulk composition of the magma. All varieties of the 5034 kimberlite show strong evidence of contamination by host granitic
rocks. Pectolite, diopside, melilite and phlogopite have replaced and crystallized around partly assimilated granitic xenoliths from
a hybrid melt enriched in Si and Na. A high activity of Si may be the major factor controlling the presence of melilite in kimberlites.
The mineralogical character of the 5034 kimberlite, which is intermediate between Group-I and Group-II kimberlites, can be
explained by its strong contamination by granites. The composition of the kimberlite in terms of Sr and Nd isotopes suggests an
asthenospheric origin of the melt and allows for incorporation of no more than 8–12% granitic material into the parental magma.

Keywords: kimberlite, phlogopite, spinel, Sr and Nd isotopes, granite contamination, melilite, Slave craton, Gahcho Kue cluster,
Northwest Territories, Canada.

SOMMAIRE

Nous présentons des données pétrographiques, minéralogiques, géochimiques et isotopiques à propos de la kimberlite 5034
de l’agglomération de kimberlites de Gahcho Kue (d’âge cambrien, craton de l’Esclave, partie nord du Canada). Cette kimberlite
à affinités au groupe IA est une intrusion multiphasée composée de kimberlite ayant un faciès diatrème et de kimberlite
subvolcanique, mise en place en au moins quatre venues. La phase subvolcanique dominante est composée de kimberlite à
macrocristaux de monticellite – phlogopite – serpentine. Les échantillons contenant l’assemblage diopside ± mélilite, plutôt
occasionnels, pourrait résulter d’hétérogénéités locales en composition du magma ou bien d’une venue intrusive séparée. La
kimberlite aphanitique à monticellite – serpentine s’est formée de façon précoce à partir de petits volumes de magma kimberlitique
et se présente sous forme d’autolithes et en filons tardifs. Vient ensuite une phase magmatique explosive qui a formé la kimberlite
tuffisitique bréchique, et enfin une kimberlite à macrocristaux de phlogopite + serpentine. La composition de la phlogopite dans
tous ces variantes subvolcaniques montre des tracés évolutifs distincts, mais au sein d’un type de roche, elle varie aussi selon les
hétérogénéités locales et la composition des minéraux adjacents. La variabilité marquée de la composition de la phlogopite serait
due à sa cristallisation régie très localement par la diffusion, et non aux changements en composition globale du magma. Toutes
variétés de la kimberlite 5034 témoignent d’une contamination marquée par les roches-hôtes granitiques. Pectolite, diopside,
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mélilite et phlogopite ont remplacé et cristallisé autour de xénolithes granitiques partiellement assimilés à partir d’un magma
hybride enrichi en Si et Na. Une activité accrue de Si pourrait bien être un facteur régissant la présence de mélilite dans ces
kimberlites. Le caractère minéralogique de la kimberlite 5034, qui est intermédiaire entre les kimberlites de groupe I et ceux de
groupe II, pourrait résulter d’une forte contamination par le granite. La composition de la kimberlite en termes des isotopes de Sr
et de Nd indique une origine asthénosphérique et permet une incorporation d’au plus 8 à 12% de matériau granitique dans le
magma parental.

(Traduit par la Rédaction)

Mots-clés: kimberlite, phlogopite, spinelle, isotopes de Sr et de Nd, contamination par matériau granitique, mélilite, craton de
l’Esclave, agglomération de Gahcho Kue, Territoires du Nord-Ouest, Canada.

rocks (Mitchell 1995), and the extent to which xeno-
lithic material was incorporated into the kimberlitic
magma.

THE GAHCHO KUE KIMBERLITES

The Gahcho Kue cluster of kimberlites (Fig. 1) is
located about 75 km south of Aylmer Lake in the south-
eastern corner of the Slave craton (63°30’N, 109°30’W),
280 km northeast of Yellowknife, in the Northwest Ter-
ritories. Six bodies of kimberlite of the Gahcho Kue
cluster (the 5034, 5034-South, Tesla, Tuzo, Hearn and
Wallace, Fig. 1) may represent the oldest known occur-
rence of kimberlite on the Slave Craton. The 5034
kimberlite has been dated radiometrically by the Rb–Sr
method on phlogopite as being Middle Cambrian (542.2
± 2.6 Ma: Heaman et al. 2003).

The four main pipes, 5034, Hearne, Tuzo and Tesla,
have contrasting external shapes and pipe infills; the
latter are dominated by hypabyssal kimberlite (HK) and
tuffisitic kimberlite breccia (TKB). There is a correla-
tion between pipe shape and texture of the kimberlite
infill. Tuffisitic kimberlite breccia occurs in the circular
smooth-sided pipes, Tuzo and Hearne South, whereas
hypabyssal kimberlite dominates the complex irregular
pipe at 5034. At Hearne North and Tesla, intermediate
shapes of pipes contain both TKB and HK, with a sig-
nificant amount of kimberlite displaying textures that
are gradational from TKB to HK materials with increas-
ing depth. There is also a correlation between pipe shape
and internal geology, ranging from simple to complex
from Tuzo, through Tesla and Hearn, to 5034.

The 5034 pipe has an irregular shape, and a 35-m-
wide dike-like body extends from the pipe some 300 m
to the north–northeast (Fig. 2). The overall near-surface
area is about 2.15 ha, and the majority of it is under
Kennady Lake. The 5034 pipe was subdivided on the
basis of internal geology into four lobes (Figs. 1, 2), a
western, central, and eastern lobe, as well as a northern
lobe intersected in drill core. The lobes differ in mod-
eled diamond grade from 1.3 to 1.85 ct/t (The Mountain
Province Diamonds Inc. Annual Report 2002).

In summary, the geology, shape and infill of the in-
dividual kimberlite pipes at Gahcho Kue are similar to
those of the kimberlites in the Kimberley area of South

INTRODUCTION

Our understanding of the petrology and geology of
kimberlites has increased substantially as a result of new
discoveries in Canada. Kimberlites are now found in all
parts of northern Canada, from Coronation Bay in the
west to Quebec in the east. In spite of the major surge in
publications related to the 8th International Kimberlite
Conference in Victoria in 2003, relatively little geologi-
cal information on kimberlites is found in the public do-
main. Moreover, most publications on Canadian
kimberlites focus on internal geology, facies and tex-
tures of the rocks (e.g., Field & Scott Smith 1999,
Hetman et al. 2003), and the authors do not report de-
tailed mineralogical information. This work aims at fill-
ing these gaps.

We report petrographic, mineralogical, geochemical
and isotopic data on the 5034 hypabyssal kimberlite of
the Gahcho Kue kimberlite cluster, which is moderately
diamondiferous. The geological content, textural vari-
eties and kimberlite facies of this cluster make this one
of the best understood kimberlites in the Slave craton,
as it was a focus of extensive drilling and textural stud-
ies (Rikhotso et al. 2003, Hetman et al. 2003). This work
complements the geological model of the Gahcho Kue
kimberlites by providing geochemical and mineralogi-
cal data on a parent magmatic kimberlite that was ex-
plosively intruded, forming breccias.

This study is based on samples recovered from the
large-diameter cores drilled in 1995–1997 by Canamera
Ltd. (a contractor for Mountain Province Ltd.) for bulk
sampling in the diamond-exploration program. Eleven
representative samples of the fresher hypabyssal
kimberlite were chosen for our detailed studies from the
UBC collection of ~60 specimens of the 5034 kim-
berlite. We characterize the kimberlite through compo-
sitional data on the rock-forming minerals and whole
rocks that form several magmatic phases. We show that
many of its mineralogical and petrological traits can be
explained by its strong contamination by granitic xeno-
liths. In this work, we also address the presence of
melilite in kimberlites, the nomenclature and origin of
kimberlites intermediate between Group I and Group II,
the use of compositional trends in spinel and phlogopite
for the systematics of kimberlites and related alkaline
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Africa, but extremely different from those in many other
Canadian kimberlites. The pipes formed by intrusive
magmatic processes, and the depth of diatreme devel-
opment in individual kimberlites at Gahcho Kue was
variable. The pipes must have undergone significant
erosion to strip away kimberlite down to the root zone
(Hetman et al. 2003).

THE ARCHEAN BASEMENT

The kimberlites intrude unsubdivided Archean gra-
nitic rocks older than 2.4 Ga (Bethune et al. 1999) that

form the basement of the Slave craton. There is no evi-
dence for any sedimentary cover at the time of
kimberlite emplacement, as no sedimentary xenoliths
were found in thorough petrographic studies of the
Gahcho Kue kimberlite (this work, and Hetman et al.
2003).

Little is known about the Archean basement of the
southeastern Slave Province. Geochemical data col-
lected 70 km north of the Kennady Lake (at Wamsley
Lake) show that the basement rocks are mostly granites
with minor tonalite and granodiorite (Cairns et al. 2003).
They are weakly peraluminous, have K2O/Na2O in the

FIG. 1. Schematic map of the Slave craton showing location of the Gahcho Kue cluster
and distribution of other Slave kimberlites. The inset illustrates distribution of
kimberlites (black) within the cluster. All bodies intrude Archean granitic rocks and are
submerged beneath lakes. The 5034 pipe consists of western (W), central (C), and east-
ern (E) lobes. The northern lobe intersected in the drill hole is not shown (B. Wyatt,
pers. commun.).
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range 0.8–1.5 (average 1.0), low Sr and Ba, and rela-
tively high Th and Rb (Table 1). By these parameters,
the granites are close to the ~2.59 Ga Stagg and Awry
suites of the southern Slave and the Yamba suite in the
central Slave (Yamashita et al. 1999).

