
Abstract Dunitic xenoliths from late Palaeogene,

alkaline basalt flows on Ubekendt Ejland, West

Greenland contain olivine with 100 · Mg/(Mg + Fe),

or Mg#, between 92.0 and 93.7. Orthopyroxene has

very low Al2O3 and CaO contents (0.024–1.639 and

0.062–0.275 wt%, respectively). Spinel has 100 · Cr/

(Cr + Al), or Cr#, between 46.98 and 95.67. Clinopy-

roxene is absent. The osmium isotopic composition of

olivine and spinel mineral separates shows a consid-

erable span of 187Os/188Os values. The most unradio-

genic 187Os/188Os value of 0.1046 corresponds to a

Re-depletion age of ca. 3.3 Gy, while the most radio-

genic value of 0.1336 is higher than present-day chon-

drite. The Os isotopic composition of the xenoliths is

consistent with their origin as restites from a melt

extraction event in the Archaean, followed by one or

more subsequent metasomatic event(s). The high Cr#

in spinel and low modal pyroxene of the Ubekendt

Ejland xenoliths are similar to values of some highly

depleted mantle peridotites from arc settings. How-

ever, highly depleted, arc-related peridotites have

higher Cr# in spinel for a given proportion of modal

olivine, compared to cratonic xenolith suites from

Greenland, which instead form coherent trends with

abyssal peridotites, dredged from modern mid-ocean

ridges. This suggests that depleted cratonic harzburg-

ites and dunites from shallow lithospheric mantle rep-

resent the residue from dry melting in the Archaean.

Introduction

Studies of mantle xenolith suites from Archaean cra-

tons have shown that cratonic lithospheric mantle is

generally strongly depleted in basaltic components and

has high Mg# (= 100 · Mg/(Mg+Fe)), and is thus in-

ferred to represent the residue after ancient melt

extraction events (e.g. Boyd and Mertzman 1987; Boyd

1989; Menzies 1990; Pearson 1999; Herzberg 2004).

The type examples of xenolith suites from cratonic

mantle have long been taken as those of the Kaapvaal

craton in South Africa, but the orthopyroxene-rich

nature of xenoliths from the Kaapvaal cratonic mantle

has been problematic to understand, in the context of

mantle melting (Boyd 1989; Walter 1998; Kelemen

et al. 1998; Herzberg 2004). It has recently been dem-

onstrated that some portions of the cratonic mantle are

orthopyroxene-poor, while maintaining their high Mg#.

Orthopyroxene-poor harzburgite xenoliths from

Wiedemann Fjord in East Greenland, with Archaean

Re-depletion ages (Hanghøj et al. 2000), are probably

residues after about 40% melting of a fertile

mantle composition (Bernstein et al. 1998). Similar,
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orthopyroxene-poor, high Mg# residues are found in

the West Greenland kimberlite fields (Bizzarro and

Stevenson 2003) as well as in other cratons such as the

Canadian Northwest Territories (Boyd and Canil 1997;

Kopylova et al. 1999) and Tanzania (Lee and Rudnick

1999). Here we report on another orthopyroxene-poor

mantle xenolith suite, from Ubekendt Ejland in West

Greenland (Larsen 1982). The presence of the Ubek-

endt Ejland xenoliths, together with similar samples

from the other West Greenland and Wiedemann Fjord

localities, suggests that orthopyroxene-poor, high Mg#

peridotite may be the dominant lithology in the shal-

low portion of the Greenland cratonic mantle.

In this paper, we discuss the origin of these ortho-

pyroxene-poor xenoliths. We also relate the modal

composition and mineral chemistry of the xenolith

suites from Ubekendt Ejland and Wiedemann Fjord to

mantle peridotites with similar characteristics from

recent or present-day arc settings. This provides con-

straints on the hydrous or anhydrous nature of the melt

extraction event that depleted the shallow cratonic

mantle beneath Greenland.

Occurrence of ultramafic nodules on Ubekendt Ejland

Ubekendt Ejland is dominated by early Palaeogene

volcanics and intrusive rocks (Drever and Game 1948;

Larsen 1977a, b) (Fig. 1). Most of the island is com-

posed of picritic and olivine-phyric lavas, hyaloclastites

and volcanic breccias, belonging to the Vaigat For-

mation. The Vaigat Formation is overlain by plagio-

clase-phyric basaltic lavas and tuffs, the lower basaltic

sequence of which belongs to the Maligât Formation,

while the pyroclastic units are probably younger

(Larsen 1977b). The succession of lava formations on

Ubekendt Ejland terminates with the Erqua Formation

of Eocene age (Drever and Game 1948, Larsen 1977a,

b), which consists of olivine- and clinopyroxene-phyric

alkali basalts (Larsen 1977b). In one of the basaltic

flows of the Erqua Formation, Clarke (1973) and

Larsen (1982) reported the occurrence of ultramafic

nodules. During fieldwork in 1997 and 1999, scarce

ultramafic nodules were found in two more flows, one

at the base and one at the top of the Erqua Formation,

outcropping at Eqqua (new spelling, Fig. 1). The main

occurrence of the nodules is, however, in the basalt

flow reported by Clarke (1973) and Larsen (1982),

from which more than 100 ultramafic nodules were

recovered for this study.

