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Abstract
A new collection of mantle xenoliths in Tertiary dykes from the Wiedemann Fjord area in Southeast Greenland shows
that this part of the central Greenland craton is underlain by highly depleted peridotites. The samples are mostly spinel
harzburgites with highly forsteritic olivines ŽFo 87 – 94 , average Fo 92.7 .. This, together with unusually high modal olivine
contents Ž70–) 95%., places the Wiedemann harzburgites in a unique compositional field. Relative to depleted Kaapvaal
harzburgites with comparable Fo in olivine, the Wiedemann samples have considerably lower bulk SiO 2 Žaverage 42.6 wt%
versus 44–49 wt%.. Spinel compositions are similar to those in other sub-cratonic harzburgites. Pyroxene equilibrium
temperatures average 8508C, which is above an Archaean cratonic geotherm at an inferred pressure of 1–2 GPa, but low
enough so that it is unlikely that the xenoliths represent residual peridotites created during Tertiary magmatism. Among
mantle samples, the Wiedemann harzburgites are, in terms of their bulk composition, most similar to harzburgites from the
ophiolites of Papua New Guinea ŽPNG. and New Caledonia ŽNC.. One hypothesis is that the Wiedemann harzburgites,
along with PNG and NC harzburgites, formed via dissolution of pyroxene from previously depleted peridotites, possibly
beneath a volcanic arc. If so, higher spinel CrrAl in Wiedemann samples may reflect a deeper origin compared to PNG and
NC peridotites. Alternatively, using proposed primitive mantle compositions as a protolith, the Wiedemann harzburgites can
be modeled as the residue after extraction of some 40% melt. The composition of this calculated hypothetical melt in terms
of CaO, Al 2 O 3 , FeO, MgO and SiO 2 is similar to published experimental data on high degree melts of peridotite at 2–3
GPa. Munro-type komatiites lie close to these calculated and experimental melts but are slightly displaced towards low
degree experimental melts at higher pressure Že.g., 6 GPa.. We conclude that the Wiedemann harzburgites formed as a
residue after about 40% melting, and that they may represent shallow, refractory residues after polybaric melting initiated at
pressures G 7 GPa and continuing to relatively low pressures Ž2–3 GPa or less.. Extraction and aggregation of polybaric
melts would produce liquids similar to Munro-type komatiites. q 1998 Elsevier Science B.V.
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The highly refractory nature of mantle xenoliths
from beneath the Archaean Kaapvaal craton, South
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Africa, was realized in the early 1970s Že.g. w1x..
Since then, several authors have demonstrated that
mantle xenoliths from Archaean cratons, compared
to those from Proterozoic and Phanerozoic crustal
terrains, in general have higher modal olivine,
forsterite content ŽFo s Mga s atomic MgrŽMg q
Fe.)100. in olivine Žoften ) Fo 91 ., and CrrŽCr q
Al. in spinels w2–4x. These characteristics have been
explained in terms of extensive melt extraction from
the mantle, leaving a residue highly depleted in
basaltic components Že.g. w2,3,5–7x.. Further, because of the high degrees of melting inferred, the
refractory mantle material has been linked to the
extraction of komatiites in the Archaean w8x. Here we
present the mineral chemistry of a new suite of
spinel peridotite xenoliths of mantle origin that may
help to shed light on the connection between depleted lithospheric mantle and komatiites.

2. Occurrence and nature of the Wiedemann Fjord
xenoliths
Mantle peridotite xenoliths in East Greenland were
found in erratic blocks by Brooks and Rucklidge w9x,
and their refractory nature was established by the
olivine-rich modal composition and highly forsteritic
olivine ŽFo 92.5 .. Wiedemann Fjord was visited again
in the summer of 1995 and two main localities of
xenolith-bearing dykes were discovered ŽFig. 1.. The
dykes intrude Tertiary plateau basalts w10x, which
were extruded between 58 and 56 Ma w11,12x and
reach a thickness in excess of 6 km w13x. The main
basaltic volcanism terminated at about 47 Ma w14x.
To the southwest, the basalts rest on gneissic basement with model ages between 3.02 and 2.79 Ga
ŽSm–Nd. and between 3.07 and 2.51 Ga ŽPb–Pb.
w15x. Further to the northeast, the area was affected