Granitic rocks of the Archean basement are present
as ubiquitous xenoliths in all four pipes of the cluster.

In the diatreme-facies kimberlites of Gahcho Kue, gra-
nitic xenoliths range in size from <5 mm to >5 m
(Hetman et al. 2003) and may comprise up to 15–20%
of the tuffisitic kimberlite breccia (TKB) in drill hole
96–BAK039 of the 5034 pipe. The fresher, large gra-
nitic xenoliths contain microcline, biotite, quartz and
apatite (Fig. 3); however, most xenoliths are completely

FIG. 2. Plan outline of the 5034 kimberlite at 370 m below the surface and its three-dimensional geological model (inset),
modified from Hetman et al. (2003). Locations of 5034 samples indicated as a depth along a drill core and a sample number.
The 3D model of the 5034 kimberlite uses different patterns for the western, central, eastern and northern lobes.
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or selectively altered. The alteration resulted in com-
plete replacement of plagioclase and partial replacement
of quartz by serpentine ± chlorite ± epidote and occa-
sional pseudomorphs of chlorite ± epidote after biotite
(Fig. 3A). An alternative common pattern of alteration
produces serpentine and fine-grained intergrowth of
serpentine and hematite after felsic minerals (Fig. 3B).
Xenocrysts of quartz, K-feldspar and biotite are occa-
sionally found near the xenoliths and away from them.
The whole-rock compositions of the granitic xenoliths
(Table 1) indicate that they are strongly altered by addi-
tion of H2O (up to 8% wt.%) and MgO (15 wt.% MgO),
serpentinized and cannot be representative of the south-
eastern Slave granitic basement.

The alteration of granite in the hypabyssal kimberlite
is stronger and differs drastically from that in the
tuffisitic kimberlite breccia. There is a marked reduc-
tion in size and abundance of the granite fragments that
show significant reaction with the host kimberlite in all
hypabyssal Gahcho Kue kimberlites (Hetman et al.
2003). Pervasive alteration and total “digestion” of the
granites by the magmatic 5034 kimberlite are described
below.

ANALYTICAL METHODS

Mineral modes of macrocrysts and microphenocrysts
were estimated visually using the optical microscope.
Proportions of groundmass phases were assessed on

SEM microphotographs via computer-assisted image
analysis and averaged within each thin section.

The quantitative analysis of minerals (Tables 2–5
and Electronic Table 1) was performed with a fully au-
tomated CAMECA SX50 electron microprobe at the
University of British Columbia. Acceleration voltage
was 15 kV for phlogopite, spinel-group minerals and
silicates, and 20 kV for perovskite. The beam current
was set to 20 mA. On-peak counting times were 100 s
for F, 80 s for rare-earth elements, 40 s for Nb and Th,
and 20 s for all other elements. The micas were ana-
lyzed for alkalis in the first analytical session to mini-
mize any possible underestimation. Note that the two
Electronic Tables for this article are available from the
Depository of Unpublished Data, CISTI, National Re-
search Council, Ottawa, Ontario K1A 0S2, Canada.

Bulk-chemical analyses of the kimberlite were made
at the McGill University Geochemical Laboratories
(Montreal, Canada) and at the Chemex Laboratories
(Vancouver, Canada). The samples were ground in a jaw
crusher and then in a tungsten carbide ring mill with
minimum grinding times. All major element, Cr and Ni
contents were determined by X-ray fluorescence (XRF)
spectrometry using a Philips PW2400 spectrometer on
fused pellets. The concentration of ferrous iron was es-
tablished by titration volumetrically. Concentrations of
Rb and Zr were determined by X-ray fluorescence
(XRF) spectrometry on pressed pellets, and those of
other trace elements, by ICP–MS with sodium peroxide

FIG. 3. Microphotographs of granitic xenoliths in the 5034 tuffisitic kimberlite breccia (TKB). All symbols here and on all
figures are from Kretz (1983). A. An altered xenolith contain fresh microcline, identified by the tartan twinning, an aggregate
of serpentine and chlorite replacing plagioclase and quartz, an aggregate of chlorite and epidote (?) replacing biotite, and fresh
apatite. B. An altered xenolith comprising biotite, serpentine and grains replaced by serpentine intergrown with a black fine-
grained mineral. The mineral is inferred to be hematite on the basis of its dark red color in the macrospecimen. The field of
view is 2.6 mm in A and 5.2 mm in B.
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fusion. Accuracy of XRF and ICP–MS analyses were
checked against G2000 and SY4 standards, respectively.
The precision of the major element and trace metal
measurements is 5 and 10% relative.

Sm–Nd and Rb–Sr isotopic analyses were performed
at the Radiogenic Isotope Facility at the University of
Alberta. Small, carefully selected pieces of kimberlite
were ground to remove visible xenolithic material, and
then crushed to a fine powder. The powders were
weighed, totally spiked with known amounts of mixed
84Sr–87Rb and 149Sm–150Nd tracers, and then Rb, Sr, Sm
and Nd were separated by conventional ion-chromatog-
raphy techniques (Holmden et al. 1996, Creaser et al.
1997). Determinations of Rb, Sr, Sm and Nd abun-
dances and Sr and Nd isotopic compositions were made
by isotope-dilution mass spectrometry using a Micro-

mass Sector 54 mass spectrometer. The long-term val-
ues for the SRM987 Sr and JNdi–1 Nd isotopic stan-
dards determined are 0.710259 ± 0.00002 (1SD) and
0.511210 ± 0.000006 (1SD), respectively. The Sr and
Nd isotope data reported here are presented relative to
values of 0.710245 for SRM987 and 0.512107 for JNdi–
1. The latter is equivalent to a value of 0.511850 for the
La Jolla Nd isotopic standard (Tanaka et al. 2000).

PETROGRAPHY

Within the hypabyssal kimberlite of the 5034 body,
five characteristic rock-types can be distinguished: (1)
aphanitic monticellite–serpentine kimberlite, (2)
macrocrystal monticellite – phlogopite – serpentine
kimberlite, (3) macrocrystal diopside- and monticellite-
bearing phlogopite–serpentine kimberlite, (4) macro-
crystal diopside- and melilite-bearing phlogopite–
serpentine kimberlite, and (5) macrocrystal phlogopite–
serpentine kimberlite.

Diopside-bearing kimberlite is described in three
thin sections; two of them contain accessory monti-
cellite, and one contains melilite. We do not know if
diopside-bearing kimberlite constitutes two separate
phases of hypabyssal kimberlite, or if the 5034 diop-
side-free kimberlite locally grades into the diopside-
bearing varieties. The hypabyssal 5034 kimberlite is
found in the main phase of the 5034 body, as well as in
autoliths of the younger tuffisitic kimberlite breccia,
which is in turn cut by macrocrystal phlogopite–serpen-
tine kimberlite. The breccia contains ~30% pelletal
lapilli made up of completely altered olivine, and felsic
xenocrysts (3–5%) with thin selvages of magmatic
kimberlite.

The macrocrystal phlogopite–serpentine kimberlite
contains few country-rock xenoliths in contrast to the
first four varieties of the hypabyssal kimberlite, which
show similar patterns of alteration and assimilation of
basement material. Xenoliths comprise ~1% of the
kimberlite volume and include granite fragments and
less abundant mantle nodules of peridotites, pyroxeni-
tes and eclogites (Kopylova & Caro, in press). The
larger (more than 1 cm in size) granitic xenoliths are
completely replaced by fine-grained serpentine, phlo-
gopite and fibrous rosettes of pectolite growing inward.
Xenoliths and xenocrysts may be surrounded by com-
posite reaction coronae. The inner rim (~0.3 mm thick)
is composed of long laths of diopside in radial aggre-
gates. Such a diopside-dominant rim may be mantled
by phlogopite (Fig. 4C) and it, in turn, is surrounded by
a thicker, ~1 mm selvage of serpentinized host
kimberlite (Fig. 4A). In this selvage, fresh olivine and
monticellite are absent.

