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Abstract

A knowledge of the Hf isotopic composition of the subcontinental lithosphere beneath Archean cratons is essential
to constrain the Hf isotope budget of the Earth’s mantle. Hf isotopic measurements were obtained by MC-ICP-MS
for a suite of refractory peridotite xenoliths and constituent garnets from the Nikos kimberlite (100 Ma) on Somerset
Island in order to constrain the isotopic composition and age of the lithosphere beneath the northern Canadian
craton. The low-temperature Nikos peridotites (6 1100‡C), which represent the shallow Somerset lithosphere, are
characterized by higher 176Lu/177Hf ratios (0.03^0.05) and Hf isotopic values (176Hf/177Hfð0:1GaÞ = 0.28296^0.28419)
than the deep-seated high-temperature peridotites (s 1100‡C; 0.004^0.03, 0.28265^0.28333, respectively). These
differences in Hf isotope signatures suggest that shallow and deep subcontinental lithosphere beneath Somerset Island
represent isotopically distinct domains and do not share a common petrogenetic history. The Lu^Hf isotope
systematics of the shallow low-temperature peridotites define a positively sloped line that plot along a 2.8 Ga
reference isochron. A number of these peridotites are characterized by highly radiogenic Hf isotopic compositions
suggestive of long-term radiogenic ingrowth (billions of years). These findings are consistent with an interpretation
that the shallow Somerset lithosphere (to depths of V150 km) stabilized in the Archean. The majority of the high-
temperature peridotites plot closer to the composition of the host kimberlite. Although the observed isotopic variation
may be attributed in part to kimberlite-related Hf addition, it is possible that these deep-seated xenoliths represent
younger mantle. The superchondritic 176Lu/177Hf ratios observed for a number of the shallow low-temperature
peridotites indicate strong fractionation of Lu and Hf, suggesting mantle root formation in the garnet stability field
(depths s 80 km). The Hf isotope compositions for the Somerset low-temperature peridotites indicate that part of the
mantle root beneath the North American craton is characterized by a more radiogenic Hf isotope signature than that
estimated for a typical ‘depleted’ mantle. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The mantle roots underlying the Archean cra-
tons extend to depths of at least 200 km [1,2], and
are depleted in basaltic constituents relative to
fertile mantle (e.g. [3^5]). The lower density and
higher viscosity of these refractory peridotite
roots relative to the surrounding asthenosphere
contribute to their stability and long-term isola-
tion from the convecting mantle [6,7]. The iso-
topic diversity recorded by both continental peri-
dotites and basalts compared to oceanic volcanics,
along with their unusually ‘enriched’ Sr and Nd
isotope signatures relative to bulk Earth ([8^10]
and references therein) were the ¢rst indications
of the antiquity of the subcratonic lithosphere
[11,12]. These enriched isotope signatures are pre-
dominantly the result of repeated episodes of
metasomatic activity, which have occurred since
lithosphere stabilization (i.e. over billions of years
[13,14]). Consequently, determining the age of Ar-
chean cratonic mantle roots has proven di⁄cult.
Re^Os isotope systematics appear to be less sus-
ceptible to metasomatic alteration, and have pro-
vided valuable age constraints for the subconti-
nental lithosphere [12]. Re depletion ages range
from the mid to late Archean (3.5^2.7 Ga) for
the mantle roots beneath South Africa, Siberia
and North America [15^18]. In contrast to the
abundant Nd, Pb, Sr and Os isotope data, the
Hf isotope composition of subcontinental litho-
spheric mantle has yet to be investigated. This
region constitutes an important reservoir in the
Hf budget of the Earth’s mantle, and establishing
its Hf isotopic composition is important in order
to better understand its origin, geochemical evo-
lution, and its role in the stabilization of the Ar-
chean cratons.

The Lu^Hf isotopic system is characterized by
the long-lived radioactive parent isotope 176Lu
that decays to 176Hf by L emission with a half-
life of 37 Ga [19,20], allowing the dating of an-
cient samples [21]. Lu (a heavy rare earth element,
HREE) and Hf (a high ¢eld strength element) are
both refractory silicate-hosted (e.g. [22]) elements,
but exhibit signi¢cant di¡erences in their geo-
chemical behavior (e.g. di¡erent mineral/melt par-
tition coe⁄cients [23,24]) in the presence of min-

eral phases such as garnet and zircon. This can
result in the strong fractionation of parent and
daughter elements during magmatic and meta-
morphic processes, indicating the important po-
tential of the Lu^Hf isotopic system in geochro-
nology and as a geological tracer (e.g. [25^28]).

In this paper we report Hf isotopic composi-
tions and 176Lu/177Hf ratios obtained using the
MC-ICP-MS (multicollector inductively coupled
plasma mass spectrometry) method for a suite of
refractory peridotites and their constituent garnets
from the Cretaceous (100 Ma) Nikos kimberlite
on Somerset Island in the Canadian Arctic (Fig.
1) [29]. To our knowledge, these are the ¢rst Lu^
Hf isotope data obtained for kimberlite-hosted
mantle xenoliths to date. The main objective of
this study is to constrain the Hf isotopic compo-
sition of the lithospheric mantle beneath the
northern Canadian craton in order to contribute
to a better understanding of the Hf isotope com-
position and evolution of the Earth’s mantle. The
data permit an evaluation of the e¡ectiveness of
the Lu^Hf geochronometer in providing meaning-
ful age constraints on the stabilization of the
mantle root. The results also provide information
on elemental fractionation during partial melting
at the time of lithosphere formation, and on the
Hf isotopic composition of the Archean mantle.

