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In areas with thick sedimentary cover and recent glacial
deposits, such as the Buffalo Head terrane in northern
Alberta, information on the crust and mantle below is
often restricted to geophysical data. Fortunately, using
these methods, a new kimberlite province (Buffalo Hills
kimberlites) was identified in the centre of the Buffalo
Head terrane (Carlson et al., 1999), which has opened
an opportunity to directly study the lithosphere below
by means of xenoliths and xenocrysts transported to the
surface. Samples from three kimberlites (K6, K11,
K14), erupted at 88-86 Ma (Carlson et al., 1999), were
used in a reconnaissance study including acquisition of
major-element, trace-element and isotopic data, in order
to constrain the paleogeotherm and the stratigraphy of
the subcontinental lithospheric mantle (SCLM) beneath
this region, and to assess its origin and evolution.

MAJOR AND TRACE ELEMENTS, RE-
OS ISOTOPE DATA

Two major xenolith types are present. The Cr-diopside
peridotite series includes spinel lherzolites, a garnet-
spinel-lherzolite, garnet peridotites with altered
orthopyroxene (opx) and a sheared garnet lherzolite.
The pyroxenite series includes garnet-free and garnet-
bearing pyroxenites, one of which has a striking corona
structure suggesting exsolution from a very coarse-
grained protolith. Peridotitic garnets have Cr2O3-CaO
systematics consistent with lherzolite and calcic
harzburgite sources. Garnet xenocrysts additionally
indicate the presence of wehrlitic. Pyroxenite garnets
have Cr2O3 contents below 1 wt% and restricted CaO
contents in accord with the buffering effect of
coexisting opx. Opx and clinopyroxene (cpx) in many
samples show micrometer-scale exsolution of the
complementary pyroxene plus or minus spinel. Spinels
are extremely heterogeneous, and show secondary
overgrowths with increased TiO2, Cr2O3 and Fe3+

contents. Chondrite-normalised REE patterns are shown
in Fig. 1 and some major and trace element analyses are
given in Table 1. Re-Os isotope data were obtained for
sulfides in six peridotites using a New Wave LUV266
laser microprobe attached to a Nu Instruments “NU

Plasma” multicollector ICPMS (Table 2). Samples with
negative γOs give TRD of 0.40 ±0.20 and 1.46 ± 0.44 Ga.
One sample with superchondritic 187Os/188Os gives a
model age of 1.73 ± 0.13 Ga which agrees within error
with the model age of 1.89 ± 0.38 Ga of the sample
giving the 1.46 Ga TRD. The remainder give implausible
model ages.

Figure 1 Chondrite-normalised REE patterns of garnet and
cpx in peridotites; chondrite of McDonough and Sun (1995)

Table 1: Major and trace-element
composition of some peridotite minerals

Garnet k11-3          k11-5          k14-1          k14-3
Type gt per gt per gt lh gt lh
SiO2 [wt%]42.32 41.29 42.01 41.86
TiO2 0.01 0.79 0.79 0.06
Al2O3 21.65 17.98 19.35 21.70
Cr2O3 3.17 6.96 3.73 2.01
FeO 7.51 7.21 8.19 9.90
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MnO 0.49 0.21 0.21 0.51
MgO 20.19 21.72 20.81 18.09
CaO 5.31 4.10 4.81 5.87
Total 100.6 100.3 99.9 100.0
Mg# 82.7 84.3 81.9 76.5
V [ppm] 100 440 270 160
Sc 330 165 94 140
Ti 17.2 400 5100 900
Y 5.4 0.8 17.4 24
La 0.046 0.11 0.05 0.3
Ce 0.71 1.2 0.46 0.4
Nd 5.4 3.1 1.43 0.39
Sm 6.9 0.9 1.01 0.5
Eu 2.9 0.24 0.5 0.3
Gd 8.4 0.4 1.92 1.59
Dy 1.91 0.28 2.9 3.6
Ho 0.21 0.05 0.67 1.0
Er 0.45 0.12 1.97 3.2
Yb 0.62 0.4 2.0 3.9
Lu 0.140 0.08 0.32 0.7
Nb 0.32 1.09 0.59 2.2
Zr 55 16 58 36
Hf 0.54 0.71 0.015 0.03
Th 0.011 0.08 0.015 0.03
U <0.05 0.09 <0.1 0.2
Sr 0.5 <1.8 0.9 0.4