Visible granite xenoliths, however, represent only a
minor part of the disaggregated felsic material. The
rocks show evidence for assimilation of granitic
microxenoliths, which are now observed as patches of
distinctive mineralogy several mm2 in area. These



THE 5034 KIMBERLITE OF THE GAHCHO KUE CLUSTER, N.W.T. 189

patches are characterized by: 1) complete absence or
scarcity of groundmass opaque minerals and monti-
cellite (Figs. 4B, D); 2) large crystals of calcite and
strontian apatite apparently replacing grains in the plu-
tonic xenoliths (Fig. 4D); 3) absence of greenish chlo-
rite–serpentine and its local replacement by a colorless
serpentine-group mineral; 4) abundant pectolite (Fig.
4B) or epidote (?) (the latter is seen as a high-relief fi-
brous Ca [± Fe, Al] silicate that forms tiny globular
intergrowths); 5) occasional presence of barite in small
(1–50 �m) anhedral grains associated with pectolite;
6) more abundant non-poikilitic phlogopite (Figs. 4B,
D) that shows unusual zoning from a light orange to an
orange-brown rim and is mantled by a thin (2 �m) layer
of apatite; 7) occasional inclusions of long rectangular
serpentinized laths interpreted as melilite pseudomorphs
in poikilitic phlogopite, and 8) 1–2 mm haloes with
complete serpentinization of olivine and monticellite
around central patches of phlogopite.

The recognized varieties of the 5034 hypabyssal
kimberlite are described below in the order of their in-
ferred relative age of emplacement.

Aphanitic monticellite – serpentine kimberlite

This rock type is found in several distinct magmatic
phases that precede or closely follow the emplacement
of the macrocrystal monticellite – serpentine – phlogo-
pite kimberlite. The aphanitic kimberlite comprises
1) angular autoliths included in the macrocrystal monti-
cellite – serpentine – phlogopite kimberlite; 2) a thick
(~3 cm) rim on the autoliths, and 3) ~10-cm-thick dikes
cutting the macrocrystal monticellite – serpentine –
phlogopite kimberlite.

In sample 48–K1, an angular autolith of the apha-
nitic kimberlite comprises the core of the large “snow-
ball” globular segregation. Contacts between the core
and the snowball rim are sharp and are accentuated by a
difference in the degree of olivine alteration. Micro-
phenocrysts of olivine are completely serpentinized in
the core, but relatively fresh in the rim. Tangential
orientation of olivine microphenocrysts controls the
“snowball” texture of the rim. The rim contains several
concentric layers 5–7 mm thick. The degree of olivine
alteration and the abundance of phlogopite vary from
one layer to the next. The contacts are sharp and accen-
tuated by fine-grained veins of brown barite and a
groundmass enriched in pectolite. Toward the sharp
outer contact of the globular segregation, the olivine is
progressively more serpentinized.

In sample 15–K1 (Fig. 4F), a 10-cm-thick dike cuts
the macrocrystal monticellite – serpentine – phlogopite
kimberlite. Contacts between them are sharp on one side
and gradual on another. The sharp contact is defined by
a sudden disappearance of olivine macrocrysts along a
line of complex shape; however, the groundmass of the
later aphanitic kimberlite does not show any signs of

thermal alteration or changes in grain size near the con-
tact. On another contact, the dike kimberlite grades into
the macrocrystal kimberlite over a few centimeters.
Lenses of macrocrystal kimberlite are present in the dike
and become more abundant toward the contact.

The groundmass of the aphanitic kimberlite
(Fig. 5A) is composed mainly of euhedral olivine
microphenocrysts (25%), a spinel-group mineral (<2%),
monticellite (10–30%), phlogopite (0–5%); perovskite
(<2%) and apatite (<2%) set in late-stage chlorite–ser-
pentine (up to 25%) and pectolite (up to 15%), the latter
being markedly more abundant than in macrocrystal
samples. The aphanitic kimberlite differs drastically
from the host macrocrystal kimberlite by its advanced
degree of serpentinization of olivine and monticellite
and the rarity of groundmass phlogopite.

Macrocrystal monticellite – serpentine –
phlogopite kimberlite

This rock type is the dominant unit of the 5034 hy-
pabyssal kimberlite. It contains 30% olivine and 70%
groundmass. The groundmass consists of olivine
microphenocrysts (7–15 vol.%), phlogopite plates (15–
40 vol.%), euhedral monticellite (4–15 vol.%), a
subhedral and euhedral spinel-group mineral (<2
vol.%), subhedral perovskite (<2 vol.%) and anhedral
apatite (<2 vol.%) set in a base of late-stage chlorite–
serpentine and chlorite (18–30 vol.%) (Fig. 5B). Acces-
sory phases include anhedral calcite, pectolite, epidote
(?), barite and apatite.

Olivine macrocrysts (more than 0.5 mm in size) are
rounded, and partly or completely replaced by carbon-
ate and serpentine, and mantled by large plates of
groundmass phlogopite. The subhedral to euhedral
microphenocrysts (0.1–0.5 mm) may be rimmed by in-
dividual grains of a spinel mineral, perovskite or
monticellite. Phlogopite is typically present in large
(0.1–0.5 mm) poikilitic groundmass crystals that com-
monly host numerous inclusions of monticellite,
chromian spinel and olivine microphenocrysts. Included
silicates may be replaced by serpentine. Phlogopite is
strikingly zoned in some samples, and seems homoge-
neous in others. The most common observed zoning is
from a pleochroic orange-yellow core to a colorless rim
(Fig. 4D). This transition in color may be gradual or
sharp, and is seen in poikilitic phlogopite and in rarer,
smaller, non-poikilitic grains. The spinel-group mineral
occurs as minute (1–50 �m), rounded to euhedral grains
included in phlogopite, monticellite, chlorite–serpen-
tine, or pectolite. Atoll-textured spinel, a hallmark of
Group-I kimberlites, is extremely rare. Perovskite com-
monly occurs as small (10–20 �m) euhedral homoge-
neous groundmass crystals. Grains are usually set in
late-stage chlorite–serpentine or poikilitic phlogopite,
and can be found crystallized around olivine microcrysts
or overgrown upon an earlier generation of the spinel-
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FIG. 4. Photographs illustrating textures of the 5034 kimberlite and contact relationships between different rock-types. A. A
granitic xenolith (dashed outline) replaced by serpentine and spherulitic aggregates of pectolite is surrounded by diopside and
serpentine. Note uneven serpentinization of the adjacent olivine macrocryst only in contact with the corona diopside. B.
Distinct groundmass of the macrocrystal kimberlite replaces an assimilated granitic xenolith. The area comprises pectolite
and non-poikilitic phlogopite and is devoid of opaque minerals. Note the characteristic zoning of phlogopite, from an orange
core to a dark reddish rim typical of diopside-bearing kimberlite. C. A zoned corona on a xenolith replaced by fibroradial
pectolite. The inner layer of diopside is mantled by phlogopite. D. Distinct groundmass of the macrocrystal kimberlite re-
places an assimilated granitic xenolith. The area comprises calcite, an aggregate of fibrous pectolite and zoned phlogopite,
and is devoid of opaque minerals. Colorless phlogopite mantles grow on orange phlogopite cores; a larger crystal also dis-
plays a gradual change to a lighter yellow core. E. Laths of serpentinized melilite in phlogopite and perovskite coexist with
fresh diopside in the groundmass of diopside- and melilite-bearing kimberlite. F. A dike of aphanitic kimberlite cuts
macrocrystal kimberlite on one side and grades into macrocrystal kimberlite on another side. The macrocrystal kimberlite
appears in lenses that gradually become more abundant and coalesce. G. The “chilled margin” contact between younger
phlogopite – serpentine kimberlite and tuffisitic kimberlite breccia.
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FIG. 5. SEM microphotographs illustrating textures of the 5034 kimberlite. A. Aphanitic monticellite–serpentine kimberlite.
Large subhedral and euhedral olivine microphenocrysts are set in a finer-grained groundmass. The groundmass is typically
composed of a late anhedral pectolite, serpentinized monticellite, subhedral perovskite and a spinel-group mineral. Note that
phlogopite and a late-stage chlorite–serpentine are absent and pectolite is ubiquitous. B. The groundmass of macrocrystal
monticellite phlogopite–serpentine kimberlite. Monticellite, spinel and perovskite are set in large tabular crystals of phlogopite.
Serpentine replaces monticellite and olivine. C. Diopside-bearing macrocrystal kimberlite. Phlogopite microphenocrysts,
serpentinized olivine, euhedral diopside and spinel-group minerals, subhedral perovskite and apatite are set in a late-stage
chlorite–serpentine. The largest spinel-group minerals display a slightly darker core of chromite zoned to a brighter rim of
magnetite. Fresh monticellite is markedly absent from the rock. D. Groundmass of phlogopite – serpentine kimberlite. Note
abundant calcite and cores of light barian phlogopite in larger phlogopite crystals. E. Patchy zoning of phlogopite in sample
39–270. Darker areas of Fe-enriched phlogopite occur in contact with fine laths of Ca silicate and pectolite. F. Two genera-
tions of phlogopite rims in sample 8–K4. The uneven development of the latest Na-rich phlogopite is controlled by its
neighboring minerals. The dark Fe- and Na-rich outer rim grows in contact with serpentine, but is absent next to pectolite.
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group mineral. Apatite may occur as small (<100 �m)
anhedral to euhedral groundmass crystals or granular
aggregates (Fig. 5E). The late-stage phase (18–30%) can
either be poikilitic phlogopite or chlorite–serpentine,
both of which form segregated patches with various
amounts of pectolite.