Fig. 1. The xenolith-bearing dykes with the two main xenolith localities ŽNS1 and 2 and NS4.. The dykes run N–S and are vertical Žthick
black lines.. Dark gray s basalts of the Geikie Plateau Formation basalts. Stippled body is the 49 my ultramafic–mafic Lilloise intrusion.
Insert gives the location of the larger map.
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by Caledonian thrusts and granitic intrusions w16x.
The basement is not exposed around Wiedemann
Fjord, and it is unknown whether it is Archaean or
Caledonian.
The xenolith-bearing dykes are 40.48 " 0.27 Ma
ŽAr–Ar method; R. Duncan, pers. commun.., postdating both continental break-up, by roughly 15 Ma,
and the last important magmatic episode, by 9–6
Ma. The dyke location and their N–S strike and
vertical dip correlate with a N–S zone of prominent
faulting w13x ŽFig. 1..
The xenolith-bearing dykes are 0.2–1.5 m wide
and occur in clusters of less than 5. They commonly
have a distinct yellowish alteration halo Ž2–15 cm
wide., consisting of calcite and clay minerals. The
dykes themselves weather to a dark brown colour.
Subhedral, kaersutitic amphibole makes up about
50% of the matrix of the rock, in addition to 10%
euhedral, microphenocrysts of clinopyroxene, which
is zoned from colourless cores to deep lilac-coloured
rims. Other rare, large crystals include olivine, or-
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thopyroxene and chrome-spinel, interpreted as mantle xenocrysts w9x. The mesostasis in the dykes consists largely of plagioclase and alkali feldspar. Small
titanomagnetite grains are distributed throughout the
rock. The whole rock chemistry is that of an alkali
basalt ŽTable 1..
Xenoliths occur in a central plane parallel to dyke
margins. The xenoliths have crudely discoidal shapes,
with large aspect ratios. They range in size from 2–3
mm to 6 cm in maximum dimension, with an average of about 1–2 cm. In general, they are fresh but
in 2–3%, all olivine and orthopyroxene is replaced
by serpentine. About 50% of the xenoliths show 1–2
mm alteration rims where again olivine and orthopyroxene are replaced. The rest show little hydrothermal alteration. Invasion of melt from the host is only
observed in few xenoliths. In some xenoliths, orthopyroxene have reaction rims Ž1–2 mm wide,
fine-grained. against the host dyke. Partial melting of
the xenoliths, probably during heating and decompression during ascent in the dykes, is indicated by

Table 1
Compositions of average Wiedemann harzburgite; estimated primitive mantle; computed liquid in equilibrium with average Wiedemann
harzburgite; experimental melts, their starting material; and the matrix of the nodule-bearing dyke
SiO 2

TiO 2

Al 2 O 3

FeO )

MnO

MgO

CaO

Na 2 O

Sum

Mga

Ol–Fo

Average Wiedemann harzburgite
HZPUM
primitive mantle
Pyrolite
primitive mantle
38% melt of HZPUM Žcomputed liquid.
40% melt of pyrolite Žcomputed liquid.
P (kbar)
Kettle River
start material
36% melting
30
52% melting
30
11% melting
60
HW
start material
20
20
30
TQ
start material
20
20
30