2. Samples

2.1. Kimberlite

The Nikos kimberlite is part of the Somerset
Island kimberlite ¢eld [30] that was emplaced
V100 Myr ago (U^Pb ages on perovskite
[31,32]) into Archean crystalline basement (Nd
model ages up to 3.0 Ga [33]) at the northern
margin of the Canadian craton (Fig. 1). The Ni-
kos host kimberlite occurs as three closely associ-
ated individual pipes (each V50 m diameter and
30^40 m apart) that contain abundant mantle xe-
noliths. Unlike many other Somerset Island kim-
berlites, the southern Nikos pipe (NK3) exhibits a
non-brecciated, magmatic texture [29]. Four kim-
berlite samples were collected from this magmatic
pipe for analysis, two of which (NK3-K1, NK3-
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K2) exhibit abundant mantle xenoliths relative to
the remaining samples (NK3-K3, NK3-K4). The
kimberlite contains olivine, phlogopite, garnet
and spinel in a ¢ne-grained matrix of calcite, ser-
pentine, perovskite and apatite. Calcites occur as
tabular euhedral crystals that are de£ected around
large olivine phenocrysts indicating their primary
magmatic nature [29]. Two samples (NK3-K1,
NK3-K2) are observed to contain garnet frag-
ments in thin section, which probably represent
xenocrysts. The Nikos kimberlite is characterized
by very high whole-rock CaCO3 contents (27^39
wt%), and a strong enrichment in incompatible
trace elements such as LILE (large ion lithophile
elements) and LREE (light rare earth elements)
relative to chondrites and primitive mantle com-
positions [34,35].

2.2. Mantle xenoliths

The Nikos mantle xenoliths are large, well-pre-
served garnet peridotite nodules containing oliv-
ine, orthopyroxene, clinopyroxene, garnet and mi-

nor phlogopite (V1 wt% or less [29]). One spinel
peridotite (NK2-9) consists of olivine, orthopyr-
oxene, clinopyroxene and chromian spinel. The
majority of the xenoliths exhibit coarse textures,
and only minor occurrences of porphyroclastic
textures are observed (e.g. NK1-7). The perido-
tites are characterized by refractory major element
chemistry and have high Mg# (Mg# = Mg/
[Mg+Fe] = 0.90^0.93) suggesting that they are
melt-depleted residues. Despite their depleted ma-
jor element compositions, the Nikos peridotites
are enriched in highly incompatible trace elements
(e.g. LILE, LREE), while having approximately
chondritic HREE contents. Mass balance calcula-
tions indicate that constituent peridotite minerals
control HREE budgets, but cannot account for
the high LREE abundances observed in the whole
rocks, suggesting the presence of small amounts
of a kimberlite-related LREE-rich interstitial
component (i.e. V1% kimberlite liquid) and/or
accessory mineral (i.e. trace amounts of apatite
[35]).

The Nikos peridotites and constituent minerals

Fig. 1. Geological map of Somerset Island (after [52]) showing kimberlite locations. The mantle xenoliths from this study were
collected from the Nikos kimberlite (black diamond). Legend: light gray, Paleozoic cover rocks; striped, Late Proterozoic cover
rocks; dark gray, Precambrian basement; bold lines, normal faults.
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have Sr and Pb isotopic signatures and incompat-
ible trace element compositions (e.g. La/SmN) that
correlate with temperature and pressure (and thus
depth) estimates of last equilibration, suggesting
that the samples can be divided into low-temper-
ature (800^1100‡C; 25^50 kb; 80^150 km) and
high-temperature peridotites (1100^1400‡C; 50^
60 kb; 150^180 km) [35,36]. The low-temperature
peridotites and clinopyroxenes are characterized
by less radiogenic 87Sr/86Srð0:1GaÞ (0.7038^0.7066)
and higher 206Pb/204Pbð0:1GaÞ (17.82^19.03) signa-
tures at the time of kimberlite emplacement than
those of the high-temperature peridotites (87Sr/
86Srð0:1GaÞ = 0.7052^0.7095; 206Pb/204Pbð0:1GaÞ =
17.18^18.30). In addition, the low-temperature
xenoliths show a stronger enrichment in incom-
patible trace elements (average La/SmN = 6) rela-
tive to those in the high-temperature xenoliths
(average La/SmN = 3). These results indicate that
the shallow low-temperature and the deep high-
temperature lithosphere represent chemically dis-
tinct mantle reservoirs that do not share a com-
mon petrogenetic history [36]. In comparison, Nd
isotopic compositions of low- and high-temper-
ature peridotites (143Nd/144Ndð0:1GaÞ = 0.51255^
0.51276 and 0.51242^0.51262, respectively), which
are slightly depleted compared to CHUR (chon-
drite uniform reservoir), overlap, and they are
similar to those of the Nikos kimberlite (143Nd/
144Ndð0:1GaÞ = 0.51254^0.51259). More detailed
discussions on mineralogy, and geochemical and
isotopic composition of the peridotites and their
host kimberlite can be found in [29,35,36].

2.3. Garnets

The Nikos garnets are chromian pyropes and
their major element chemistry indicates that the
crystals are compositionally homogeneous on a
thin section scale [29]. The garnets in the low-
temperature peridotites are characterized by low
Mg# (0.81^0.84), low TiO2 (0.08^0.09 wt%) and
Zr (10^50 ppm) contents, and high FeO (7.2^7.9
wt%) and MnO (0.4^0.5 wt%) abundances com-
pared to those in the high-temperature peridotites
(Mg# = 0.83^0.86; TiO2 = 0.1^0.3 wt%; Zr = 35^
100 ppm; FeO = 6.2^7.2 wt%; MnO = 0.3^0.4
wt% [35]). Sr isotopic compositions for garnets

in the high-temperature peridotites (87Sr/
86Srð0:1GaÞ = 0.7067^0.7095) extend to more radio-
genic values than those for garnets in the low-
temperature peridotites (87Sr/86Srð0:1GaÞ = 0.7061^
0.7073) at the time of kimberlite emplacement
[36].

3. Analytical methods

All exterior surfaces were ¢rst removed from
the peridotites. The xenoliths were then crushed
and rock chips were ground in an aluminum
mill. Garnet separates were handpicked under a
binocular microscope and inclusion-free grains
were washed in an ultrasonic bath with acetone,
ultrapure water and 2.5 N HCl, and then ground
to small fragments in an agate mill. Crushed kim-
berlite whole rocks were carefully handpicked
under a binocular microscope prior to grinding
in an attempt to eliminate contamination from
peridotite xenocrysts and country rock frag-
ments.