As described by Bernstein and Brooks (1999), the

ultramafic nodules form two groups. One consists

mainly of wehrlites with cumulate textures. The other

consists of dunites with metamorphic textures. The

wehrlite nodules generally lack orthopyroxene (only

present in one sample) and have olivines with Mg#

between 79.90 and 91.25, while the dunite nodules lack

clinopyroxene, more than half include small amounts

of orthopyroxene, and all have olivine Mg# between

92.0 and 93.7% (Fig. 2). The lower Mg# in olivine and

their cumulate textures suggests that the low-Mg#

group of xenoliths are cumulates from primitive melts

and thus, perhaps, of Palaeogene origin like the lavas

of Ubekendt Ejland. This paper focuses on the group

of high Mg#, dominantly dunitic xenoliths. On the basis

of their compositions and textures, we interpret these

xenoliths as representing samples of the lithospheric

mantle (Bernstein and Brooks 1999). In the present

collection, 31 samples belong to this group of xenoliths.

Analytical techniques

Minerals grains were analysed on standard polished

thin sections, using the JEOL electron microprobe at

the Geological Institute, University of Copenhagen.

All elements were measured by WDS, with 20 s peak

count time for Na, Mg, Fe, Si and Ti, while Cr, Ni, Ca

and Al were measured with 40 s peak count time.

Background count time on either side of the peak was

half that of peak count time. Table 1 lists all mineral

data, which represent the average of at least three

analyses in each of three individual mineral grains.

Mineral modes were determined by point counting.

Seven xenoliths were analysed for Os isotopic

compositions using the Carius tube technique (Shirey

and Walker 1995). Hand-picked separates of olivine or/

and spinel were carefully cleaned and digested in in-

verse aqua regia in sealed glass tubes (Carius tubes) for

> 72 h at 200�C. Subsequently, samples were distilled

twice to extract the osmium. Samples were loaded onto

Ni filaments and analysed by N-TIMS at the University

of Copenhagen. The Os blank for the Carius tube

technique is 2.8 pg/g sample, and samples have not

been blank corrected. Analyses are given in Table 2.

Due to laboratory problems during the separation of

Re, no usable data on Re concentrations were ob-

tained. Since no more material was available, we rely

only on the Os isotopic compositions in this paper.

Composition of mantle xenoliths

The mantle xenoliths from Ubekendt Ejland mainly

show coarse and protogranular textures with a few

having porphyroclastic texture (classification after
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Mercier and Nicolas 1975). Grain size of olivine is

1–4 mm for the protogranular types and >4 mm for

coarse xenoliths. Orthopyroxene occurs as 0.1–1 mm

interstitial grains. Spinel is present in many, but not all,

samples and is opaque with a grain size less than

0.5 mm. No optical or chemical zoning was observed in

any of the minerals.

The Ubekendt Ejland xenoliths have 0–2.8% modal

spinel, 0–9.5% orthopyroxene (Table 1) and corre-

spondingly high olivine contents (90.2–100%). The

high olivine content is a feature they share with the

Wiedemann Fjord xenoliths from East Greenland

(Bernstein et al. 1998). As illustrated in Figs. 2 and 3,

the Ubekendt Ejland xenoliths have olivine composi-

tions similar to those from Wiedemann Fjord with

average Mg# of 92.6 versus 92.7%, respectively. The

modal olivine contents of the Ubekendt Ejland xeno-

liths are somewhat higher than those from Wiedemann

Fjord, which again are higher than modal olivine con-

tents in cratonic xenoliths from Siberia and South

Africa (Fig. 3 and Bernstein et al. 1998). Nickel in

olivine is low, with an average of 2,731 ppm (varies

Fig. 1 Simplified map of
Ubekendt Ejland in central
West Greenland. Lavas
generally dip to the west and
the xenolith-bearing upper
lava succession at Eqqua
represents the youngest
volcanic products on the
island. Map based on Larsen
(1977a, b)
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Fig. 2 Olivine composition in terms of Mg# (= 100 · Mg/
(Mg + Fe)) for the two populations of xenoliths from Ubekendt
Ejland. Note the compositional gap between the two groups.
Inset shows the olivine compositional distribution of the
Wiedemann Fjord xenolith suite (Bernstein et al. 1998)

Contrib Mineral Petrol (2006) 152:335–347 337

123



Table 1 Modal and mineral chemistry data of peridotite xenoliths from Ubekendt Ejland, West Greenland

Sample ID 452001 452002 452003 452006 452008 452009 452016

Mineral ol opx sp ol opx sp ol opx sp ol opx sp ol sp ol opx sp ol sp
Mode (vol.%) 92.3 6.3 1.4 96.8 2.1 1.1 93.0 5.8 1.2 91.1 7.6 1.3 98.4 1.6 95.5 3.1 1.4 98.8 1.2