Macrocrystal diopside- and monticellite-bearing
phlogopite – serpentine kimberlite

This rock type (Fig. 5C) is distinguished from the
dominant 5034 hypabyssal kimberlite by the presence
of diopside, relatively more abundant apatite and
pectolite, and a complete serpentinization of monti-
cellite. Large rounded olivine macrocrysts (30%) are set
in a uniformly textured groundmass of olivine
microphenocrysts (15%), phlogopite (30%), chlorite–
serpentine (7%), altered monticellite (at least 4%), di-
opside (1%), spinel-group mineral and perovskite (2%),
apatite (2%) and pectolite (7%). The mode of the re-
placed monticellite is hard to determine since it is
masked by chlorite–serpentine of the groundmass and
is conspicuous only if included in phlogopite oikocrysts.
Phlogopite occurs as large (100–500 �m) tabular
oikocrysts and as small (10–100 �m) euhedral non-
poikilitic crystals. Phlogopite crystals are commonly
mantled by chlorite–serpentine and enclose the fresh
spinel-group mineral and diopside, and altered olivine
and monticellite. The phlogopite is strongly zoned, with
a reddish rim and pale orange core (Fig. 4B). This pat-
tern is clearly distinct from the one observed in the
dominant diopside-free hypabyssal kimberlite. The most
pronounced zoning is displayed in phlogopite grains that
grow around partly “digested” granitic xenoliths (Fig.
4D). The contact between the outer rim (10–20 mm) of
reddish phlogopite and the orange core is sharp; further-
more, two distinct rims of overgrowth are occasionally
seen on phlogopite. The presence and the thickness of
the rims are controlled by minerals in contact with phlo-
gopite (Fig. 5F). Diopside is unevenly distributed
throughout the sample and forms microphenocrysts (up
to 0.6 mm) and fresh small (10–50 �m) greenish pris-
matic and lath-like crystals in the groundmass.

Macrocrystal diopside- and melilite-bearing
phlogopite – serpentine kimberlite

This rock type is described in only one sample, 61–
K2, which represents a large (4 cm) autolith in
kimberlite breccia. This variety of hypabyssal kimberlite
stands out owing to the high modal abundance of
euhedral diopside and chlorite–serpentine, relatively
scarce pectolite, and the presence of serpentinized
melilite (?). The latter is identified by its long rectangu-
lar shapes of laths that have square terminations (Fig.
4E), unlike those of calcite. The kimberlite consists of
olivine macrocrysts (15%) and a groundmass of olivine
microphenocrysts (20%), chlorite–serpentine (35%),

phlogopite (20%), diopside (4–8%), a spinel-group min-
eral and perovskite (2%), altered melilite (2%?), and
traces of monticellite, apatite and pectolite. Phlogopite
forms large homogeneous oikocrysts and rarer zoned
grains without inclusions, and overgrows diopside crys-
tals. The zoning is observed as a brown rim on an or-
ange core. The oikocrysts poikilitically enclose
diopside, serpentinized melilite and monticellite, oliv-
ine, the spinel, and apatite (listed in the order of their
abundance in phlogopite crystals). Melilite is replaced
by a colorless serpentine-group mineral with a mottled
low birefringence. Melilite and monticellite are visible
only if included in phlogopite or an opaque mineral, and
comprise 10% and 1% of its volume, respectively. Di-
opside occurs in euhedral microphenocrysts and in
smaller groundmass crystals set in late-stage chlorite–
serpentine (Fig. 4E). Chromite, apatite and perovskite
are commonly included in diopside microphenocrysts.

Macrocrystal phlogopite – serpentine kimberlite

This rock type was emplaced last and cuts the
tuffisitic breccia along a wavy irregular contact. The
kimberlite grades from aphanitic (2 cm from the con-
tact) to macrocrystal (away from the contact) (Fig. 4G).
The aphanitic kimberlite gradually changes its color
from brown-grey (5 mm from the contact) to greenish
grey. Consistent variations in color and grain size in the
kimberlite are compatible with its chilled margin ori-
gin. Rare macrocrysts in the aphanitic kimberlite are
oriented parallel to the contact. The groundmasses of
the aphanitic and macrocrystal kimberlites are similar,
the only difference being the presence of 25% totally
serpentinized olivine macrocrysts in the latter. The
groundmass is composed of 25% serpentinized olivine
microphenocrysts, 25% phlogopite, 20% chlorite–ser-
pentine and chlorite, 4–8% calcite, ~5% serpentinized
monticellite and minor spinel mineral and apatite (Fig.
5D). This variety of the kimberlite is characterized by
colorless phlogopite that crystallizes in rosette aggre-
gates of non-poikilitic grains, and relatively abundant
calcite.

MINERAL COMPOSITIONS

Phlogopite varies greatly in composition from one
rock type to another, from sample to sample within one
rock type, and even over distances as small as 20 �m.
To illustrate this compositional variability and to iden-
tify the major factors that control it, we describe the
mineralogy and zoning patterns of phlogopite separately
in all sample groups (see Appendix). Representative
compositions of phlogopite are given in Table 2,
whereas complete datasets of analytical results have
been sent to the Depository of Unpublished Data, CISTI,
National Research Council, Ottawa, Ontario K1A 0S2
and can be downloaded from http://www.eos.ubc.ca/
public/people/faculty/kopylova/data.html.
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Olivine microphenocrysts and macrocrysts consist of
forsterite (Fo89–Fo92) containing 0.2–0.4 wt.% NiO
(Table 3). The entire range of olivine compositions can
be found in one sample in the microphenocryst popula-
tion. There is no systematic difference in composition
between macrocrysts and phenocrysts, but the former
display a rare irregular patchy zoning.

The spinel-group mineral was analyzed in monti-
cellite-rich varieties of the kimberlite in areas free of
assimilated felsic material. Representative compositions
of the mineral are given in Table 3; complete datasets
of analytical results can be found in the Depository of
Unpublished Data, CISTI, and at http://www.eos.
ubc.ca/public/people/faculty/kopylova/data.html.
Grains larger than 20 �m have a discrete magnesio-
chromite core and a 10 �m mantle of titanian magnetite.
Smaller grains (<10 �m) are typically homogeneous and
similar in composition to the late titanian magnetite. All
spinel-group mineral compositions form a broad single
combined trend in the reduced spinel prism, with
chromite and titanian magnetite in diopside-bearing
kimberlites displaying higher molar fractions of Fe2+

and Ti4+ (Fig. 6). Early magnesiochromite is character-
ized by low Fe2+/(Fe2+ + Mg) and Ti/(Ti + Al + Cr)
values. Compositions evolve toward higher Cr/(Cr + Al)
and Fe2+/(Fe2+ + Mg) values. Intermediate compositions
display high and constant Cr/(Cr + Al) values, and show
a trend of increasing Fe2+/(Fe2+ + Mg) and Ti/(Ti + Cr +
Al). The most evolved compositions (magnetite) are
characterized by high Ti/(Ti + Al + Cr) and Fe2+/(Fe2+

+ Mg) values and evolve along a trend of decreasing Ti/
(Ti + Al + Cr). The Mn content is low (0.1 to 1.2 wt.%
MnO) and increases from core to rim. Zoning trends
within individual samples conform to the overall trend.
However, the spinel-group mineral in the individual
samples shows a wide range of core compositions, with
XCr = Cr/(Cr + Al) between 0.66 and 0.90. An equally
wide range of compositions, with XTi = Ti/(Ti + Cr +
Al) in the range 0.2–0.85, is displayed by the rim, and
compositional gaps between core and rim vary greatly.
The most pronounced contrast between core and rim
spinel is noted in sample 61–K2, where late magnetite
is unusually Al- and Ti-rich (Table 3).

Pectolite shows moderate variations in Al (0–0.3
wt.% Al2O3), Fe (0.3–1 wt.% FeO) and Mg (0.2–1.3
wt% MgO), and is almost perfectly stoichiometric
(Table 3).

Diopside found in the groundmass and in reaction
coronas is similar in composition. It contains moderate
Cr (0.2–0.5 wt.% Cr2O3), Ti (0.1–0.7 wt.% TiO2) and
Fe (1–3.5 wt.% FeO, total). Despite major differences
in petrography among the samples, their diopside is al-
most identical (Table 4) and closely resembles Al- and
Fe-poor diopside found in Group-I kimberlites (Mitchell
1995). In contrast, diopside in sample 61–K2 is signifi-
cantly enriched in Fe, Ca and Ti, and lower in Cr. The
Ti-rich character of this diopside follows the composi-
tional pattern found in the same sample for the spinel-
group mineral and phlogopite, and may be a result of
the overall higher bulk Ti in the 61–K2 magma. Diop-
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side in all samples shows moderate between-grain
chemical variations (up to 1.5 wt.% TiO2, Al2O3 and
FeO) and, occasionally, an irregularly shaped, chemi-
cally distinct core.

Monticellite is homogeneous and has the general
formula Mg0.9Ca0.9Fe0.2SiO4 (Table 4).

The serpentine-group mineral (lizardite?) varies
strongly in Fe (2–7 wt.% FeO), Ca (0.1–1.5 wt.% CaO)
and Al (0–1.5 wt.% Al2O3) contents. Serpentine replac-
ing olivine is devoid of these elements, whereas ground-
mass chlorite–serpentine is higher in Al, Fe and Ca.
There is no compositional continuity between ground-
mass chlorite–serpentine and the more Al- and Fe-rich
chlorite that replaces phlogopite (Table 4).