Cpx k14-1          k14-2b        k14-3a        k14-6
Type gt lh gt lh sp lh sp lh
SiO2 [wt%]55.01 54.29 54.64 52.94
TiO2 0.21 0.11 0.11 <0.06
Al2O3 1.79 2.99 1.66 2.63
Cr2O3 1.01 0.99 0.7 0.91
FeO 3.80 1.59 1.75 1.78
MnO 0.1 <0.09 <0.09 <0.09
MgO 18.62 16.09 17.3 16.52
CaO 17.46 23.51 23.62 23.79
Na2O 1.61 1.04 0.65 0.55
Total 99.6 100.7 100.4 99.1
Mg# 89.7 94.7 94.6 94.3
V [ppm] 200 250 180 200
Sc 12.3 47 30 51
Ti 1280 610 800 300
Y 2.4 1.5 0.9 1.6
La 2.6 12.5 3 2.6
Ce 9 48 8 7.7
Nd 6.5 26.6 4.87 4.8
Sm 1.42 2.7 0.89 0.84
Eu 0.43 0.53 0.2 0.22
Gd 1.09 1.06 0.6 0.57
Dy 0.64 0.42 0.3 0.36
Ho 0.10 0.061 0.036 0.065
Er 0.21 0.12 0.06 0.15
Yb 0.12 0.06 <0.02 0.13

Lu 0.013 0.007 0.003 0.020
Nb 0.5 0.4 1.9 0.39
Zr 6 5.9 5.2 8.0
Hf 0.35 0.30 0.33 0.29
Th 0.06 0.13 0.20 0.10
U 0.01 0.033 0.03 0.026
Sr 152 376 176 77

Opx k14-1          k14-2b        k14-3a        k14-6
Type gt lh gt lh sp lh sp lh
SiO2 [wt%] 57.67 57.04 57.62 55.93
Al2O3 0.73 2.43 1.40 2.43
Cr2O3 0.19 0.43 0.31 0.42
FeO 5.98 5.82 5.75 5.63
MnO 0.12 0.11 0.14 0.14
MgO 34.15 34.68 35.22 34.31
CaO 1.00 0.45 0.18 0.42
NiO 0.13 <0.08 0.08 0.08
Total 100.3 101.1 100.7 99.4
Mg# 91.1 91.4 91.6 91.6

Olivine k11-3          k11-5          k14-1          k14-3a
Type gt per gt per gt lh gt lh
SiO2 [wt%] 41.67 41.04 40.86 40.89
FeO 7.05 8.29 9.91 8.65
MnO 0.10 0.12 0.11 0.11
MgO 51.76 50.92 49.09 50.56
NiO 0.39 0.36 0.39 0.37
Total 101.0 100.7 100.4 100.6
Mg# 92.9 91.6 89.8 91.2
Mode 85 78 78 43

Table 2: Re-Os isotope data

K6-1            k14-3a        K14-5b
Type gt lh gt lh gt lh
187Re/188Os 0.540 0.513 10.71
2se 0.024 0.026 0.38
187Os/188Os 0.1680 0.1809 0.430
2se 0.0012 0.0027 0.016
γOs 32.2 42.4 240
TRD na na na
TCHUR 15492 23549 1737

k14-5d        k14-6          k14-7a
Type gt lh gt lh gt lh
187Re/188Os 0.0938 1.220 0.5471
2se 0.0024 0.032 0.0048
187Os/188Os 0.1172 2.4000 0.1244
2se 0.0026 0.0051 0.0012
γOs -7.7 1789 -2.12
TRD 1455 na 402
TCHUR 1893 79707 -1114
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LITHOSPHERE STRUCTURE