Na2O 0.03 0.01 0.01 0.01 0.02 0.04 0.02 0.04 0.03 0.02 0.01 0.03
MgO 51.54 36.18 17.30 51.62 36.80 11.98 52.17 36.35 16.95 51.52 36.86 11.57 50.76 12.15 50.93 36.59 10.92 50.86 11.08
Al2O3 0.02 1.46 28.94 0.01 0.09 5.14 0.02 1.69 29.85 0.01 0.07 4.00 0.02 9.87 0.02 0.71 5.07 0.02 2.89
SiO2 41.69 57.68 0.05 41.67 58.89 0.18 41.39 56.82 0.01 41.24 58.41 0.25 41.19 0.09 41.34 58.77 0.17 40.56 0.18
CaO 0.04 0.16 0.01 0.05 0.11 0.01 0.04 0.27 0.02 0.05 0.18 0.01 0.04 0.02 0.02 0.08 0.02 0.02 0.03
TiO2 0.01 0.02 0.01 0.06 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.10 0.02 0.04 0.03 0.01 0.48 0.02 0.11
Cr2O3 0.02 0.24 40.80 0.03 0.05 62.44 0.02 0.11 39.43 0.03 0.03 61.35 0.02 54.27 0.02 0.09 60.02 0.02 60.50
MnO 0.07 0.14 0.20 0.13 0.11 0.15 0.09 0.10 0.17 0.07 0.12 0.32 0.11 0.27 0.10 0.26 0.33 0.13 0.37
FeO 7.06 4.67 12.04 7.29 4.86 19.37 7.27 4.59 13.11 7.46 4.75 20.55 7.58 20.64 7.46 4.76 20.91 7.10 20.56
NiO 0.37 0.08 0.18 0.35 0.04 0.12 0.36 0.11 0.15 0.36 0.07 0.07 0.36 0.16 0.34 0.08 0.12 0.31 0.08
Total 100.87 100.65 99.54 101.21 100.97 99.42 101.39 100.11 99.69 100.78 100.54 98.21 100.14 97.50 100.28 101.36 98.03 99.07 95.80
Mg# 92.79 93.05 76.01 92.54 92.94 59.60 92.67 93.21 74.24 92.42 93.08 58.62 92.16 60.63 92.30 92.85 55.19 92.61 58.17
Cr# 48.61 89.07 46.98 91.15 78.68 88.82 93.35
T1 (�C) 913 923 860 936 901 878 937
T2 (�C) 783 660 753 653 698

Sample ID 452018 452021 452022 452023 452028 455901 455903 455906 455907

Mineral ol opx sp ol sp ol opx sp opx ol sp ol sp ol opx sp ol sp ol opx
Mode (vol.%) 90.2 9.1 0.7 98.9 1.1 95.7 1.8 2.5 97.9 0.6 99.7 0.3 98.2 1.0 0.8 98.4 1.6 90.5 9.5

Na2O 0.02 0.03 0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.03
MgO 51.64 36.82 11.36 51.97 13.31 51.92 36.96 11.42 36.94 51.57 14.22 51.67 13.16 51.00 36.58 12.01 51.09 12.67 50.35 35.52
Al2O3 0.01 0.19 8.06 0.02 9.22 0.01 0.10 4.96 0.08 0.02 16.01 0.01 5.98 0.02 0.21 8.55 0.02 13.19 0.06 0.43
SiO2 41.31 58.25 0.10 41.45 0.16 41.45 58.56 0.12 58.60 41.39 0.15 41.78 1.42 41.78 58.85 0.14 41.89 0.13 41.64 57.59
CaO 0.02 0.10 0.02 0.05 0.02 0.03 0.08 0.02 0.06 0.05 0.04 0.03 0.02 0.04 0.11 0.02 0.02 0.01 0.04 0.11
TiO2 0.01 0.03 0.17 0.02 0.29 0.02 0.03 0.20 0.04 0.01 0.12 0.01 0.49 0.03 0.03 0.15 0.04 0.10 0.02 0.02
Cr2O3 0.01 0.07 58.12 0.02 58.81 0.02 0.07 59.91 0.03 0.02 51.31 0.02 59.62 0.01 0.04 56.62 0.04 55.41 0.04 0.14
MnO 0.11 0.10 0.35 0.08 0.32 0.10 0.18 0.39 0.08 0.13 0.24 0.17 0.36 0.09 0.14 0.23 0.11 0.29 0.12 0.15
FeO 7.05 4.53 19.63 6.96 16.13 7.09 4.69 21.40 4.71 7.79 16.67 6.70 15.28 7.21 4.48 20.16 7.48 17.29 7.58 5.26
NiO 0.37 0.07 0.07 0.37 0.13 0.36 0.06 0.08 0.07 0.38 0.15 0.34 0.12 0.40 0.08 0.18 0.34 0.12 0.37 0.06
Total 100.57 100.18 97.88 100.98 98.37 101.03 100.76 98.52 100.66 101.39 98.92 100.75 96.45 100.59 100.54 98.06 101.03 99.21 100.23 99.30
Mg# 92.77 93.42 57.14 92.94 65.14 92.78 93.11 57.80 93.21 92.06 67.06 93.06 63.37 92.57 93.38 59.75 92.31 61.06 92.10 92.13
Cr# 82.87 81.06 89.01 68.25 87.00 81.62 73.81
T1 (�C) 833 939 897 932 937 883 837
T2 (�C) 671 665 652 658 708
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Table 1 continued