42.63
45.96
45.10
51.39
48.81

0.01
0.18
0.20
0.46
0.49

0.82
4.06
3.30
9.34
7.02

6.65
7.54
8.00
9.00
10.03

0.19
0.13
0.15
0.03
0.01

48.43
37.78
38.10
20.40
22.60

0.19
3.21
3.10
8.15
7.47

0.03
0.33
0.04
0.86
0.96

98.95
99.19
97.99
99.63
97.39

81.78
81.69

93.54
93.50

44.90
48.98
47.96
44.97
45.20
50.18
49.16
47.79
44.95
49.21
49.28
48.46

0.15
0.48
0.39
1.01
0.71
1.74
1.40
1.81
0.08
0.25
0.36
0.22

4.26
11.06
9.50
6.37
3.54
8.61
6.83
8.55
3.22
9.58
9.94
8.62

8.02
9.45
9.19
12.64
8.47
9.34
9.19
9.55
7.60
8.61
9.08
8.88

0.13

37.30
19.71
23.89
23.26
37.50
19.96
24.96
21.39
40.03
21.40
20.57
23.85

3.45
8.78
7.70
9.05
3.08
7.40
6.11
7.60
2.99
9.04
9.54
8.13

0.22
0.77
0.52
0.80
0.57
1.40
1.13
1.52
0.18
0.57
0.47
0.51

98.43
99.23
99.15
98.10
99.21
99.53
98.93
98.21
99.19
98.66
99.24
98.67

80.50
83.73
78.46

93.02
94.32
92.16

79.20
82.87
79.96

92.47
93.98
92.79

81.58
80.14
82.71

93.46
92.87
93.92

Nodule-bearing dyke Žchill.:
aGGU429285

SiO 2
41.34

TiO 2
3.51

Al 2 O 3
13.03

FeO
11.70

MgO
9.84

CaO Na 2 O
10.94 1.91

P2 O5 H 2 O
0.79 3.43

Sum
98.68

0.14
0.90
0.15
0.14

MnO
0.17

K 2O
2.02

HZPUM is Hart and Zindlers primitive upper mantle w43x; pyrolite is from Ringwood w42x. Experiments on Kettle River peridotite: w45x; HW
ŽHawaiian pyrolite. and TQ ŽTinaquillo Iherzolite.: w49x.
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3. Analytical data
3.1. Mineral chemistry

Fig. 2. Modal composition in terms of the main silicate phases,
olivine Žol., orthopyroxene Žopx., and clinopyroxene Žcpx., as
determined by point counting Žtable 1, EPSL Online Background
Dataset..

10 mm scale zones of fine-grained Ž; 1 mm.
clinopyroxene, olivine, and other, unidentified silicate phases around clinopyroxene.
A suite of 90 xenoliths forms the basis of this
study. All are peridotites, consisting of olivine, orthopyroxene, Cr–Al spinel and Ca-rich clinopyroxene in varying proportions. Only 7 were found to
contain traces Žless than 1 vol%. of additional phases,
2 with phlogopite and 5 with amphibole. More than
80% of the xenoliths are equant and tabular granoblastic, the remainder being porphyroclastic Ž15%.
and coarse Ž5%., using the nomenclature of Harte
w17x. One harzburgite xenolith with high Ž33 vol%.
modal orthopyroxene has igneous Žcumulate. texture.
The grain size is typically 0.1–5 mm Žgranoblastic.;
0.1–3 mm Žporphyroclastic. and 2–6 mm Žcoarse..
Olivine crystals often have undulose or lamellar
extinction, especially in larger grains Ž) 1 mm..
Modal composition of 46 xenoliths was determined by point counting of thin sections Žtable 1,
EPSL Online Background Dataset 3 .. The uncertainty in olivine and orthopyroxene proportions estimated in this way is typically "4% w18x. Results are
shown in Fig. 2. Most xenoliths are harzburgites, and
some can be classified as dunites Ž- 10 vol% pyroxene.. Spinel typically comprises about 1 vol% of all
samples Žranging from 0.2 to 4 vol%.. It is uncertain
whether the dunite samples represent larger dunite
domains or inhomogeneities larger than the dunite
xenoliths. Harzburgites and dunites with more than
85% olivine have less than 1% clinopyroxene.
3

URL: http:rrwww.elsevier.nlrlocaterepsl, mirror site:
http:rrwww.elsevier.comrlocate epsl.