Perovskite (Table 5) is typically Fe-, Nb- and Na-
poor and selectively enriched in Ce compared to La (2–

3 wt.% Ce2O3 versus 1 wt.% La2O3) and all other REE
[5–6 wt.% (REE)2O3]. Perovskite shows no between-
grain and within-grain compositional variance in three
samples studied, but in sample 48–K1, its composition
depends on that of the neighboring mineral. If perovskite
is found next to pectolite, it has increased contents of
Nb, Ti, Sr, and Na, and decreased contents of Fe, Th,
Al, Ce and Ca.

Apatite is commonly homogeneous, but the larger
crystals are zoned, with a distinct Sr-enriched core and
Na-enriched rim. In areas of assimilated felsic material,
apatite is more likely to have a Sr-rich core.
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BULK AND ISOTOPIC COMPOSITION

OF THE 5034 KIMBERLITE

The major- and minor-element compositions of the
rock types of the 5034 kimberlite (Table 6) characterize
it as a Group-IA kimberlite, as defined by SiO2, Pb,
TiO2, and K2O contents (Smith et al. 1985). The Pb
contents are low (4–14 ppm in all samples except the
aphanitic variety) characteristic of Group-I kimberlites,
but SiO2 contents are relatively high (37–42 wt% SiO2).
A trend of correlated K2O and TiO2, diagnostic of mica-
bearing kimberlites, extends very little into the Group-
II kimberlite field, which expands to 7 wt.% K2O (Fig.
7A). The Contamination Index (CI), useful for detect-
ing contamination of kimberlites by silicate xenoliths
and xenocrysts, is below 1.5, which is in the range of
uncontaminated kimberlites (Mitchell 1986). The
tuffisitic kimberlite breccia has a higher CI (1.3–1.4)
than the hypabyssal kimberlite (1.1–1.3). High Mg-
numbers (85–92) of the rocks indicate that they are not
the product of a primary mantle-derived magma, but are
contaminated by abundant Mg-rich olivine. Almost all
samples of 5034 kimberlite has a Fe2O3/FeO ratio equal
to 0.5–1.25, which is very low for Group-I kimberlites
(Fe2O3/FeO in the range 1–2) and is more typical of
micaceous Group-II kimberlites (Fe2O3/FeO in the
range 0.4–1.7). However, other Group-I kimberlites in
the Slave craton have similarly low Fe ratios (Fe2O3/
FeO in the range 0–1 at Jericho and 0.5–0.8 at Ranch
Lake).

The 5034 kimberlite shows a pattern of strong over-
all enrichment in incompatible elements with respect to

the primitive mantle. This pattern, with a pronounced K
trough, is typical of Group-I and Group-II kimberlites
(Fig. 8). On the Zr–Nb plot (Fig. 7B), all samples of the
5034 kimberlite, except the aphanitic type, fall into the
field reported for Group-I kimberlites. The aphanitic
5034 kimberlite has a very low Zr/Nb ratio for a Group-
I kimberlite (Zr/Nb = 0.5) similar to that in aphanitic
samples of the Jericho kimberlite (Kopylova et al.
1998). These ratios resemble low values of Zr/Nb (0.25;

FIG. 6. Plots of the front (a) and bottom (b) faces of the reduced spinel prism [Ti/(Ti + Al + Cr) versus Fe2+/(Fe2+ + Mg) and Ti/
(Ti + Al + Cr) versus Cr/(Cr + Al)] illustrating the compositional trend of spinel-group minerals from the Gahcho Kue
kimberlite. Open fields indicate the evolutionary trends of spinel-group minerals in Group-I kimberlites (Magmatic Trend 1)
and Group II kimberlites (Magmatic Trend 2) (Mitchell 1995).



196 THE CANADIAN MINERALOGIST

Fig. 7B) in a complex mica-rich Aries kimberlite (Aus-
tralia) intermediate between Group-I and -II kimberlites
(Edwards et al. 1992).

Geochemical data confirm divisions identified pet-
rographically and mineralogically within the 5034 pipe.
Four rock types within the kimberlite are distinct
geochemically: hypabyssal macrocrystal monticellite –
phlogopite – serpentine kimberlite (with or without di-
opside), hypabyssal phlogopite–serpentine kimberlite,
aphanitic kimberlite, and tuffisitic kimberlite breccia.
The aphanitic kimberlite stands out by its low SiO2, Ni,
and Mg-number, and high levels of TiO2, Al2O3, Cr2O3,
MnO, P2O5, Ba, Sr, Nb, Zr, Ce, Pb, Th, and U. Its
geochemical traits are easily explained by less dilution
from olivine xenocrysts compared to the macrocrystal
kimberlites. The kimberlite breccia has lower levels of
P2O5, CO2, CaO and Cr2O3, and higher SiO2. The hy-
pabyssal phlogopite–serpentine kimberlite differs by
higher CO2, lower Al2O3 and a higher Fe2O3/FeO ratio
equal to 2 (Table 6). The presence or absence of diop-
side in the hypabyssal kimberlite does not correlate with
its bulk composition.

Sm–Nd and Rb–Sr isotopic analysis was performed
on aphanitic and macrocrystal monticellite–serpentine
phlogopite kimberlites. In general terms, these samples
show similar Nd–Sr isotopic characteristics (Table 7),
with moderate Rb and high Sr abundances and a range
of 87Rb/86Sr between 0.30 and 0.72. The calculated ini-
tial 87Rb/86Sr ratios show a small range from 0.7037 ±

FIG. 7. Bulk chemical compositions of the 5034 kimberlite:
TiO2 versus K2O (A), Nb versus Zr (B). Also shown are
compositional fields for Group I, Group IA, Group IB, and
Group II kimberlites (Taylor et al. 1994); updated with new
data of Mitchell (1995), O’Brien & Tyni (1999), Coe et al.
(2003), for the Aries kimberlite (Taylor et al. 1994), and
the Jericho kimberlite (light grey line, Kopylova et al.
1998). Here and below, the model hybrid kimberlite (Table
1) is calculated as a mixture of the primary kimberlitic
magma with mantle and crustal material. Here and on Fig-
ure 8, the 5034 macrocrystal diopside-free kimberlite in-
clude monticellite – phlogopite – serpentine kimberlite and
phlogopite – serpentine kimberlite, whereas macrocrystal
diopside-bearing kimberlite include all varieties of
diopside-bearing kimberlite (with or without melilite and
monticellite).
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0.0003 to 0.7040 ± 0.0001 (Table 7; �SrT –2 to +2). The
two aphanitic samples (48–K1A, 15–K1A) have the
highest Sr contents, and lowest Rb/Sr values. The abun-
dances of Sm and Nd are high, and the 147Sm/144Nd
values are very low, reflecting the steeply LREE-en-
riched nature of the kimberlite, and show a very small
range, from 0.0774 to 0.0778. This total range
(± 0.0002) is identical to the reproducibility of 147Sm/
144Nd for the standards monitored, such as BCR–1.
Similarly, variations in the Nd isotopic composition

between samples are very small, ranging from �NdT
values of 0.0 to +0.9, with each analysis having an esti-
mated uncertainty of ±0.4 � units. Like the �Sr isotope
data, the �Nd data again indicate that the four samples
are effectively within uncertainty of each other.
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DISCUSSION

The 5034 kimberlite in comparison
with other kimberlites

The 5034 kimberlite is a Group-I kimberlite, as in-
dicated mineralogically by the presence of monticellite,
and geochemically by contents of major and minor ele-
ments and the Sr–Nd signature. On an �Sr–�Nd diagram
(Fig. 9), the 5034 samples clearly fall within the field of
Kaapvaal Group-I kimberlites, with an asthenospheric

source for the magmas (Smith et al. 1985). In this re-
spect, they seem similar to the Jurassic Contwoyto–Jeri-
cho kimberlites of the northern Slave Province, but they
are considerably less evolved isotopically than the
younger kimberlites from the Lac de Gras field (Dowall
et al. 2001).

Several mineralogical traits set this kimberlite apart
from most other Group-I kimberlites and are reminis-
cent of Group-II kimberlites. These traits relate to the
presence of four minerals in the groundmass of the
dominant variety of the 5034 hypabyssal kimberlite, i.e.,

FIG. 8. Spidergrams of incompatible elements in the 5034 kimberlite normalized against
primitive mantle (McDonough & Sun 1995). Patterns for Group-IA and Group-II aver-
age kimberlites are according to Smith et al. (1985).
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FIG. 9. �Sr – �Nd isotopic diagram showing the four data points of the 5034 kimberlite
(open circles), which plot within the Group-I field of Kaapvaal kimberlites (Smith et al.
1985). The partial field of Group-II kimberlites is shown for reference. Sr–Nd data for
other Slave Province kimberlites also are shown: the Jurassic Contwoyto and Jericho
kimberlites (stars) and the Eocene kimberlites of the Lac de Gras field (Dowall et al.
2001). Also shown is a simple mixing trajectory between hypothetical primitive
kimberlitic magma (�Sr = –20, �Nd = +1.5, Nd = 131 ppm, Sr = 840 ppm) and model
Archean crust (see text for discussion). The mixing trajectory shows percentage incre-
ments of Archean crust added to a hypothetical kimberlitic magma and permit, but do
not require, ~8–12% contamination of the kimberlites by Archean crust.
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bright orange poikilitic phlogopite with a relatively low
Al content, Cr- and Ti-rich spinel-group mineral, diop-
side and melilite.