Sample ID 455910 455916 455918 455920 455921 455923 455927 455930

Mineral ol opx ol opx sp ol opx sp ol opx sp ol sp ol ol sp ol opx sp
Mode (vol.%) 95.0 5.0 98.0 0.4 1.6 96.0 2.1 1.9 98.3 0.7 1.0 97.2 2.8 100.0 99.2 0.8 96.8 2.8 0.4

Na2O 0.02 0.02 0.03 0.03 0.01 0.03 0.01 0.03 0.02 0.02 0.01 0.02 0.03
MgO 50.98 36.20 50.94 36.01 10.35 51.00 36.22 14.91 51.29 36.54 13.13 50.66 9.53 51.26 51.11 11.91 51.50 36.45 14.37
Al2O3 0.02 0.24 0.02 0.02 1.74 0.02 0.35 20.37 0.02 0.15 8.49 0.02 1.97 0.02 0.02 4.88 0.02 0.30 17.54
SiO2 41.62 58.81 41.59 58.66 0.15 41.57 58.86 0.11 41.71 58.96 0.16 41.54 0.20 41.68 41.07 0.16 41.66 58.52 0.14
CaO 0.02 0.10 0.03 0.07 0.01 0.03 0.14 0.03 0.03 0.13 0.01 0.03 0.01 0.06 0.03 0.01 0.02 0.10 0.01
TiO2 0.03 0.01 0.01 0.01 0.13 0.01 0.03 0.12 0.01 0.03 0.03 0.01 0.07 0.01 0.03 0.19 0.03 0.02 0.22
Cr2O3 0.02 0.04 0.02 0.11 63.78 0.03 0.01 46.43 0.05 0.04 59.16 0.01 63.80 0.04 0.03 63.70 0.02 0.06 48.61
MnO 0.12 0.11 0.14 0.14 0.32 0.13 0.12 0.18 0.11 0.12 0.23 0.11 0.22 0.15 0.03 0.33 0.14 0.10 0.21
FeO 7.76 5.20 7.64 5.03 22.25 7.46 4.60 16.08 7.01 4.42 17.17 7.68 22.81 6.94 6.70 17.10 6.42 4.31 17.17
NiO 0.36 0.06 0.34 0.06 0.07 0.37 0.09 0.14 0.34 0.10 0.06 0.36 0.10 0.32 0.34 0.09 0.37 0.06 0.13
Total 100.96 100.79 100.75 100.13 98.79 100.63 100.45 98.37 100.58 100.50 98.44 100.45 98.70 100.48 99.36 98.37 100.20 99.95 98.41
Mg# 92.01 92.39 92.11 92.55 53.33 92.30 93.19 69.04 92.77 93.49 64.58 92.05 49.26 92.81 93.13 60.07 93.33 93.65 67.30
Cr# 96.09 60.46 82.38 95.59 89.75 65.02
T1 (�C) 902 897 947 839 896 847
T2 (�C) 662 678 656 659 672

Sample ID 455931 455932 455934 455942 455943 455948 455954

Mineral ol sp ol sp ol sp ol opx sp ol sp ol opx sp ol opx sp
Mode (vol.%) 97.8 2.2 98.1 1.9 99.0 1.0 96.6 2.0 1.4 99.5 0.5 99.0 0.4 0.6 97.4 1.6 0.8

Na2O 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.04
MgO 50.39 10.05 51.30 11.89 50.84 12.78 51.15 36.53 12.52 51.39 12.93 51.83 36.97 10.76 51.17 36.49 11.10
Al2O3 0.02 1.87 0.02 3.91 0.01 13.64 0.01 0.17 10.72 0.01 6.35 0.01 0.05 2.19 0.02 0.08 2.97
SiO2 40.85 0.42 40.97 0.21 41.18 0.09 40.99 58.03 0.20 41.29 0.14 41.43 58.49 0.19 41.24 58.57 0.10
CaO 0.03 0.02 0.03 0.01 0.04 0.02 0.02 0.11 0.39 0.03 0.02 0.02 0.06 0.02 0.04 0.14 0.03
TiO2 0.01 0.13 0.01 0.31 0.03 0.14 0.03 0.03 0.13 0.01 0.04 0.04 0.05 0.12 0.02 0.04 0.22
Cr2O3 0.03 61.64 0.02 64.42 0.02 54.19 0.02 0.04 56.67 0.04 62.98 0.02 0.03 62.92 0.02 0.07 61.81
MnO 0.08 0.24 0.18 0.20 0.15 0.26 0.08 0.13 0.37 0.13 0.13 0.11 0.08 0.28 0.07 0.09 0.24
FeO 7.43 23.00 6.39 16.51 7.37 17.32 6.36 4.26 17.08 7.02 16.38 6.07 4.03 21.32 7.12 4.57 21.86
NiO 0.36 0.10 0.28 0.05 0.31 0.10 0.33 0.07 0.10 0.33 0.07 0.32 0.07 0.09 0.35 0.08 0.09
Total 99.21 97.46 99.21 97.51 99.96 98.53 99.01 99.37 98.19 100.26 99.04 99.85 99.85 97.88 100.06 100.16 98.42
Mg# 92.28 51.87 93.30 60.18 92.34 61.74 93.40 93.69 62.27 92.76 63.85 93.73 94.13 55.54 92.70 93.32 56.66
Cr# 95.68 91.70 72.72 78.01 86.94 95.06 93.32
T1 (�C) 873 902 843 838 960 848 913
T2 (�C) 658 648 666