Minerals in 90 xenoliths were analysed by electron microprobe. Accelerating voltage was 15 kV,
beam current about 15 nA and beam diameter about
2 mm. Mg, Si, Ti, Mn, and Fe were measured by
energy dispersive spectroscopy Ž140 s counting time..
Na, K, Al, Ca, Ni, and Cr were measured by wavelength dispersive spectroscopy, with 40 s counting
time on peaks and 20 s on background, except for Na
and K, which were counted for 20 s on peaks and 10
s on background. Analyses were corrected for drift
by linear interpolation between blocks of standard
analyses. These corrections were minor, typically
; 1% relative. Results are presented in tables 2–4
ŽEPSL Online Background Dataset 4 ., where the
composition tabulated for each sample is the average
of the number of analyses listed. The main features
are described below:
Olivine crystals are unzoned. Variation in Fo
within a single xenolith is typically less than "0.2%
Žabs.. Over the entire suite of samples, olivine ranges
from Fo 87.6 to Fo 94.0 . Most xenoliths have ) Fo 92.0
Ž74%; Fig. 3.. The xenolith with igneous Žcumulus.
texture has low Fo Ž- 90.7., and some xenoliths
with metamorphic texture also have low Fo values.
Nickel in olivine ranges from 1870 to 3350 ppm
Ž0.240–0.425 wt% NiO.. Samples with olivine between Fo 90 and Fo 94 have Ni between 2400 and
3350 ppm, and show no correlation between Fo and
Ni. Two samples with Fo around 88 define the lower
end of the Ni compositional range.
Orthopyroxene is present in all but a few xenoliths. It mostly occurs as interstitial grains with an
average grain size smaller than that of olivine, or,
less often, as larger grains with grain size greater
than or equal to that of olivine. The Kd for Fe–Mg
exchange between olivine and orthopyroxene Žmolar
FerMg in olivinerFerMg in orthopyroxene. falls in
the range 1.010 and 1.125 for all samples. This is
similar to the experimentally determined Kd, which
ranges from 1.03 to 1.18 for 1.0–2.5 GPa and 700–
11008C w19x. Within-sample variation and intra-crys4

URL: http:rrwww.elsevier.nlrlocaterepsl, mirror site:
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Fig. 3. Forsterite content in olivine from individual xenoliths.
NŽsamples. s90. The composition of olivine in each sample is an
average of 3–15 analyses.

talline zoning in orthopyroxene are not observed in
any of the xenoliths. In the entire sample suite,
Al 2 O 3 and CaO vary from 0.78 to 4.22 wt% and
from 0.12 to 1.26 wt%, respectively. CaO correlates
poorly with Mga, whereas Al 2 O 3 shows a good
negative correlation with Mga. Cr2 O 3 varies between 0.14 and 0.72 wt%.
Clinopyroxene has been found in 31 out of the 90
xenoliths. Where present, it generally comprises less
than 1 vol%. Size is at the low end of the total grain
size range as reported in table 1 ŽEPSL Online
Background Dataset 5 .. The calculated Kd for
FerMg exchange between olivine and clinopyroxene
or between ortho- and clinopyroxene varies greatly:
1.11–1.86 and 1.02–1.90, respectively. For 1.0–2.5
GPa and 700–11008C, experimental FerMg Kd values span 1.04–1.91 Žclinopyroxenerolivine. and
1.01–1.65 Žclinopyroxenerorthopyroxene. w19x. The
range of measured Kd values for our samples, although large, is therefore within the range of experimentally determined values. Clinopyroxene also
shows a considerable variation in Na 2 O Ž0.28–2.01
wt%.; Al 2 O 3 Ž1.11–6.76 wt%.; TiO 2 Ž0.01–0.73
wt%. and Cr2 O 3 Ž0.38–1.08 wt%.. Again it should
be stressed that this is inter-sample variation because
no significant variation within individual samples
was detected.
Spinel is present in all but 5 samples. Individual
grains are homogeneous down to the resolution of
the electron microprobe. Crystals often have an elon-