Orange poikilitic phlogopite that has a relatively low
content of Al, transitional to that of tetra-ferriphlogopite,
is unlike the colorless Ba-enriched groundmass phlogo-
pite common in Group-I kimberlites, and is more char-
acteristic of Group-II kimberlites and many other rocks
(Scott Smith 1996). However, a close look at the phlo-
gopite composition reveals the unique nature of this
phase in the 5034 kimberlite, as it deviates from late
groundmass phlogopite in both Group-I and Group-II
kimberlite. Group-I groundmass phlogopite is more alu-
minous, whereas Group-II groundmass phlogopite is, in
general, more Al-poor (Fig. 10) and Ti-rich (5–9 wt.%
TiO2) (Mitchell 1995). On an Al2O3–TiO2 plot, one half
of all 5034 phlogopite compositions fall outside of the
Group-I and Group-II fields (worldwide database).

Figures 10 and 11 clearly illustrate the complexity
and diversity of phlogopite compositions. Not only do
all rock types have distinct compositional trends, but the
phlogopite within a given rock-type varies significantly
in composition in a manner that seems to be controlled
locally by the composition of adjacent crystals. In the
monticellite – serpentine – phlogopite kimberlite, phlo-
gopite most commonly evolves continually from a tetra-
ferriphlogopite (TFP) core to a phlogopite rim. This
trend of a marked Al-enrichment associated with a
depletion in Fe and Ti is characteristic of Group-I
kimberlite (Mitchell 1995). A less common trend for
phlogopite in Group-I kimberlite, a discontinuous evo-
lution from phlogopite to tetra-ferriphlogopite, is also
observed in the 5034 samples. It is represented by dis-
crete mantles of Fe-rich phlogopite in diopside- and

monticellite-bearing kimberlite (Fig. 4C). The compo-
sition and evolution of phlogopite in the latest magmatic
phase of the hypabyssal 5034 kimberlite differ drasti-
cally from those in the earlier batches of magma. Phlo-
gopite in the younger serpentine – phlogopite kimberlite
crystallizes in two episodes that produce early barian
phlogopite and late Ba-poor mica. This trend of Ba
depletion is opposite to the phlogopite–kinoshitalite
trend commonly found in Group-I kimberlites. How-
ever, the Ba-depletion trend has been recognized in few
Group-I kimberlites from Namibia and China (Mitchell
1995) and in the nearby Snap Lake hypabyssal
kimberlite (Mogg et al. 2003). The concentration of Ba
in early magmatic minerals cannot be explained by its
common incompatible behavior in magmatic systems
and may be a sign of a peculiar fluid regime or redox
state. A higher oxidation state of the kimberlite contain-
ing phlogopite with Ba-rich core is evident in its higher
Fe2O3/FeO value. The assimilation of Ba-rich xenolithic
material is unlikely to control the behavior of Ba in the
last phase of the 5034 magmatic kimberlite, as it does
not differ in Ba content from other types of the 5034
kimberlite.

Superimposed on these three major trends are di-
verse, highly localized, random patterns of phlogopite
evolution. Phlogopite that crystallized from granite-con-
taminated kimberlitic magma has distinct compositions
richer in Ti and Ba than phlogopite that is distant from
assimilated xenoliths. In these hybrid areas, phlogopite
is overgrown by a rare tetra-ferriphlogopite rim next to
Ca-silicates (epidote and pectolite, Fig. 5E), crystallizes
a Ti- and Ba-poor mantle near strontian apatite, and
develops Na-rich and Fe-poor compositions near ser-
pentine (Fig. 5F). Furthermore, late phlogopite that

FIG. 10. Al2O3 versus TiO2 diagram for groundmass micas in kimberlitic rocks, including
5034 kimberlite. Fields for Group-I and -II kimberlites outline analyses of groundmass
micas from Mitchell (1995).
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FIG. 11. Compositions of groundmass micas in the 5034 hypabyssal kimberlite on the Al2O3 – TiO2, BaO – TiO2 and Na2O –
FeO (t) plots for macrocrystal monticellite – phlogopite – serpentine kimberlite 21–K4 and 39–270 (A and B), macrocrystal
diopside- and monticellite-bearing phlogopite – serpentine kimberlite 8–K4 (C), macrocrystal diopside- and melilite-bearing
phlogopite – serpentine kimberlite 61–K2 (D), and macrocrystal phlogopite – serpentine kimberlite 11–K5D (E). Symbols for
sample 39–270 designate phlogopite compositions of core in zoned grains (1), rim in zoned grains (2), homogeneous grains
(3), grains in areas of assimilated felsic material (4), grain in contact with strontian apatite (5), and grain in contact with
pectolite (6).
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mantles groundmass diopside is distinct from earlier
poikilitic phlogopite in being Fe-rich and Ti-poor. These
observations suggest that the major disequilibrium be-
tween locally (~20 �m) buffered areas is due to extreme
quenching and uneven contamination. Overall, the re-
sidual, highly contaminated magma tends to precipitate
Fe-rich and Ti-poor phlogopite. The large variability of
phlogopite compositions in the 5034 hypabyssal
kimberlite is due to very local diffusion-controlled crys-
tallization, and not to changes in the bulk composition
of the magma. If kinetic factors such as the rate of trans-
port of cations to the growing crystals, the availability
of the cations in the proximity of the growing crystal,
and the local degree of undercooling control phlogopite
compositions, their role as petrogenetic indicators of
changing bulk-composition of the melt (Mitchell 1995)
needs to be re-evaluated.

Similar to phlogopite, the groundmass spinel-group
mineral also shows compositions intermediate between
those of Group-I and Group-II kimberlite. Spinel in
Group-I kimberlite is characterized by decreasing Cr/
(Cr + Al) ratio with increasing Ti, but Group-I
kimberlites that have crystallized abundant phlogopite
prior to spinel crystallization commonly have spinel that
falls on the Group-II kimberlite trend (Mitchell 1995).
On the Ti–Cr diagram (Fig. 6B), the 5034 spinel-group
minerals plot on the trend diagnostic of spinel minerals
in Group-II kimberlite. However, the Fe content of the
5034 spinel-group mineral is intermediate between the
high values encountered in Group-II kimberlite and the
much lower Fe/(Fe + Mg) values encountered in the
Group-I kimberlite (Fig. 6A).

Effects of contamination by granitic xenoliths

Contamination by felsic material affected many traits
of the 5034 hypabyssal magma. This “digested” mate-
rial manifests itself as areas unusually rich in non-
poikilitic phlogopite, pectolite, epidote, calcite,
serpentine, barite and melilite, and atypically poor in
spinel-group minerals, monticellite and chlorite–serpen-
tine. Patches of similar mineralogy and texture (radiat-
ing pectolite, abundant phlogopite, carbonate and
serpentine) were described as “kimberlitized” crustal
xenoliths in South African kimberlites (Scott Smith et
al. 1983). The presence of groundmass pectolite inevi-
tably records partial or total digestion of xenolithic
material by the kimberlitic magma (Scott Smith et al.
1983). Early and extensive assimilation of Na-rich xe-
noliths by kimberlitic magma leads to atypical high Na
content in the melt, which results in the crystallization
of pectolite from the residual fluid at low temperatures
as a pseudo-primary groundmass mineral. Formation of
diopside in Group-I kimberlite is also ascribed to its
contamination by either partly or totally digested coun-
try-rock (Mitchell 1995). All diopside in the 5034
kimberlite may be pseudo-primary, as compositions of
the groundmass diopside and the corona diopside are

identical. Diopside and phlogopite are strongly associ-
ated in reaction coronas on xenoliths; phlogopite and
diopside are jointly absent from the 5034 aphanitic
kimberlite. Much of the phlogopite can thus be regarded
as pseudo-primary or hybrid in the kimberlite.

We contend that the apparent affinity of the 5034
kimberlite to Group-II kimberlites may well stem from
its increased Si content due to contamination by gran-
ite. This contamination increases the Contamination
Index (compare CI values of the parental magma and
hybrid kimberlite rock in Table 1), but does not neces-
sarily make its value very high and indicative of con-
taminated kimberlites (CI = 1.5: Mitchell 1986). This
example illustrates the importance of detailed petro-
graphic work for the correct classification of kimber-
lites. Mineralogically unusual Group-I kimberlites
should be carefully checked for subtle signs of contami-
nation by felsic material before larger-scale constraints
on their origin are assessed (Taylor & Kingdom 1999).