T1 is olivine–spinel thermometer (Ballhaus et al. 1991); T2 is Cr-Al-in-orthopyroxene (Witt-Eickschen and Seck 1991); Mg# = 100 · Mg/(Mg + Fe); Cr# = 100 · Cr/(Cr + Al)
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from 2,187 to 3,023 ppm). This is slightly, but signifi-

cantly, lower than Ni in olivine in the Wiedemann

Fjord xenoliths, which averages 2,865 ppm and ranges

from 2,148 to 3,349 ppm (Kelemen et al. 1998).

Orthopyroxene is found in 18 of 31 dunite samples

and has very low contents of aluminium, calcium and

chromium. Al2O3 is between 0.024 and 0.713 wt%,

except for two samples (452001 and 452003), which

have 1.463 and 1.693 wt% Al2O3, respectively. CaO

varies between 0.062 and 0.275 wt% and Cr2O3

between 0.013 and 0.236 wt%, with the high end of the

ranges defined by the two samples 452001 and 452003.

Figure 4 illustrates the relationship between Al2O3 in

orthopyroxene and modal olivine content. Most sam-

ples cluster at >95% olivine and < 0.5 wt% Al2O3 in

orthopyroxene, and there is a weak negative correla-

tion between these parameters. The data from Ubek-

endt Ejland and Wiedemann Fjord xenoliths define an

array of overall negative correlation, with the Ubek-

endt Ejland xenoliths defining the refractory end of the

array. There is only slight overlap between the two

localities. The aluminium content of orthopyroxene

from Ubekendt Ejland xenoliths is lower than recorded

in most other spinel-bearing xenoliths of mantle origin.

For spinel peridotites, Al2O3 in orthopyroxene is typ-

ically between 0.5 and 4 wt% (e.g. Boyd et al. 1999;

Rudnick et al. 1994; Kopylova and Caro 2004). Orth-

opyroxene may attain Al2O3 contents less than

0.1 wt% when equilibrated with chlorite before

recrystallization and dehydration of chlorite-bearing

peridotites (e.g. Smith and Riter 1997) or when formed

during reaction between peridotite and hydrous fluids

(e.g. Morishita et al. 2003). Such origins for the low-Al

orthopyroxenes of the Ubekendt Ejland xenoliths are

unlikely because of the lack of chlorite, the homoge-

neous nature of the orthopyroxene grains and the ab-

sence of high-Al orthopyroxene in addition to low-Al

orthopyroxene. It is most likely that the low Al2O3

contents reflect the low equilibrium temperature at

which aluminous and chromian pyroxene components

+ olivine break down to enstatite + spinel (e.g. Witt-

Eickschen and Seck 1991).

Spinel has Cr# (= 100 · Cr/(Cr + Al)) between

60.55 and 95.67 for all but two samples. Again samples
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Table 2 Osmium isotopic composition of mineral separates
from Ubekendt Ejland peridotite xenoliths

Sample Phase Os
(pg/g)

187Os/188Os 2 SE
(absolute)

Trd
(Ma)

452001 Olivine 1,067 0.1233 0.00031 549
452001 Spinel 11,027 0.1336 0.00055 – 992
452002 Olivine 1,431 0.1046 0.00037 3,275
452002 Spinel 30,075 0.1080 0.00078 2,789
452003 Olivine 5,28 0.1141 0.00113 1,900
452028 Olivine 400 0.1194 0.00147 1,125
455903 Olivine 1,874 0.1099 0.00179 2,512
452008 Spinel 15,426 0.1061 0.00146 3,049
452114 Spinel 6,945 0.1309 0.00051 – 593
455918 Spinel 15,124 0.1155 0.00055 1,694

Trd = rhenium-depletion ages, calculated with respect to chon-
dritic evolution, including 187Re/188Os = 0.40186 (Shirey and
Walker 1998) and 187Os/188Os = 0.127 (Shirey and Walker 1998)
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452001 and 452003 differ in composition from the rest

of the samples, having lower Cr# of 48.63 and 46.98,

respectively. In the Ubekendt Ejland data alone, there

is a weak correlation between modal olivine contents

and Cr# in spinel (Fig. 5). Ubekendt Ejland and Wi-

edemann Fjord xenoliths together define an overall

positive correlation in Fig. 5. In terms of the spinel

Mg#–Cr# compositions (Fig. 6a), the Ubekendt Ejland

xenoliths plot as a continuation of the Wiedemann

Fjord xenoliths and roughly follow the trend of data for

other cratonic spinel-harzburgites (Hervig et al. 1980).

A similar relationship can be seen in Fig. 6b, with Cr#

in spinel versus Mg# of coexisting olivine. The Ubek-

endt Ejland xenoliths form a nearly vertical trend, with

little variation in olivine Mg# for a large variation in

spinel Cr#, roughly parallel to the pattern defined by

the kimberlite-hosted spinel harzburgites reported by

Hervig et al. (1980).