5
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Fig. 4. Compositional variation within all Wiedemann Fjord xenoliths. Ža. Spinel compared to that of spinel from abyssal peridotites
w33x, and from cratonic spinel peridotite xenoliths Žw71–75x, and
Boyd, pers. commun... Žb. Comparison between coexisting spinel
and olivine with the field of abyssal peridotites and data from
cratonic spinel peridotites Žreferences as above.. The Olivine–
Spinel–Mantle Array ŽOSMA. is from Arai w20x. Note that the
field defined by the Wiedemann xenoliths in both figures is
displaced to the left relative to abyssal peridotites Ži.e. higher
Mga in spinel and olivine for a given Cra in spinel. but the
Wiedemann harzburgites are indistinguishable from the subcratonic spinel peridotites. Žc. and Žd. Present compositional data
of spinel and spinel–olivine pairs from arc settings ŽHoroman,
Japan: w76,77x; Miyamori, Japan: w78,79x; Fukue-jima, Japan: w80x;
Sangun-Yamaguchi, Japan: w81x; Papuan Ultramafic Belt: w82x;
New Caledonia: w83x; Tonga trench: w84x; Mariana trench: w85x..
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gated outline. Within-sample compositional variation
is not observed. Variation in Cra Žmolar CrrŽCr q
Al. = 100%. is from 5.44 to 75.87. Mga correlates
negatively with Cra, and varies from 82.51 to 60.75
ŽFig. 4a.. NiO varies from 0.44 wt% to 0.05 wt%
and correlates negatively with Cra. Further, there is
a good positive correlation between Fo in olivine and
Cra in spinel for coexisting olivine–spinel pairs, as
demonstrated in Fig. 4b. Compared to abyssal peridotites, the Wiedemann spinels are displaced towards
higher Mga, and also extend to higher Cra ŽFig.
4a.. Similarly the Wiedemann xenoliths fall along
the high Fo edge of the ‘OSMA’s‘‘olivine–spinel
mantle array’’, as defined by Arai w20x ŽFig. 4b..
3.2. Whole-rock composition
Whole-rock composition was calculated using the
modal composition obtained by point counting Žtable
1, EPSL Online Background Dataset 6 .. The calculation used a least-square fit with average mineral
analyses having appropriate Mga and Cra. The
errors in this method mainly stem from errors in
estimating the modal composition of the xenoliths.
Because of the high proportions of olivine to the
other phases, the errors in calculated SiO 2 , MgO,
FeO and NiO will be small, relative to the errors in,
for example, calculated CaO that is dependent on the
uncertain modal proportion of clinopyroxene. Average xenolith composition is presented in Table 1.
4. Geothermometry
Equilibrium temperatures were calculated on the
basis of the mineral data in tables 3 and 4 ŽEPSL
Online Background Dataset 7 .. Two geothermometers give realistic temperature estimates over a range
of compositions in mantle xenoliths. These are: Ca in
orthopyroxene ŽTCa-in-opx ; w19x.; and Al–Cr exchange
between orthopyroxene and spinel ŽTAl – Cr ; w21x..
TCa-in-opx is based on equilibrium between orthopyroxene and clinopyroxene. For our samples, use of
this thermometer is problematic since clinopyroxene
is scarce or absent in many samples. Further, TCa-in-opx

Fig. 5. Equilibrium temperatures determined on the basis of
orthopyroxene chemistry Žsee text.. The TCr – Al is independent of
pressure, while a pressure of 1.5 GPa has been assumed for the
TCa-in-opx . Both thermometers give an average temperature of
about 8508C Žsee insert histograms..

includes the pressure dependent exchange of Ca
between pyroxenes, so that a pressure needs to be
chosen. In the present case, a pressure of 1.5 GPa
was used. Increasing the pressure to, for example,
2.0 GPa will result in an average increase in TCa-in-opx
of about 208C. In the Al–Cr exchange thermometer
ŽTAl – Cr ., the required coexistence of spinel and orthopyroxene together is observed in almost all of our
samples. The results of the calculations are shown in
table 1 ŽEPSL Online Background Dataset 8 . and
Fig. 5. The common temperature interval is 780–
9008C, and about 70% of the measured samples have
DŽTCa-in-opx . y ŽTAl – Cr . - 258C. A few of the outliers
in Fig. 5 have Cr and Al in orthopyroxene that is
close to the limits for the range where the TAl – Cr is
defined.
The close correlation between these two thermometers suggests that the estimated pressure of 1.5
GPa is close to the equilibrium pressure for the
majority of the xenoliths. Temperatures lack correlation with texture and chemistry, the exception being
sample 2-24Ab. It has an igneous texture and the
highest calculated temperature of 1030–11168C. Finally, the rough agreement between orthopyroxene–