For Lu^Hf isotope analysis, the sample pow-
ders (V0.8^1 g for whole rocks and V0.2^0.25
g for garnets) were spiked with separate 180Hf
(98.3% enriched) and 176Lu (70.9% enriched) trac-
ers prior to dissolution. The 180Hf contribution
from the Hf isotope tracer represented V3% of
the total 180Hf in the mixtures in order to mini-
mize the correction of the measured 176Hf/177Hf
ratio for spike addition [21]. Whole-rock samples
and garnet separates were dissolved in a mixture
of HF^HNO3^HClO4 in Te£on bombs at 170‡C
for at least 10 days in order to ensure complete
digestion and sample^spike homogenization. Pri-
or to analysis, Hf was isolated from the REE in a
£uoride precipitation step and then puri¢ed using
a two-stage elution procedure (anion and cation
exchange [21]). Lu was separated as part of the
REE fraction on a cation exchange column [21],
then isolated from the LREE fraction using
HDEHP columns. Total procedural blanks for
Hf and Lu were less than 20 pg, a factor of at
least 1000 for Hf and 800 for Lu lower than the
total amount of Hf and Lu processed in the least
abundant samples, thus rendering the blank cor-
rection negligible.
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Hf and Lu isotope measurements were obtained
using a Micromass IsoProbe MC-ICP-MS at
GEOTOP, Universite¤ du Que¤bec a' Montre¤al.
The Hf isotopic data were acquired in static, mul-
ticollection mode using eight Faraday collectors
with cup e⁄ciencies set at unity. The mass con-
¢guration array included monitoring of isobaric
interferences using isotopes 182W (for 180W),
175Lu (for 176Lu) and 173Yb (for 176Yb), identical
to that outlined in [37]. 181Ta was not monitored
for potential interferences of 180Ta on 180Hf be-
cause of the extremely low abundances of Ta
(H0.1 ppm) in the peridotite samples [35], com-
bined with the very low natural abundance
(V0.012%) of 180Ta. At the start of each analyt-
ical session, a 50 ppb solution of the JMC 475 Hf
standard was aspirated into the ICP source using
an ARIDUS0 microconcentric nebulizer at an up-
take rate of V50 Wl/min and analyzed for approx-
imately 10 min. This corresponds to V25 ng of
total Hf consumed per analysis, roughly the same
magnitude as that processed for the samples used
in this study. The uptake rate of the ARIDUS0

instrument was kept constant and veri¢ed on a
regular basis ; sweep gas settings were optimized
to yield maximum ion signal intensity and mini-
mize oxide levels. The level of Hf oxide was typ-
ically 9 0.1% of the ion signal for the metal. The
intensity of the ion signal was typically 2.0U10311

A of 180Hf corresponding to an absolute sensitiv-
ity of V120 V/ppm. Data acquisition consisted of
a 50 s ‘on-peak-zero’ baseline measurement (i.e.
gas and 2% HNO3 blank) with the same 2%
HNO3 solution used to dilute the samples. Sub-
sequent to sample introduction, two half-mass
unit baseline measurements were obtained within
the mass range 172.5^182.5, bracketing the mass
range used for data acquisition. The JMC 475
standard and samples were analyzed for one
block of 50 scans with a 10 s integration time
per cycle. The measured Hf isotopic ratios were
normalized to 179Hf/177Hf = 0.7325 and corrected
for mass bias using the exponential law [38]. Re-
moval of ‘spike addition’ was achieved using an
iterative calculation [21]. Repeated measurements
(n = 22) of the JMC 475 standard (in 2% HNO3)
during the course of this study (April 2000 to
May 2001) yielded the following results : 176Hf/

177Hf = 0.282158 þ 23, 178Hf/177Hf = 1.46727 þ 13
and 180Hf/177Hf = 1.88669 þ 21 (2c standard devi-
ation errors). Solutions made from high-purity Lu
and Yb metals from the Ames laboratory (20 and
10 ppb, respectively) and W (100 ppb) were ana-
lyzed prior to the measurement of samples in or-
der to determine their mass bias and thus accu-
rately correct for isobaric interferences, if present.
However, intensities of 175Lu, 173Yb and 182W
were at or below the limit of detection for the
majority of the samples. For spiked 176Lu isotope
dilution analyses, Yb is not separated from Lu in
the chemical procedure. Thus careful evaluation
of their respective mass biases is warranted in
order to correct for the isobaric interference of
176Yb on 176Lu. Prior to sample analysis, the
mass biases for Lu and Yb were determined by
measuring the 176Lu/175Lu and 176Yb/173Yb for
solutions of Ames Lu (20 ppb) and Yb (10 ppb)
metals, and then compared to the recommended
values of 0.02656 and 0.78761 [21], respectively.
Evaluation of this correction was determined us-
ing a series (n = 8) of Yb-doped and 176Lu-spiked
gravimetrically prepared Ames Lu solutions. The
quantity of Lu used in these solutions matched
that for the peridotites ; however, their Yb/Lu val-
ues were double those of the samples so as to
purposely exaggerate the correction. The results
indicate that the calculated Lu concentrations re-
produce to better than 0.2% (2c level). Moreover,
the reproducibility for calculation of the isotopic
compositions and concentrations of Hf was eval-
uated by a triplicate analysis (on three separate
dissolutions of the same powder) of a ¢ne-grained
calc-alkaline basalt, which yielded 176Hf/177Hf val-
ues of 0.282633 þ 11, 0.282638 þ 8, 0.282636 þ 8
and Hf concentrations of 3.47, 3.46, 3.48 ppm,
respectively. The latter are identical to a Hf con-
centration of 3.42 þ 0.17 ppm obtained by conven-
tional ICP-MS analysis [39], despite the fact that
the abundance of Ta (0.4 ppm [39]) in the basalt is
more than four times the concentration of Ta
measured in the Nikos peridotites.
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4. Results

4.1. Kimberlite

The two kimberlite samples containing the low-
est amounts of peridotite xenoliths (NK3-K3,
NK3-K4) are characterized by low 176Lu/177Hf
ratios (0.003) and have chondritic to slightly
superchondritic [40] initial 176Hf/177Hfð0:1GaÞ
(0.282711 and 0.282852), corresponding to initial
OHfð0:1GaÞ values of 0 and +5.0 (Table 1; Fig. 2a).
Two kimberlite samples (NK3-K1, NK3-K2) that

contained abundant mantle xenoliths also have
low 176Lu/177Hf ratios (0.004), but higher initial
176Hf/177Hfð0:1GaÞ (0.283191 and 0.283307; initial
OHfð0:1GaÞ = +17 and +21.1). Kimberlites from
South Africa have been divided into two groups
(‘Group I’ and ‘Group II’) based on their distinct
mineralogy and Sr^Nd^Pb isotopic signatures
(e.g. [41,42]). Recent studies have shown that
both South African ‘Group I’ and ‘Group II’ kim-
berlites are characterized by low 176Lu/177Hf ra-
tios similar to those of the Nikos kimberlite (Fig.
2a) [43]. The initial OHfð0:1GaÞ values for two Nikos