Equilibrium temperatures

Temperatures have been calculated on the basis of

orthopyroxene chemistry, using Cr and Al (Witt-

Eickschen and Seck 1991), and spinel–olivine chemis-

try, using Fe–Mg exchange after Ballhaus et al. (1991).

The widely used Ca-in-opx thermometer (Brey and

Köhler 1990), based on Ca exchange between ortho-

pyroxene and clinopyroxene, cannot be used as clino-

pyroxene is not present in the samples chosen for this

study.

The Cr-Al-opx geothermometer is based on Cr–Al

exchange between orthopyroxene and spinel, which

are commonly found in the same samples. Equilibrium

temperatures for Ubekendt Ejland xenoliths fall in the

range 648–783�C, with most samples in the interval

648–700�C (Fig. 7). Two samples (452001 and 452003,

the aberrant samples in Figs. 4, 5) yield temperatures

of 783 and 753�C, respectively. Omitting these two

outliers, the temperature range for most samples is

lower than the Cr-Al-opx temperatures for the Wi-

edemann Fjord xenoliths (Bernstein et al. 1998) by

nearly 200�C, and it places the Ubekendt Ejland

xenoliths close to a model conductive geotherm at

2–2.5 GPa (60–75 km depth) using a surface heat flow

of 44 mW/m2 (Pollack and Chapman 1977). The two

samples showing elevated temperatures are more

similar to the Wiedemann Fjord xenoliths. If these two

samples equilibrated along a cratonic conductive geo-

therm, outlined above, the temperatures would corre-

spond to depths of nearly 100 km, well within the

garnet stability field. Because of the highly refractory

nature of the Ubekendt Ejland xenoliths, we have no

means of constraining their actual depth of equilibra-

tion. However, erupted picritic and basaltic lavas on

Ubekendt Ejland, and elsewhere in central West

Greenland in the early Palaeogene, show that poly-

baric decompression melting of the mantle proceeded

into the spinel lherzolite stability field (e.g. Holm et al.
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1993). Thus, temperatures must have been greater than

~ 1,350�C at depths of 100 km at this time, and active

mantle upwelling must have extended to shallower

depths. As a result, it seems unlikely that ancient cra-

tonic mantle could have been preserved at these

depths. Instead, it is more probable that samples

452001 and 452003 were derived from the same depth

interval as the other Ubekendt Ejland xenoliths, but

were reheated slightly during Palaeogene magmatism.

Equilibrium temperatures obtained by the Fe–Mg

exchange between olivine and spinel (Ballhaus et al.

1991) fall in the range 833–960�C. The data from the

two thermometers for Ubekendt Ejland and Wiede-

mann Fjord xenoliths are summarized in Fig. 8. While

the two independent thermometers yield approxi-

mately similar temperature ranges for the Wiedemann

Fjord xenoliths, the olivine–spinel thermometer gen-

erally yields temperature estimates 200–250�C higher

than the Cr-Al-orthopyroxene thermometer for the

Ubekendt Ejland xenoliths. One explanation for this

discrepancy is that the higher olivine–spinel equilib-

rium temperatures reflect a recent heating event, per-

haps during the Palaeogene continental rifting and

only a short time prior to the sampling of the xenoliths

by the alkaline basaltic melts. Because of the consid-

erably higher diffusion rates of Fe–Mg exchange

between olivine and spinel compared to the reaction

enstatite + spinel to Mg-tschermaks + olivine (Freer

1981), upon which the Cr-Al-orthopyroxene ther-

mometer is based, the olivine–spinel thermometer can

react more swiftly to a regional temperature change.

Also, in the Ubekendt Ejland xenoliths, spinel is

everywhere in contact with olivine, so the diffusion

length for the Fe–Mg exchange is much smaller than

for the Cr–Al exchange between orthopyroxene and

spinel, which are rarely in contact with one another

Os isotopic composition

The Os isotopic composition of the mineral separates

from the Ubekendt Ejland xenoliths correlates with

modal olivine, aluminium in orthopyroxene and Cr# in

spinel, as illustrated in Figs. 9 and 10. Qualitatively, the

Ubekendt Ejland data resemble Os isotope data for

the Wiedemann Fjord xenoliths (Hanghøj et al. 2000),

but are displaced towards higher modal olivine, higher

Cr# in spinel and lower Al2O3 in orthopyroxene,

reflecting the main compositional differences between

the two xenolith suites outlined above. For Ubekendt

Ejland alone, the relationship between modal olivine

and osmium isotopic composition is shown in Fig. 9b.

Within this narrow compositional range of 90–100%

modal olivine, there is a weak negative correlation, so

that samples with the highest proportion of olivine

tend to have the lowest Os isotope ratio.
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For the Wiedemann Fjord xenolith suite, Hanghøj

et al. (2000) demonstrated that lherzolites consistently

have more radiogenic Os compared to harzburgites.

This led to the conclusion that the harzburgites with

unradiogenic Os isotopes (yielding Archaean

Re-depletion ages) originated as residues from melt

extraction and consequently Re depletion in the

Archaean. The Wiedemann Fjord lherzolites with rel-

atively radiogenic Os isotopic compositions

(187Os/188Os > 0.115; Fig. 9a) were considered to have

an origin similar to the harzburgites, but with sub-

sequent modal metasomatism (Hanghøj et al. 2000).