Iterative calculation of TBKN versus PBKN (Brey and
Köhler, 1990) for a sheared lherzolite xenolith gives the
highest temperature and pressure of all xenoliths (1325°
C, 66 kbar), equivalent to a ‘cool’ 42 mW/m2 geotherm.
This is similar to the present-day heatflow in regions of
ancient lithosphere stabilisation. The garnet-spinel
lherzolite gives 735° C and 17 kbar for the same
calculation. A preliminary stratigraphy of the SCLM
beneath the Buffalo Head Terrane is derived by
comparing the relative amount of rock-types in
different temperature intervals (Fig. 2). Low-Cr
lithologies are restricted to the shallow mantle and
harzburgite with Ca-saturated garnet is concentrated in
a layer between ~1000-1200° C (Fig. 2). The
persistence of spinel lherzolites to temperatures above
the spinel-garnet transition constrained by garnet-spinel
lherzolite may be due to their relatively Cr-rich
character. The absence of non-sheared garnet
lherzolites in the xenolith suite contrasts with the
abundance of lherzolitic garnet xenocrysts and may
indicate that this rock type was preferentially
comminuted during entrainment in the kimberlite.

Figure 2 Preliminary lithosphere structure beneath the
Buffalo Head terrane, from diagrams of lithologies plotted
against equilibration temperatures of xenocrysts (left) and
xenoliths (right) using TNi-in-grt (Ryan et al., 1996) for garnet
from heavy mineral concentrate and a combination of TOW79,
TKrogh,  TBKN and TWES91 and for xenoliths at a nominal
pressure of 40 kbar (O’Neill and Wood, 1979; Krogh, 1988;
Brey and Köhler, 1990; Witt-Eickschen and Seck, 1991)

The high temperature and pressure obtained for the
sheared lherzolite combined with its microstructure and
enrichment in basaltic components suggest that it was
derived from close to the lithosphere-asthenosphere
boundary (LAB) (Smith and Boyd, 1987). It constrains
the minimum depth of the SCLM beneath the Buffalo
Head Terrane to 180 km.

MELTING

Most samples from Alberta have FeO relative to Al2O3

and MgO contents similar to experimental melting
residues of pyrolite after a loss of between 20-40%
partial melt at pressures between 10 and 40 kbar
(Walter, 1999). The same is true for FeO relative to
SiO2 contents, with the exception that one sample is
similar to the pyrolite starting composition in the
melting experiments. Three samples have high opx/ol
similar to peridotites from Kaapvaal and to a lesser
extent Siberia, but at higher FeO contents. In a diagram
of modal olivine against olivine Mg-number, most
samples plot in the Proterozoic field, while other
samples lie on the oceanic trend, having both high Mg-
numbers and modal olivine content (Fig. 3).

Figure 3 Diagram after Boyd (1989); fields from Pearson et
al. (1999). Symbols as in Figure 1

METASOMATISM

Zr against Y abundances, used to distinguish
undepleted and depleted garnets from melt-
metasomatised and low-temperature (phlogopite)
metasomatised garnets (Griffin et al., 1999), show that
garnet from the high-temperature sheared lherzolite,
from the garnet-spinel lherzolite and garnet from two of
the peridotites with altered opx have been melt-
metasomatised, consistent with sinusoidal or LREE-
enriched REE-patterns. Garnet in the third sample with
altered opx is melt-depleted and has a strongly LREE-
depleted REE pattern. The garnet-spinel peridotite
contains numerous grains of pentlandite. Sulfides were
identified in 14 samples and are commonly pentlandite
which is usually indicative of a metasomatic origin
(Alard et al., 2000). This indicates that melt
metasomatism was accompanied by an influx of sulfur.
A metasomatic origin is consistent with the mostly
implausible Re-Os model ages, which indicate
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disturbance of the Re-Os budget, and calls into question
the validity of plausible model ages obtained for some
of the samples. Reaction with carbonatitic melts and
formation of cpx at the expense of opx (Yaxley et al.,
1991) may be indicated by the occurrence of wehrlitic
garnet xenocrysts derived from the shallower
lithosphere (Fig. 2)