Table 1
Lu^Hf isotope data for Nikos peridotites and kimberlite

Sample Temperature Pressure Lu Hf 176Lu/177Hf 176Hf/177Hf 176Hf/177Hfð0:1GaÞ OHf OHfð0:1GaÞ
(‡C) (kb) (ppm) (ppm) (measured)

Low-temperature peridotites
NK1-4 871 33.5 0.0227 0.0768 0.0422 0.283900 þ 20 0.283821 39.9 39.3
NK1-4 Dup. 0.0289 0.0923 0.0446 0.284072 þ 20 0.283988 46.0 45.2
NK2-3 887 34.6 0.0371 0.1389 0.0381 0.283566 þ 23 0.283495 28.1 27.8
NK1-23 964 39.0 0.0349 0.1722 0.0289 0.283344 þ 30 0.283290 20.2 20.5
NK1-23 Dup. 0.1905 0.283342 þ 28 20.2
NK1-14 1027 42.7 0.0198 0.0589 0.0480 0.284280 þ 28 0.284190 53.3 52.3
NK1-14 Dup. 0.0209 0.0658 0.0452 0.284152 þ 26 0.284068 48.8 48.0
NK1-2 1042 44.7 0.0160 0.0720 0.0316 0.283662 þ 33 0.283603 31.5 31.6
NK1-2 Dup. 0.0167 0.0694 0.0343 0.283885 þ 19 0.283820 39.3 39.3
NK1-3 1076 46.5 0.0182 0.0966 0.0269 0.283014 þ 14 0.282963 8.5 9.0
NK1-3 Dup. 0.0905 0.282989 þ 14 7.7
NK2-9a 808 0.0028 0.0142 0.0284 0.283180 þ 58 0.283127 14.4 14.7
High-temperature peridotites
NK1-6 1149 48.8 0.0080 0.0718 0.0159 0.283164 þ 16 0.283134 13.9 15.0
NK2-1 1216 51.5 0.0074 0.1080 0.0097 0.282884 þ 30 0.282866 4.0 5.5
NK1-9 1219 53.4 0.0173 0.1624 0.0152 0.282834 þ 07 0.282805 2.2 3.4
NK1-19 1228 51.9 0.0064 0.0588 0.0155 0.283012 þ 13 0.282983 8.5 9.7
NK1-19 Dup. 0.0058 0.0589 0.0141 0.283139 þ 15 0.283113 13.0 14.3
NK3-25 1256 54.0 0.0281 0.3038 0.0132 0.282679 þ 51 0.282654 33.3 32.0
NK1-5 1262 54.6 0.0177 0.2091 0.0121 0.282805 þ 14 0.282782 1.2 2.6
NK1-7b 1300 55.1 0.0164 0.0669 0.0349 0.283364 þ 15 0.283298 20.9 20.8
NK1-7 Dup. 0.0187 0.0798 0.0334 0.283389 þ 16 0.283326 21.8 21.8
NK2-2 1316 54.7 0.0220 0.1637 0.0191 0.283248 þ 24 0.283212 16.8 17.8
NK1-10 1405 63.7 0.0043 0.1682 0.0037 0.282874 þ 20 0.282867 3.6 5.6
Kimberlite
NK3-K1 0.0751 2.973 0.0036 0.283197 þ 25 0.283191 15.0 17.0
NK3-K2 0.0730 2.648 0.0039 0.283314 þ 39 0.283307 19.2 21.1
NK3-K3 0.0899 3.751 0.0034 0.282858 þ 13 0.282852 3.1 5.0
NK3-K4 0.0574 2.821 0.0029 0.282716 þ 37 0.282711 32.0 0
a Spinel peridotite.
b Porphyroclastic texture. OHfð0:1GaÞ values calculated for 100 Ma in situ decay using present-day ratios of 176Hf/
177HfðCHURÞ = 0.282772 and 176Lu/177HfðCHURÞ = 0.0332 [40] and V= 1.876U10311 yr31 [19,20]. Precision for individual Hf isotope
measurements is quoted at the 2c level. Lu and Hf concentrations were determined by isotope dilution analysis; uncertainties for
176Lu/177Hf are V2%.
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kimberlite samples plot within the ¢eld of initial
OHfðTÞ values for South African ‘Group I’ kimber-
lites, while those samples that contained abundant
peridotite plot towards higher values. South Afri-
can ‘Group II’ kimberlites, in comparison, are
characterized by negative initial OHfðTÞ values
(Fig. 2a).

4.2. Mantle xenoliths

The low-temperature peridotites exhibit a sig-
ni¢cant range of 176Lu/177Hf ratios (0.027^0.048)
and have radiogenic Hf isotopic compositions
(176Hf/177Hfð0:1GaÞ = 0.282963^0.284190;
OHfð0:1GaÞ = +9.0 to +52.3) at the time of kimberlite
emplacement (Table 1; Fig. 2b). In comparison,
the high-temperature peridotites are characterized
by lower 176Lu/177Hf ratios (0.004^0.016) and, in
general, less radiogenic Hf isotopic compositions

(176Hf/177Hfð0:1GaÞ= 0.282654^0.283212; OHfð0:1GaÞ =
32.0 to +17.8; Fig. 2b). The Hf isotopic com-
positions of all Nikos peridotites (except one sam-
ple, NK3-25) are depleted relative to a chondritic
reservoir [40]. One high-temperature xenolith
(NK1-7), which in contrast to most other samples
is characterized by a porphyroclastic texture, has
176Lu/177Hf and 176Hf/177Hfð0:1GaÞ ratios (0.035 and
0.283312, respectively; OHfð0:1GaÞ = +21.3; average
of duplicate analyses; Fig. 2b) similar to those of
the low-temperature peridotites.