We reached this conclusion because bulk CaO in some

lherzolite xenoliths is higher than in estimates for

primitive mantle. This rules out an origin for the

lherzolites as restites from relatively low degrees of

mantle melting. Such metasomatism probably intro-

duced Re, and possibly also radiogenic Os, which over

time resulted in the radiogenic Os isotopic values for

the lherzolites.

For the Ubekendt Ejland xenoliths, the range in
187Os/188Os values is similar to that of the Wiedemann

Fjord xenoliths. This is somewhat surprising, because

all Ubekendt Ejland xenoliths are refractory with

modal olivine > 90% (Fig. 9). The correlations

between mode and mineral chemistry and 187Os/188Os

for the Ubekendt Ejland xenoliths (Figs. 9, 10) can be

interpreted in two ways. Either (1) they represent

metasomatism superimposed on the original depleted

residues, as proposed for the Wiedemann Fjord xeno-

liths by Hanghøj et al. (2000) or (2) they reflect the

time-integrated result of variable Re depletion. Such

variable Re depletion could stem from incomplete melt

extraction, leaving small volumes of melt with higher

Re/Os and higher Al/Cr than the solid restite that, with

time, developed elevated 187Os/188Os. The present data

set does not allow for a detailed discussion of these

possibilities.

Ubekendt Ejland and Wiedemann Fjord xenoliths

suites and mantle melting

In several respects, the Ubekendt Ejland xenoliths

resemble the mantle xenolith suite from Wiedemann

Fjord in East Greenland. Both groups have highly
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magnesian olivines (average Mg# of 92.6 and 92.7,

respectively—see Fig. 2), and low modal orthopyroxene

(< 10 and < 20 vol.%, respectively; Table 1 and

Bernstein et al. 1998). Using simple mass balance cal-

culations, Bernstein et al. (1998) estimated the Wi-

edemann Fjord xenoliths to represent restites after 38–

40% melt extraction from mantle peridotite, depend-

ing on the choice of mantle peridotite protolith, either

pyrolite (Ringwood 1966) or Hart and Zindler’s (1986)

primitive mantle, respectively. The melting was envis-

aged to take place in upwelling mantle starting at about

7 GPa and ending at low pressures < 2 GPa (Bernstein

et al. 1998). The highly refractory nature of the

Ubekendt Ejland xenoliths suggests that they too

formed as restites from high-degree partial melting of

mantle peridotite. Using the mass-balance technique of

Bernstein et al. (1998) for the average Ubekendt Ej-

land xenolith composition suggests that they are res-

tites after 39–41% melt extraction.

Although the major element compositions and Mg#

of the two xenolith suites thus appear to reflect similar

degrees of melt extraction, there are some fundamental

differences between the two xenolith populations that

need to be addressed. Ubekendt Ejland xenoliths have

a higher average modal olivine content (Fig. 3) and

higher Cr# in spinel at a given olivine composition

(Fig. 6b) compared to the Wiedemann Fjord xenoliths.

Also, the aluminium content in orthopyroxene is dis-

tinctly lower than in Wiedemann Fjord xenoliths

(Fig. 4). There may be several explanations for these

differences:

1. The Wiedemann Fjord xenoliths with their slightly

higher modal orthopyroxene are products of

modest melt/rock reaction between a protolith,

like that of the Ubekendt Ejland dunite xenoliths,

and silica-rich melts from subducted basalts, or

eclogites, as proposed by Kelemen et al. (1998) for

the formation of orthopyroxene-rich harzburgites

of the Kaapvaal and Siberian cratons. However,

this process alone probably cannot explain the

lower Cr# in Wiedemann Fjord spinels.

2. The average pressure of mantle melting was higher

for Ubekendt Ejland xenolith suite, leading to

exhaustion of garnet during melting. This would

drive up the Cr# in the residue since no Al-bearing

phase (other than Tschermak’s component in py-

roxenes) was present to retain Al in the residue.

For the Wiedemann Fjord xenolith suite, due to a

somewhat lower average pressure of melting,

residual garnet may have persisted until the

upwelling residue entered the spinel stability field,

thereby maintaining a relatively high Al content in

orthopyroxene and low Cr# in spinel.

3. Hanghøj et al. (2002) tentatively suggested that

both xenolith suites represent restites from ad-

vanced degrees of partial melting, but the Ubek-

endt Ejland xenolith suite underwent melting

under hydrous conditions, perhaps in the forearc of

an Archaean subduction zone environment. One of

the main arguments for an arc-related origin is the

high Cr# (> 50) of spinel in Ubekendt Ejland

xenoliths, similar to that found in spinel from de-

pleted mantle peridotites from present-day arc

settings (e.g. Arai 1994).

As discussed below, we find that hypothesis 3 is less

likely, and instead favour some combination of 1 and 2,

i.e. higher average pressure of melting for Ubekendt

Ejland xenoliths and perhaps some degree of melt–

rock reaction for Wiedemann Fjord xenoliths, to ex-

plain the higher modal orthopyroxene contents at same

olivine Mg# in Wiedemann compared to Ubekendt

xenoliths.