A PRECURSORY HEATING AND
METASOMATIC EVENT

Exsolution microstructures and zoning are indicative of
incomplete sub-solidus re-equilibration (e.g., Field and
Haggerty, 1994). It would therefore appear that the
ubiquitous exsolution of complementary pyroxene from
cpx and opx in spinel lherzolites records cooling, either
during uplift of the mantle volume they resided in, or
after a thermal pulse, maybe related to a passing melt,
(e.g., Griffin et al., 1987). Evidence for interaction with
the host kimberlite itself is restricted to grain
boundaries (formation of secondary phlogopite and
sulfide), and calculated melts in equilibrium with garnet
or cpx do not resemble those of kimberlites. The
heterogeneity of most spinels in peridotites from
Buffalo Hills, with distinct TiO2, Cr2O3 and Fe3+-rich
overgrowths could be a young feature and may indicate
interaction with an oxidised silicate melt shortly before
entrainment in the kimberlite. The exsolution
microstructures could have resulted from cooling to the
geotherm subsequent to this event. However, storage of
these samples at low temperatures may have prevented
equilibration for substantial lengths of time and the
disequilibrium features may therefore not constrain the
timing of the disturbance.

REWORKED ARCHAEAN MANTLE?

Several features of the samples suggest the presence of
Archaean mantle beneath the Buffalo Head Terrane.
The sinusoidal trace element patterns of two garnet
peridotites resemble those of garnet inclusions in
diamond occurring in cratonic, i.e., Archaean areas of
the world, and diamonds have been recovered from the
host kimberlites. Also, some peridotites plot near the
field of Archaean peridotites in the plot of modal
olivine against Mg-number of olivine (Fig. 3). U-Pb
ages obtained for basement rocks of the Buffalo Head
terrane range between 2.32-2.0 Ga, but have upper
intercepts suggesting Archaean inheritance (Thériault
and Ross, 1991). This suggests an older component is
present and that crust-mantle differentiation took place
in the Archaean. Ross and Eaton (2002) suggest that the

Buffalo Head terrane represents a collage of
Paleoproterozoic crust formed on an Archaean
microcontinent. There is evidence for metasomatism by
both silicate melts and carbonatitic melts in many
peridotites and garnet xenocrysts, accompanied by
influx of sulfur and any unambiguous Archaean
signatures may have been obliterated during these
events.

Reworking may have occurred in the context of
Proterozoic crust formation at 2.32-2.0 Ga in the
Buffalo Head terrane, which involved minimal
recycling of crust and represents mostly involvement of
juvenile material. Rifting between the Buffalo Head
terrane and the adjacent Rae Province and possible
oceanic crust formation at 2.4-2.3 Ga is indicated by the
similarity of ages and Nd isotope systematics, and the
occurrence of mafic to ultramafic rocks in the contact
(Bostock and van Breemen, 1994). Reworking during
rifting could explain the similarity with regard to major
element contents of peridotites from the Buffalo Hills
kimberlites to those from Tanzania in the East African
Rift (Lee and Rudnick, 1999). There, asthenosphere-
lithosphere interaction has lead to strong mantle
modification, including carbonatite metasomatism that
led to formation of wehrlite (Rudnick et al., 1993), also
present beneath the Buffalo Head terrane. 2.0-1.9 Ga
subduction away from the Buffalo Head Terrane and
collision with the Rae Province (Ross et al., 1991)
probably had no impact on the Buffalo Head mantle.

The sheet-like mafic sills of the Winagami reflection
sequence, constrained to between 1.89 and 1.76 Ga in
age, in the core of the Buffalo Head terrane may be the
magmatic expression of brittle indentation of the Rae
Province to the east of the Buffalo Head terrane by the
Archaean Slave province to the north (Ross and Eaton,
1997, and references therein). The emplacement of
these mafic sills and the event that caused the
magmatism may have also affected the underlying
lithospheric mantle. 1.89 and 1.74 Ga model ages on
sulfides in two peridotites may date asthenospheric
mantle melts associated with this event. However,
considering the evidence for influx of sulfur during
metasomatism in other peridotites, these sulfides may
also represent mixtures of more ancient sulfides with
metasomatic sulfides, in which case they carry no
meaningful age information. Pyroxenites recovered
from the Buffalo Hills kimberlites are restricted to the
shallow lithosphere and may have crystallised during
the underplating of mafic melts recorded in the
Winagami reflection sequence.
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