In a 176Lu/177Hf versus 176Hf/177Hf diagram, the
data for the low-temperature xenoliths show a
positively sloped correlation. The regression line
for the Lu^Hf data indicates that this array cor-
responds to an errorchron age of 2.8 þ 0.8 Ga
(n = 6; MSWD = 24) with an initial 176Hf/177Hf
ratio of 0.28164 þ 57 (OHf = +23; Fig. 3). One
low-temperature sample (NK1-2) is not included
in the data regression as the presence of carbon-
ate-rich veins suggests kimberlite contamination
(open symbol; Fig. 3). Since the low-temperature
peridotites were sampled over a large depth inter-
val (80^150 km) and the errorchron age is asso-
ciated with a large error, a 2.8 Ga reference iso-
chron with a corresponding initial Hf isotopic
ratio is plotted for comparison rather than the
errorchron (Fig. 3). The majority of the high-tem-
perature peridotites exhibit lower 176Lu/177Hf ra-
tios and trend towards the composition of the
Nikos kimberlite (Table 1; Fig. 2b). No data
plot to the right of the reference isochron.

Duplicate analyses were obtained on separate
dissolutions of the rock powders (not on sample
splits after initial dissolution). The 176Lu/177Hf ra-
tios vary by 5^8% and Hf isotope ratios by 4^8
OHf units for the low-temperature peridotites
(NK1-4, NK1-14, NK1-2; Table 1). Although
these variations are relatively large, in each case
the parent^daughter ratio correlates with isotopic
composition. The variations in the Lu/Hf ratios
and Hf isotopic compositions are thus attributed
to sample heterogeneity of the whole-rock pow-
ders, resulting from the coarse-grained nature of
the peridotites, in particular, the presence of large
crystals of garnet (up to 5 mm), and their (Arche-
an) age. Duplicate analyses of Hf isotopic compo-
sition for two other low-temperature peridotites

Fig. 2. (a) 176Lu/177Hf versus initial OHfðTÞ (100 Ma) for the
Nikos kimberlite. Also shown are two samples that most
likely experienced contamination by xenocrystic garnet (for
further explanation see text). Data for South African ‘Group
I’ (90^110 Ma) and ‘Group II’ (120^150 Ma) kimberlites are
shown for comparison [43]. (b) 176Lu/177Hf versus OHfð0:1GaÞ
for Nikos peridotites at the time of kimberlite emplacement.
For samples with duplicate analyses, the average composition
is plotted.
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(NK1-23, NK1-3) are within error. For two high-
temperature peridotites (NK1-19, NK1-7) parent^
daughter ratios do not correlate with isotopic ra-
tios, which is probably the result of kimberlite
contamination (see later discussion). For samples
with duplicate 176Lu/177Hf and Hf isotope ratios,
these are plotted as average values in the ¢gures.

4.3. Garnets

The garnets of the low-temperature xenoliths
exhibit a large range of 176Lu/177Hf ratios
(0.093^0.243) and their 176Hf/177Hfð0:1GaÞ compo-
sitions (0.283096^0.286947; OHfð0:1GaÞ = +13.7 to
+150) extend to extremely radiogenic values at
the time of kimberlite emplacement (Table 2). In
comparison, the garnets from the high-tempera-
ture peridotites have lower 176Lu/177Hf ratios
(0.015^0.057) and less radiogenic 176Hf/
177Hfð0:1GaÞ compositions (0.282749^0.283407;
OHfð0:1GaÞ = +1.4 to +24.7; Table 2). The garnets
from the low-temperature peridotites are charac-
terized by slightly higher Lu (average 0.30 ppm),
but signi¢cantly lower Hf abundances (average
0.31 ppm) than garnets from the high-temperature
peridotites (average Lu = 0.25 ppm; Hf = 0.95
ppm; Table 2). Tie lines for individual garnet^

whole-rock pairs in the low-temperature perido-
tites are all positively sloped and correspond to
internal isochrons ‘ages’ ranging from 900 to 250
Ma (Table 2; Fig. 4). In contrast, the garnet^
whole-rock tie lines for most high-temperature
peridotites (except porphyroclastic xenolith
NK1-7; 330 Ma) de¢ne negative (or £at) trends
(Fig. 4). Duplicate analyses of garnet separate
NK1-7 yield a di¡erence of V0.9% for the
176Lu/177Hf value and identical 176Hf/177Hf com-
positions (Table 2), supporting our interpretation
that sample heterogeneity is responsible for the
variation exhibited by the replicate analyses of
the whole-rock powders.

5. Discussion

5.1. Kimberlite mantle source

Two Nikos kimberlite samples (NK3-K3, NK3-
K4) are characterized by chondritic or slightly
superchondritic initial Hf isotope compositions
(OHfð0:1GaÞ = 0 and +5.0), and these plot within
the ¢eld of Lu^Hf isotope data for South African
kimberlites (Fig. 2a) [43]. In comparison, initial
OHfð0:1GaÞ values (+17 and +21.1; NK3-K1,

Table 2
Lu^Hf isotope data for Nikos garnets

Sample Temperature Pressure Lu Hf 176Lu/177Hf 176Hf/177Hf 176Hf/177Hfð0:1GaÞ OHf OHfð0:1GaÞ Date
(‡C) (kb) (ppm) (ppm) (measured) (Ma)