Did shallow cratonic mantle form in arcs?

Available data show that arc-related mantle peridotite

differs in some aspects from the Wiedemann Fjord and

Ubekendt Ejland xenolith suites. In terms of Cr# and

Mg# of spinel, the Ubekendt Ejland–Wiedemann Fjord

data form a steeper trend, compared to that for peri-

dotites from arc and mid-ocean ridge settings

(Fig. 11a). The Mg# of spinel is controlled mainly by

temperature-dependent Fe–Mg exchange with olivine,

and the difference between the cratonic and arc trends

in Fig. 11a is thus explained—at least in part—by the

higher olivine–spinel equilibration temperatures for

the cratonic xenoliths (on average about 900�C) com-

pared to temperatures of arc-related and abyssal peri-

dotite samples which mostly lie in the 600–650�C range

(Dick and Bullen 1984; Dick 1989; Parkinson and

Pearce 1998; Kubo 2002).

Another way in which the Ubekendt Ejland–

Wiedemann Fjord xenolith suites differ from the arc

peridotite trend, that is not dependent on subsolidus

equilibration, is presented in Fig. 11b. Arc peridotites

extend the data array defined by abyssal peridotites to

higher Cr# in spinel and Mg# in olivine, well within the

olivine–spinel mantle array of Arai (1994). In contrast,

the Ubekendt Ejland–Wiedemann Fjord data form a

continuous, steep trend along the low Cr#–high Mg#

edge of the olivine–spinel mantle array (Fig. 11b), as
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for other cratonic xenoliths from the spinel stability

field (Fig. 6; Hervig et al. 1980; see also Bernstein et al.

1998).

Finally, the Ubekendt Ejland–Wiedemann Fjord

data form a strongly concave-upward trend in a dia-

gram of Cr# in spinel versus modal olivine, whereas the

arc-related peridotites display a convex-upward trend,

and the arc trend lies at higher Cr# for a given pro-

portion of olivine compared to the cratonic mantle

xenoliths (Fig. 12). The Ubekendt Ejland–Wiedemann

Fjord data appear to extend the abyssal peridotite data

field, while the arc-related peridotites follow a very

different trend. There is substantial evidence that the

‘‘arc’’ trends in Figs. 11b and 12 represent the result of

progressive ‘‘fluxed melting’’ of mantle peridotite

above a subduction zone (e.g. Bloomer and Fisher

1987; Ozawa 1988, 1994; Parkinson and Pearce 1998;

Abe et al. 1999; Kubo 2002; Ohara et al. 2002).

Experiments on melting of mantle peridotite show

that under hydrous conditions the Cr# of residual spi-

nel is elevated compared to that of residual spinel

produced under anhydrous melting (Matsukage and

Kubo 2003). Therefore, one simple way of interpreting

the contrasting trends in Figs. 11b and 12 is that arc

and cratonic mantle peridotites both represent the

residues of progressive partial melting, in which the

‘‘arc’’ trend is produced under hydrous conditions

whereas the ‘‘abyssal-cratonic’’ trend reflects melting

under relatively dry conditions.

Spinel-peridotite xenoliths from other cratons, such

as Kaapvaal and Tanzania, have lower modal olivine

and higher modal orthopyroxene for a given Cr# in

spinel (Fig. 12) or Mg# in olivine (not shown). Con-

sidering the rather restricted variations in the ‘‘arc’’

trend depicted in Fig. 12, these orthopyroxene-rich,

cratonic peridotites are unlikely to have formed by

hydrous melting in arc-settings. Indeed, as mentioned

above, such enrichment in orthopyroxene in mantle

xenoliths from Kaapvaal and other cratonic areas has

been attributed to reaction between an orthopyroxene-

poor, high-Mg# restite and silica-rich melts in a sub-

duction zone environment (e.g. Kelemen et al. 1998;

Walter 2003). The protolith, prior to the orthopyrox-

ene-forming reaction, is envisaged to be similar to the

orthopyroxene-poor mantle xenoliths from Wiede-

mann Fjord and Ubekendt Ejland.

We conclude that Ubekendt Ejland dunite xenoliths

with their refractory compositions and unradiogenic Os

isotopes represent residues of extensive partial melting

and melt extraction in the Archaean, perhaps reflecting

a slightly higher degree of melting than the Wiedemann

Fjord xenoliths. The main differences between the two

Greenlandic xenolith suites: higher Cr# in spinel, lower

Al in orthopyroxene and lower modal orthopyroxene in
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the Ubekendt Ejland xenoliths compared to the

Wiedemann Fjord xenoliths, can reflect a combination

of higher average pressures of melting for the Ubek-

endt Ejland xenoliths and modest reaction between

dunite residue and silica-rich melts for the Wiedemann

Fjord xenoliths. Finally, the combined data on shallow

lithospheric mantle beneath East and West Greenland

and abyssal peridotites differ markedly from trends

defined by peridotites from arcs. We thus propose that

extensive mantle melting in the early Archaean reflects

high potential temperatures in the mantle, rather than

melting in subduction zone environments.
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