The assimilation began after the magma had started
its groundmass crystallization, but at relatively high
temperatures, as suggested by the development of dis-
tinct disequilibrium assemblages of minerals at the lat-
est stages of crystallization from a residual highly
contaminated melt. Mantles of distinct phlogopite with
relatively high Fe2+ or Na contents and strontian
perovskite record this shift in the groundmass mineral-
ogy. The high temperatures of the assimilation are evi-
dent by the crystallization of diopside, a relatively
high-T mineral, from hybrid magma. Diopside formed
early, as it is commonly included in poikilitic phlogo-
pite. The temperatures at which clinopyroxene begins
to crystallize from a Group-I kimberlitic magma with
X(CO2) = 0.24 could be as high as 1200°C at 10 kbar
(Edgar et al. 1988). At T = 950°C and 15 kbar,
clinopyroxene crystallizes from olivine lamproite with
H2O >> CH4 (Foley 1990). The temperatures will be
lower for crystallization of the clinopyroxene in the
groundmass of hypabyssal kimberlites at subsurface
conditions (P ≈1 kbar).

The assimilation of granitic material in tuffisitic
breccias was inhibited by severe quenching and slow
diffusion due to loss of volatiles in an explosive em-
placement.

Model of contamination

The primitive initial Sr–Nd isotopic ratios of the
5034 kimberlite constrain the amount of granitic mate-
rial that could have been incorporated into the host
magma. We modeled the Nd–Sr systematics of such an
assimilation process. Considerable Nd isotopic data are
available for granitic rocks of the Slave Province
(Yamashita et al. 1999, Davis & Hegner 1992). We used
the Nd isotope data of Yamashita et al. (1999) from re-
gional late Archean granites of the southern Slave Prov-
ince to evaluate the contamination process. At 540 Ma,
the age of intrusion of the 5034 pipes, the data of
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Yamashita et al. (1999) yield an average �Nd value of
–19.5 and an average Nd abundance of 32 ppm for
southern Slave Province Archean granites. Modeling of
Sr isotope variations is more problematic, as the Sr iso-
tope data for the Archean rocks of the Slave province
are not readily available. For this purpose, we assumed
that late Archean crust has an average 87Sr/86Sr ratio of
0.705. Using the average Rb and Sr abundances of the
upper crust of Taylor & McLennan (1985), we calcu-
late that at 540 Ma, this crust would have a 87Sr/86Sr of
0.7327 (�Sr = 410). We use these data together with a
simple mixing model (Gray 1984) to evaluate the de-
gree of potential assimilation allowed by the isotope data
for kimberlite. Given that the four 5034 samples ana-
lyzed have basically identical �Sr–�Nd values, we
model a hypothetical kimberlitic magma with �Sr–�Nd
values at the primitive edge of the Kaapvaal Group-I
field (�Sr = –20, �Nd = +1.5, Fig. 9), and add model
Archean crust as described above by simple mixing. The
Nd and Sr abundances of the hypothetical primitive
magma were chosen to be the average of samples 15–
K1A and 48–K1A (Nd = 131 ppm, Sr = 840 ppm), as
these are mineralogically the least-contaminated
samples. The results of this modeling are presented in
Figure 9 and show that between ~8 and 12% Archean
crust is permitted to have been incorporated in the ana-
lyzed 5034 kimberlites, based on the �Sr–�Nd relation-
ships alone.

The next step in modeling the composition of the
5034 hypabyssal kimberlite was assessing the bulk com-
position of the hybrid rock (Table 1). An aphanitic
kimberlite poor in diopside and phlogopite was taken as
the best estimate of the parental uncontaminated
kimberlitic magma. An average southeastern Slave
granite (Table 1) was considered representative of the
crustal contaminant. Disaggregation of garnet peridot-
ite accounted for the presence of 30% of the mantle-
derived xenocrystic olivine in the hybrid kimberlite. The
resulting estimate of the bulk composition of the con-
taminated kimberlite has a significantly higher SiO2 and
MgO than that of the parental magma (Table 1, Fig. 12)
and is close to the analyzed macrocrystal 5034
kimberlite with respect to all chemical parameters (Figs.
7, 8). Disaggregation of ~30–40% garnet peridotite into
a kimberlitic magma contaminated by crust has no sig-
nificant effect on the �Sr–�Nd systematics, because the
Sr and Nd abundances in peridotite are very low, and
those in kimberlite very high. More than 90% addition
of typical peridotite would be required to significantly
alter the �Sr–�Nd systematics.

On melilite in kimberlite

A totally serpentinized mineral that occurs in long
laths together with diopside in the hypabyssal 5034
kimberlite could be either phlogopite, calcite, or
melilite. We interpreted the mineral as melilite on the
basis of the following petrographic observations. Rect-

angular terminations of the grains are uncharacteristic
of calcite. The mineral is serpentinized, whereas primary
calcite in kimberlites is typically replaced by secondary
calcite, and phlogopite is fresh in the 5034 samples. The
mineral is found only in areas that assimilated granitic
xenoliths. These areas are relatively enriched in Si (Fig.
12), and it is where one would expect to see crystalliza-
tion of high-Si (relative to olivine and monticellite)
melilite, not the Si-free calcite.

Melilite occasionally occurs in kimberlites (Mahotkin
et al. 2003, Skinner et al. 1999, Scott Smith 1989,
Murthy et al. 1994, Egorov 1979), but rocks with abun-
dant (>10 vol.%) melilite should not be classified as
kimberlites (Mitchell 1986, Woolley et al. 1996). Ex-
perimental studies of near-solidus melts produced at 30
kbar (Gudfinnsson & Presnall 2003) and at 30–70 kbar
in the carbonated mantle peridotite (Canil & Scarfe
1990) suggest that it may be possible to generate a con-
tinuous spectrum of partial melts varying in composi-

FIG. 12. Common minerals of the kimberlites in a Mg, Fe –
Ca – Si (moles) plot. Patterned lines indicate mineral
parageneses of the 5034 hypabyssal kimberlite correspond-
ing to progressively higher contamination by granite: 1:
uncontaminated groundmass of aphanitic kimberlite (Spl +
Mtc + Ol), 2: macrocrystal kimberlite (Ol + Mtc + Phl +
Srp + Spl); 3: a wide outer zone of serpentinization around
granite inclusions (Srp + Phl); 4: zone of monomineralic
phlogopite in coronas on granite inclusions (Phl); 5A:
patches replacing totally digested granite xenoliths (Mel +
Phl + Di); 5B: inner zone of monomineralic diopside in
coronas on granite inclusions (Di). Positions of points 1–5
inside paragenetic triangles are arbitrary and do not corre-
spond to actual mineral modes. Small black points con-
nected by double lines with arrows indicate the change in
whole-rock compositions from aphanitic uncontaminated
kimberlite to hybrid kimberlite, then to serpentenized gran-
ite xenolith and to fresh SE Slave granite (all compositions
are from Table 1, and are recalculated to molar amounts).
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tion from kimberlite to melilitite. Pseudomorphs after
melilite are present in most Group-II kimberlite and in
some phlogopite-rich Group-I kimberlites, and are more
common in the diatreme facies than in the hypabyssal
kimberlites (Skinner et al. 1999). Melilite in kimberlites
is associated with diopside and phlogopite, but shows a
strong negative connection to monticellite (Skinner et
al. 1999). Experimental data on the stability of melilite
in potassium-rich magmas (Yoder 1986 and references
therein) were used to constrain conditions of its crystal-
lization.

The presence of melilite in kimberlitic magmas has
been explained by several hypotheses. The first of these
emphasizes pressure and temperature controls on the
stability field of melilite (Moore 1983). As melilite is
unstable at P > 9 kbar and at T < 900°C in CO2-satu-
rated conditions, it can only crystallize from a relatively
high-T magma, but would not commonly crystallize in
kimberlites with low (~350°C) temperatures of em-
placement (Moore 1983). The second hypothesis ties the
crystallization of melilite to CO2 loss due to degassing
of kimberlitic magma (Skinner et al. 1999). The third
model points out that melilite should crystallize from a
kimberlitic magma with higher SiO2 content (Skinner
et al. 1999) on the basis of mineral-compatibility dia-
grams for K-rich ultrabasic magmas at 3 kbar and
1000°C (Yoder 1986). As the bulk composition of K-
rich rocks becomes progressively Si-rich, they should
crystallize the assemblage olivine + phlogopite +
melilite instead of monticellite + olivine + phlogopite.

Our observations suggest that the presence of
melilite in the 5034 kimberlite is controlled by the bulk
composition of the magma, particularly its high Si ac-
tivity, therefore supporting the latter hypothesis. Al-
though all samples of hypabyssal 5034 kimberlite
crystallized at similar pressures and temperatures,
melilite and diopside in many samples are restricted to
the reaction rim around granitic xenoliths. The pressure–
temperature control on crystallization of melilite is thus
negligible.