Low-temperature garnets
NK1-4 Gt 871 33.5 0.2742 0.1609 0.2430 0.287403 þ 59 0.286947 164 150 905
NK2-3 Gt 887 34.6 0.2812 0.2262 0.1774 0.285589 þ 15 0.285256 99.6 90.1 769
NK2-10 Gt 1014 42.1 0.2636 0.4060 0.0926 0.283270 þ 37 0.283096 17.6 13.7 499
NK1-14 Gt 1027 42.7 0.2741 0.2238 0.1747 0.285419 þ 13 0.285091 93.6 84.2
NK1-2 Gt 1042 44.7 0.3667 0.3479 0.1503 0.284465 þ 18 0.284183 59.9 52.1 313
NK1-3 Gt 1076 46.5 0.3255 0.4952 0.0937 0.283309 þ 11 0.283133 19.0 15.0 235
High-temperature garnets
NK2-1 Gt 1216 51.5 0.1670 1.549 0.0154 0.282778 þ 08 0.282749 0.2 1.4
NK1-9 Gt 1219 53.4 0.2516 1.064 0.0337 0.282831 þ 09 0.282768 2.1 2.1
NK1-5 Gt 1262 54.6 0.2148 1.229 0.0249 0.282873 þ 07 0.282826 3.6 4.1
NK3-16 Gt 1280 53.5 0.3539 1.024 0.0493 0.282993 þ 15 0.282900 7.8 6.7
NK1-7 Gt 1300 55.1 0.2442 0.6252 0.0557 0.283512 þ 13 0.283407 26.2 24.7 326
NK1-7 Gt Dup. 0.2411 0.6117 0.0562 0.283509 þ 71 0.283403 26.1 24.5
NK2-2 Gt 1316 54.7 0.2666 0.8145 0.0467 0.283165 þ 74 0.283078 13.9 13.0
NK3-4 Gt 1371 58.5 0.2702 0.6780 0.0568 0.283508 þ 22 0.283401 26.0 24.5

Analytical procedures as in Table 1. Date refers to internal isochron ‘age’ using garnet^whole-rock pairs.
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NK3-K2) for two kimberlite samples that contain
abundant mantle xenoliths are much higher. The
signi¢cant variation in Hf isotope ratios could be
inherited from a (non-homogeneous) kimberlite
mantle source, or indicate the presence of xeno-
crysts (e.g. garnet) in the kimberlite derived by
fragmentation of peridotite xenoliths. It appears
likely that xenocrystic garnet (as observed in thin
sections) is responsible for the high OHfð0:1GaÞ val-
ues of two kimberlite samples (NK3-K1, NK3-
K2), since it has high 176Lu/177Hf and thus high
time-integrated Hf isotopic ratios. This interpre-
tation is supported by ONdð0:1GaÞ values (+1.1 and
+0.6, respectively) [36] that correlate negatively
with OHfð0:1GaÞ values in these two samples, the
opposite of what is observed for most terrestrial
rocks [44].

The kimberlite samples that are characterized
by low OHfð0:1GaÞ values (NK3-K3, NK3-K4) are
interpreted to represent the Hf isotopic composi-
tion of the Nikos kimberlite at the time of em-
placement, and these are plotted in the ¢gures.
Since kimberlites represent low degree partial
melts (1% or less [45]), the small di¡erence in their
OHfð0:1GaÞ values (0 and +5.0) may be attributed to
the inhomogeneous composition of the mantle
source. In a Hf^Nd diagram, the two Nikos kim-
berlite samples exhibit a positive correlation of
these isotope ratios with chondritic to slightly
superchondritic compositions, and plot within
the terrestrial Hf^Nd array (Fig. 5).

5.2. Shallow versus deep lithosphere

The refractory major element compositions of
the Nikos peridotites that sample the Somerset
lithosphere indicate that these xenoliths are
melt-depleted residues [29]. The Lu abundances
of both the low- and high-temperature peridotites
show a good positive correlation with their bulk
rock Al2O3 contents, which constitute a measure
for the degree of major element depletion in re-
sidual peridotites (Fig. 6). These ¢ndings suggest
that the Lu levels observed in these xenoliths were
controlled by variable degrees of partial melting
during lithosphere formation.

The low-temperature Nikos peridotites were
sampled over a very large depth interval of about
70 km by their host kimberlite. These xenoliths
are characterized by Lu^Hf isotopic compositions
that plot close to a line corresponding to a refer-
ence isochron age of 2.8 Ga (Fig. 3). This refer-
ence isochron age is almost identical to Re deple-
tion ages (2.7 Ga) that were recently reported
for other Somerset Island peridotites [18]. A num-
ber of the low-temperature peridotites exhibit very
radiogenic Hf isotopic compositions at the time of
kimberlite magmatism (176Hf/177Hfð0:1GaÞ =0.2835^
0.2841, OHfð0:1GaÞ = +30 to +50; Table 1; Figs.
2b, 5) compared to estimates for a typical ‘de-
pleted’ mantle (V0.2832, +18, respectively [40,
46]. Long-term (billions of years) radiogenic in-

Fig. 4. 176Lu/177Hf versus 176Hf/177Hf diagram for Nikos gar-
nets and peridotites. Tie lines connect garnet with corre-
sponding whole-rock composition. Also shown are the ‘dates’
(in million years) obtained for individual internal Lu^Hf iso-
chrons using garnet^whole-rock pairs.

Fig. 3. 176Lu/177Hf versus 176Hf/177Hf diagram for Nikos
peridotites. 2.8 Ga Lu^Hf reference isochron is plotted,
which corresponds to the regression line for data (and corre-
sponding initial 176Hf/177Hf) for the low-temperature perido-
tites (solid diamonds). See text for further details.
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growth is required to produce the highly depleted
Hf isotopic signatures. These results provide evi-
dence for an ancient (Archean) depletion event
that resulted in the stabilization of the mantle
root beneath the northern Canadian craton to
depths of about 150 km. The initial Hf isotopic
value (176Hf/177Hf = 0.28164 þ 57) associated with
this reference isochron corresponds to an OHf val-
ue of +23 but with the error could be as low as
+3. These results suggest that the low-temperature
Nikos peridotites were derived from a mantle hav-
ing melt-depleted characteristics at the time of
lithosphere stabilization rather than from a prim-
itive mantle reservoir [40,46]. A number of the
low-temperature Nikos xenoliths are character-
ized by slightly subchondritic 176Lu/177Hf ratios
(6 0.033), while having superchondritic Hf iso-
topic compositions (176Hf/177Hfs 0.282772 [40]),
suggesting recent perturbation of their 176Lu/
177Hf ratios. Since Lu levels correlate with other
indices of melt depletion and thus appear to have
been controlled by partial melting (Fig. 6), these
xenoliths may have experienced minor Hf addi-
tion rather than Lu loss. The Nikos kimberlite
is characterized by low 176Lu/177Hf ratios and
high Hf abundances, and it appears likely that
these xenoliths may have been a¡ected by inter-
action with the host magma during sample trans-
port. The addition of very small amounts of a
kimberlite component (V0.5% bulk kimberlite
or signi¢cantly less of a kimberlite-related Hf-
bearing accessory mineral) as indicated by mass

balance calculations, would produce slightly sub-
chondritic 176Lu/177Hf ratios. In contrast to the
low-temperature xenoliths, the majority of the
high-temperature peridotites plot closer to the
composition of the kimberlite (Figs. 2b, 3). This
feature could be interpreted as the result of more
extensive contamination with host kimberlite
since these xenoliths resided closer to the area of
kimberlite formation, and/or that these peridotites
are younger and represent mantle of distinct ori-
gin.

The highly variable Hf isotopic compositions of
the Nikos peridotites are predominantly super-
chondritic at the time of kimberlite magmatism
(Fig. 5). A number of the peridotites extend to
signi¢cantly higher Hf values compared to ‘de-
pleted’ mantle and plot above the terrestrial Hf^
Nd array [44]. In comparison, the Nd isotopic
compositions of the peridotites (ONdð0:1GaÞ = +1 to
+4 [36]), which are distinctly lower than estimates
for ‘depleted’ mantle (ONdð0:1GaÞW+10; Fig. 5 [8]),
show little variation, and overlap those of the
Nikos kimberlite (ONdð0:1GaÞ = +1 to +2; Fig. 5).
The Nd isotope results have been interpreted to
indicate that the xenoliths were contaminated
with small amounts of host magma during sample
transport [36]. In contrast to tightly constrained
Nd isotopic signatures, the low-temperature peri-
dotites are characterized by signi¢cantly less ra-
diogenic Sr (Fig. 7) and higher Pb (not shown)
isotopic compositions (87Sr/86Srð0:1GaÞ = 0.7051^
0.7066; 206Pb/204Pbð0:1GaÞ = 17.82^19.03) than the
high-temperature peridotites (87Sr/86Srð0:1GaÞ =

Fig. 6. Lu (ppm) versus Al2O3 contents (wt%) for Nikos
peridotites (Al2O3 data from [35]).

Fig. 5. Hf^Nd variation diagram for Nikos peridotites at the
time of kimberlite emplacement (Nd data from [36]). The
Hf^Nd array for terrestrial samples [44] and the composition
of ‘depleted’ mantle are plotted for comparison [8,40,46].
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0.7064^0.7080; 206Pb/204Pbð0:1GaÞ = 17.18^18.30).
In addition, the Sr isotope ratios of the Nikos
peridotites, with the exception of one sample
(NK1-23), di¡er from those of the host kimberlite
(Fig. 7 [36]). The distinct Sr and Pb isotope com-
positions of low- and high-temperature peridotites
restrict the amount of interstitial kimberlite com-
ponent to less than 1 wt% [36] as kimberlite con-
tribution in excess of this amount would eradicate
the observed isotopic di¡erences. The Hf isotopic
compositions of the Nikos peridotites are highly
variable and the majority extend to signi¢cantly
more radiogenic compositions than the host kim-
berlite (Figs. 2b, 5). As the average Hf abundance
ratio (kimberlite/peridotite) of 20:1 is similar to
that for Sr, but three times lower than for Nd
(60:1), Hf is signi¢cantly less susceptible to kim-
berlite contamination than Nd. Since kimberlite
addition was restricted to very small amounts, it
is likely that the Hf isotopic di¡erences observed
for the Nikos peridotites existed prior to the kim-
berlite event (Figs. 2b, 5).

While all the Nikos xenoliths are refractory res-
idues that were generated by extensive melt ex-
traction, the low-temperature peridotites exhibit
OHfð0:1GaÞ values (+9 to +50) that are signi¢cantly
higher and more variable than those of the high-
temperature peridotites (32 to +20). The distinct
Hf isotopic compositions for low- and high-tem-
perature peridotites are in agreement with the pre-
viously reported di¡erences in Sr and Pb isotope
compositions [36] indicating that shallow and
deep Somerset lithosphere do not share a com-
mon petrogenetic history. The depth strati¢cation

could have resulted from in¢ltration of the lower
lithosphere with metasomatic melts or £uids. This
model cannot be reconciled, however, with the
signi¢cantly less enriched incompatible trace ele-
ment signatures of the deep-seated peridotites
(average La/SmN = 3) relative to those of the shal-
low xenoliths (average La/SmN = 6 [35]). Alterna-
tively, the deep lithosphere could be younger and
was added to the Archean subcratonic mantle by
downward growth of the shallow lithosphere, an
interpretation consistent with the isotopic and
trace element record [35,36]. Mantle strati¢cation
and post-Archean lithosphere growth have previ-
ously been proposed for other cratonic areas such
as the Kaapvaal craton beneath South Africa (e.g.
[10,16]) and appear to be a common feature for
the lithospheric mantle root beneath the conti-
nents.

5.3. Garnet Hf isotope systematics

The garnets from the low-temperature perido-
tites are characterized by low Hf abundances
(average 0.31 ppm) and their highly variable
176Hf/177Hfð0:1GaÞ compositions (0.28310^0.28695)
extend to signi¢cantly more radiogenic values
than those for garnets from the high-temperature
peridotites (average Hf = 0.95 ppm; 176Hf/
177Hfð0:1GaÞ = 0.28275^0.28341; Table 2; Fig. 4).
These signatures correlate with chemical charac-
teristics such as TiO2 contents that are lower for
garnets from the shallow peridotites (0.08^0.09
wt%) relative to those for garnets from the
deep-seated peridotites (0.1^0.3 wt% [35]). The re-
sults indicate signi¢cant isotopic and chemical dif-
ferences for garnets from low- and high-temper-
ature Nikos peridotites, and are consistent with
the ¢nding based on the whole-rock Hf, Sr and
Pb isotopic compositions that shallow and deep
Somerset lithosphere represent mantle of distinct
origin.