The development of a mineralogically zoned reac-
tion rim on granitic xenoliths records sharp increases in
Si activity near the inclusions. It is evident in the trend
of whole-rock compositions as it changes from apha-
nitic kimberlite to model hybrid kimberlite, and then to
serpentinized and fresh granite (Fig. 12). This increase
led to changes in mineral assemblage from olivine +
monticellite + spinel + phlogopite in the host kimberlite
to serpentine + spinel + phlogopite closer to the granite
inclusions (Fig. 4A), then to phlogopite (Phl), and lastly
to diopside (Di) in the inner parts of the reaction corona
(Fig. 4C). The diffusion of Si into the host magma led
to the replacement of olivine and monticellite by ser-
pentine, then by phlogopite and diopside, in full corre-
spondence with the increasing Si activity and Si/(Fe +
Mg) values in these minerals (Fig. 12). The plot explains
a strong positive connection of melilite and diopside and
the occurrence of melilite only in diopside-bearing 5034

kimberlite. This progression of mineral assemblages
also explains the incompatibility between the Si-poor
monticellite and the Si-rich diopside. Not only do they
never occur within one zone of the reaction rims on the
granitic xenoliths, but monticellite is much rarer and
completely altered in diopside-bearing 5034 kimberlite.
Our observations conform to a trend of mutual exclu-
sion of monticellite and diopside in kimberlites
(Mitchell 1995).

The fact that melilite is more common in the
diatreme facies than in hypabyssal kimberlites led to a
proposed CO2 control on the melilite crystallization
(Skinner et al. 1999), but the distribution can also be
explained on the basis of local Si activity of the magma.
When magma degasses, the activity of all remaining
components increases. Si activity increases most, as it
is the most abundant component of the magma. The
relative Si enrichment of degassed magma results in
crystallization of diopside growing upon lapilli in
diatreme-facies kimberlites (Scott Smith 1996) and
could also cause the crystallization of melilite.

CONCLUSIONS

1. Kimberlite 5034 of the Gahcho Kue cluster of the
southeastern Slave craton is a multiphase intrusion com-
posed of the pyroclastic diatreme facies kimberlite and
magmatic hypabyssal kimberlite. The kimberlitic
magma with Group-I affinity originated in the deep as-
thenosphere and intruded into Archean granitic mate-
rial that variously contaminated several consecutive
batches of kimberlitic magma. At least four different
phases of magmatic activity are recognized. Aphanitic
monticellite–serpentine kimberlite formed early and
contemporaneously with respect to the main hypabys-
sal phase magmas and is present in autoliths and cross-
cutting dikes. The dominant hypabyssal phase is
composed of macrocrystal monticellite – phlogopite –
serpentine kimberlite. The subsequent explosive mag-
matic phase formed tuffisitic kimberlite breccia. The
final batch of kimberlitic magma was drastically differ-
ent from preceding melts in its Fe2O3/FeO value and
crystallized barian phlogopite with an atypical trend of
chemical evolution.

2. The macrocrystal monticellite – phlogopite – ser-
pentine kimberlite assimilated significant amount of
granitic xenoliths, which caused crystallization of
pseudo-primary phlogopite, diopside, melilite and
pectolite from a hybrid melt enriched in Si and Na. The
mineralogical character of the 5034 kimberlite, which
is intermediate between Group-I and Group-II kimber-
lites, can be explained by its strong contamination by
crust. The shift in bulk composition of the magma due
to the addition of granitic material is likely to have oc-
curred at relatively high temperatures. The �Sr–�Nd
systematics of the 5034 kimberlite are primitive and
permit incorporation of 8–12% Archean granites. The
bulk composition of the macrocrystal 5034 kimberlite
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can be modeled by the addition of 38% mantle peridot-
ite and 10% granite to the parental magma, approxi-
mated by the aphanitic kimberlite.

3. All recognized hypabyssal rock-types have dis-
tinct compositional trends of phlogopite, but phlogopite
within a given rock-type also varies significantly in re-
sponse to local chemical heterogeneities and the com-
position of proximal minerals. Areas of assimilated
felsic material crystallized Ti- and Ba-rich phlogopite
and Sr-rich apatite. The large variability of phlogopite
composition in the 5034 hypabyssal kimberlite is due to
very local diffusion-controlled crystallization, and not
to changes in bulk composition of the magma.
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APPENDIX: THE COMPOSITIONS OF PHLOGOPITE

Macrocrystal monticellite – serpentine –
phlogopite kimberlite

In sample 21–K4, phlogopite crystals are most com-
monly zoned from TFP cores to phlogopite rims. This
main chemical trend involves a continuous Fe-, Ba- and
Ti-depletion and an Al-enrichment. Cr contents are typi-
cally very low (<0.05 wt.% Cr2O3), typical of ground-
mass phlogopite (Mitchell 1995), and do not show any
systematic trend. The zoning also involves significant
depletion in Na (Fig. 11A) and F (from 1.2–2.1 to 0–0.9
wt.%). Occasionally, SEM studies reveal patches of Ba-
and Ti-poor compositions in cores of the largest phlo-
gopite grains. Similar Ba-and Ti-poor phlogopite is
found rarely in the cores of phlogopite replacing
“kimberlitized” granitic xenoliths (Table 2). Further
evolution of phlogopite in these areas proceeds along
the typical Al-enrichment trend. However, rims of phlo-
gopites in patches of assimilated felsic material may be
overgrown by a 10 �m rim of biotite (Table 2) or by
apatite. Both types of mantle are commonly in contact
with serpentine and Ca-silicate containing traces of Al
and Fe (epidote?), which replace granitic xenoliths.

Phlogopite compositions in sample 39–270 are much
less diverse, and zoning is less pronounced (Table 2).
Typically, the mica is homogeneous phlogopite close in
composition to zoned rims of sample 21–K4. Rare
zoned crystals exhibit gradual trends of Al enrichment
and Fe, Ba and Ti depletion from core to rim, or irregu-
lar patches of low-Fe phlogopite in rims. F, Na and Ba
are present in significant amounts. F content is typically
constant (0.5 to 2 wt.%), but Ba and Na tend to decrease
from core to rim. Interestingly, BaO correlates with
TiO2 (Fig. 11B), which is not observed in sample 21–
K4. Major local controls on phlogopite compositions are
evident in the data. Phlogopite growing after assimilated
felsic material is distinctly richer in Ti and Ba. A phlo-
gopite rim in contact with strontian apatite is uniquely
poor in Ti and Ba, but a rim of another grain 10 �m
away is richer in these oxides by 1 wt.%. Phlogopite
rims next to pectolite and another Ca-silicate (Fig. 5E)
shows abnormally high FeO contents and are completely
devoid of Ba and Ti.

Macrocrystal diopside- and monticellite-bearing
phlogopite – serpentine kimberlite

In sample 8–K4, all phlogopite, poikilitic and non-
poikilitic, is severely and complexly zoned. Oikocrysts
with diopside are enriched in Cr2O3 for up to 0.3 wt.%.
The second episode of mica crystallization produced

tetra-ferriphlogopite overgrown on early phlogopite as
10–20 �m mantles, or formed discrete smaller crystals.
Absence of intermediate values between core and rim
compositions indicates the presence of two distinct gen-
erations of groundmass mica. The later TFP mica is
poorer in Ti, Ba, and Na and is completely devoid of Al
and F. Yet another generation of phlogopite is observed
as the outermost 5 �m rims that occasionally overgrow
TFP rims. They show either sharp or smooth contacts
with the third-generation phlogopite. These latest phlo-
gopite variants are poorer in FeO by 8 wt.% , in K2O by
1 wt.%, and richer in Na2O by 0.5 wt.%. The uneven
development of the latest Na-rich phlogopite is con-
trolled by its neighboring minerals. Na-rich rims crys-
tallize near serpentine, but are absent next to pectolite
(Fig. 5F), the structure of which accepts Na.

Macrocrystal diopside- and melilite-bearing
phlogopite – serpentine kimberlite

Sample 61–K2 features homogeneous phlogopite
with between-grain heterogeneities controlled by their
textural positions. Poikilitic groundmass mica is Ti- and
Al-rich phlogopite, which is unusually enriched in Ti
compared to other phlogopite from the 5034 hypabys-
sal kimberlite. It also shows a peculiar trend of well-
correlated Al and Ti (Fig. 11D). A chemically distinct
phlogopite is found overgrown on diopside crystals.
This phlogopite has significantly lower TiO2 content (as
much as 5 wt.% less) and BaO (as much as 1 wt.% less),
and higher FeO (up to 2 wt.% more) than the ground-
mass phlogopite.

Macrocrystal phlogopite – serpentine kimberlite

In contrast to all other studied samples, mica in
sample 11–K5D is represented by high-Al phlogopite
with increased contents of eastonite and kinoshitalite.
Phlogopite grains (20–100 �m) crystallize in radially
oriented rosettes that are extensively replaced by chlo-
rite. Cores of ~10% grains are barian phlogopite over-
grown by a discrete generation of Ba-poor phlogopite
(Fig. 5D, Table 2). Clear bimodal distribution of all
elements in cores and rims of the phlogopite suggests
two separate events of phlogopite crystallization.
Although low-Ba phlogopite is poorer in TiO2, a single
trend of Ba–Ti correlation is absent (Fig. 11G). The
phlogopite of the second generation is lower in Al2O3
by ~6 wt.%, and richer in FeO by ~4 wt.% and MgO by
4 wt.%.