Internal Lu^Hf isochrons using garnet^whole-
rock pairs (Fig. 4) for the low-temperature peri-
dotites yield ‘ages’ ranging from 900 to 500 Ma,
and 300 to 250 Ma for two samples that could
have experienced minor kimberlite addition as
suggested by the presence of carbonate-rich veins
(NK1-2) and a slightly subchondritic 176Lu/177Hf

Fig. 7. OHfð0:1GaÞ versus 87Sr/86Srð0:1GaÞ for Nikos peridotites
(Sr data from [36]).
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ratio (NK1-3). The ‘dates’ de¢ned by the Lu^Hf
whole-rock^garnet isochrons decrease with in-
creasing temperature (and thus depth), and the
oldest ‘age’ is obtained for the shallowest gar-
net^whole-rock pair (870‡C, 100 km; Fig. 8).
No garnet^whole-rock pair at any depth, how-
ever, de¢nes an internal isochron corresponding
to an Archean age. These ¢ndings indicate that
lithospheric temperatures (870‡C and higher) ex-
ceeded the closure temperatures for Hf (and Lu)
di¡usion in the garnet^whole-rock system. The
depth correlation of the Lu^Hf ‘ages’ suggests
that the extent of Hf isotope re-equilibration in
the garnet^whole-rock system varied as a function
of temperature. In comparison, internal Sm^Nd
isochrons for these same garnet^whole-rock pairs
yield ‘ages’ of 200^90 Ma, and the youngest ‘date’
essentially coincides with the age of kimberlite
formation [36]. The Lu^Hf ‘date’ for individual
garnet^whole-rock pairs is always older than
that obtained using Sm^Nd systematics. Although
Nd isotope systematics appear to be more suscep-
tible to kimberlite contamination, these ¢ndings
are also consistent with recent results based on
high-grade metamorphic rocks suggesting that in
garnet^whole-rock systems the closure tempera-
ture of Lu^Hf is greater than or equal to that of
Sm^Nd [28].

Tie lines joining garnet and corresponding
whole rock for the low-temperature peridotites
have positive slopes (Fig. 4), a feature consistent

with Hf isotope re-equilibration in the garnet^
whole-rock system. In contrast, the tie lines join-
ing garnet^whole-rock pairs for the high-temper-
ature samples (except porphyroclastic peridotite
NK1-7) have negative (or £at) slopes, which could
re£ect recent Hf in¢ltration (Fig. 4). The fact that
the whole-rock Hf isotope compositions of the
high-temperature xenoliths plot close to that of
the Nikos kimberlite is consistent with an inter-
pretation that these peridotites experienced Hf ad-
dition during sample transport.

5.4. Evolution of Archean lithosphere

The Hf isotopic composition of lithospheric
mantle underlying Archean cratons has yet to be
clearly established because of former di⁄culties
with the analytical method prior to the develop-
ment of MC-ICP-MS. Recent investigations have
focused on Hf and Nd isotopic determinations for
3.8 Ga old supracrustal rocks from the Isua prov-
ince of Greenland in order to characterize the
isotopic composition of the early terrestrial man-
tle [46,47]. These samples exhibit a signi¢cant
range in both initial Hf and Nd isotope ratios,
which are dominantly more radiogenic than those
of chondrites, suggestive of derivation from ‘de-
pleted’ mantle. The Lu/Hf and Sm/Nd ratios ob-
served in these early Archean rocks, however, are
distinct from those inferred for a ‘depleted’ man-
tle reservoir [46^48], which as for most terrestrial
rocks has been characterized by the covariant
evolution of Hf and Nd isotopes [25,49,50]. This
relationship has been interpreted to re£ect the
similar fractionation of Lu and Hf, and Sm and
Nd during melt extraction from garnet-free resid-
ual peridotite assemblages [25,49,51]. In contrast,
melting of mantle peridotite in the presence of
garnet (i.e. depths s 80 km) results in a signi¢-
cant fractionation of Lu/Hf and Sm/Nd ratios as
garnet preferentially incorporates Lu relative to
Hf, to a greater extent than Sm relative to Nd
[24,46]. The data obtained from the 3.8 Ga old
Isua samples suggest that elemental fractionation
during partial melting in the early Archean mantle
was much stronger than in the post-Archean ‘de-
pleted’ mantle reservoir and most likely occurred
in the presence of garnet [46^48].

Fig. 8. Lu^Hf and Sm^Nd internal isochron ‘dates’ versus
temperature (and depth) of last equilibration for low-temper-
ature garnet^whole-rock pairs (Sm^Nd data from [36]).
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A number of the low-temperature Nikos peri-
dotites, which represent the shallow lithosphere
beneath the Canadian craton, are characterized
by Hf isotopic signatures that are signi¢cantly
higher compared to that estimated for ‘depleted’
mantle [40,46]. These xenoliths exhibit superchon-
dritic 176Lu/177Hf ratios (Figs. 2b, 3), indicative of
strong fractionation of the Lu/Hf ratios during
generation of the melt-depleted peridotites. The
results can be interpreted as evidence that garnet
was present as a residual phase during partial
melting and that the Somerset lithosphere stabi-
lized at a minimum depth of 80 km. Over billions
of years, these fractionated 176Lu/177Hf ratios re-
sulted in the very radiogenic 176Hf/177Hf com-
positions recorded by the low-temperature Nikos
peridotites at the time of kimberlite emplace-
ment.

6. Conclusions

The Hf isotopic compositions of the Nikos peri-
dotites indicate signi¢cant di¡erences exist be-
tween the low-(shallow; 6 1100‡C) and high-tem-
perature (deep-seated; s 1100‡C) xenoliths.
Although contamination with a kimberlite-related
component may have been superimposed on the
Hf isotope compositions of a number of xenoliths,
it is likely that shallow and deep Somerset litho-
sphere do not share a common petrogenetic his-
tory. The Lu^Hf systematics of the low-temper-
ature Nikos peridotites suggest that the Somerset
lithosphere stabilized in the Archean to depths of
at least 150 km.

A number of the low-temperature peridotites
exhibit superchondritic 176Lu/177Hf ratios that
suggest mantle root formation in the presence of
residual garnet (depths s 80 km). These fraction-
ated 176Lu/177Hf ratios resulted in the radiogenic
176Hf/177Hf signatures observed at the time of
kimberlite magmatism. These ¢rst Hf isotopic ra-
tios for the subcontinental mantle indicate that at
least part of the lithosphere beneath the North
American craton is characterized by more radio-
genic Hf isotope signatures than estimates for ‘de-
pleted’ mantle.
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