6
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spinel and orthopyroxene–clinopyroxene thermometry suggests that all three phases approached equilibrium at temperatures close to 8508C.
5. Discussion
We will first discuss how the temperatures
recorded by the Wiedemann harzburgite xenoliths
constrain their age and thermal evolution. Second,
we compare the Wiedemann xenolith compositions
to other peridotites worldwide, and investigate possible geological settings for their formation. Finally,
we present hypotheses for their origin as products of
meltrrock reaction in the upper mantle or as residues
from high degree partial melting, and their possible
relationship to the generation of certain types of
komatiites.
5.1. Constraints on the origin and thermal eÕolution
of the East Greenland lithospheric mantle
Given the absence of plagioclase and garnet from
the xenoliths, even those containing clinopyroxene
and aluminous spinel, the harzburgites probably
equilibrated at pressures higher than 1 GPa and
lower than ; 2 GPa Že.g., w22,23x.. With an average
temperature of 8508C, and an assumed pressure of
1.5 GPa, this places the Wiedemann harzburgites at
temperatures ; 300–5008C higher than calculated
Archaean shield geotherms Ž40 mWrm2 , e.g., w24x.,
and observed ‘geotherms’ preserved by garnet peridotite xenoliths from the Kaapvaal, Wyoming and
Siberian cratons Že.g., w4,19,25x..
There are at least three possible interpretations of
this data. Either the xenoliths equilibrated along a
conductive geotherm in thin continental lithosphere,
or they were heated above an Archaean cratonic
geotherm during Tertiary rifting and the passage of
the Iceland mantle plume beneath this region, or
8508C is a closure temperature unrelated to the
geotherm. The temperature of 8508C at 1.5 GPa is
similar to those for spinel–peridotite xenoliths from
the extensional environment at Baja California w26x,
and lower by ; 1008C than those for peridotites
associated with continental flood basalts from eastern China and Australia w27,28x.
Three possible ages and processes for the genesis
of the Wiedemann harzburgites can be envisioned:
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Ž1. an Archaean origin, possibly linked to the generation of the ; 3 Ga central Greenland craton; Ž2.
formation during the Caledonian orogeny, known to
have affected the Greenland crust extensively to the
north w16x; Ž3. lithospheric, depleted mantle formed
during Tertiary magmatism and rifting.
For origin Ž3., the harzburgite would have had to
cool to the average equilibrium temperature of 8508C
in less than 15 Ma, which is the maximum time
interval between the main basaltic melt production
along the continental margin and the emplacement of
the xenolith-bearing dykes Žsee above.. With an
initial temperature of 13008C or more at the time of
emplacement of the harzburgite at 45 km depth, the
time needed for cooling to 8508C is ; 40 Ma or
more following the initiation of conductive heat
transfer, given an average thermal diffusivity for the
lithosphere of 1 = 10y6 m2rs Že.g., w29x.. To reach
; 8508C in 15 Ma, the overlying lithosphere would
have to be 30 km thick or less, which appears
unlikely. Although a Tertiary origin for these xenoliths cannot completely be ruled out, the most likely
origin of the Wiedemann harzburgites is either: Ž1.
within the lithospheric mantle with comparable age
to the overlying Archaean craton; or Ž2. beneath a
subduction-related magmatic system at some time
prior to the end of the Caledonian orogeny. These
possibilities will be reviewed below.
5.2. Comparison to other mantle peridotites
The harzburgite xenoliths from Wiedemann Fjord
have Fo in olivine among the highest known in
mantle peridotite samples, only paralleled by some
xenoliths from Archaean cratons, mainly the Kaapvaal province, and by the poorly known Papuan
Ultramafic Belt. Further, the Wiedemann xenoliths
have a unique composition because of their high
modal olivine contents ŽFig. 6.. This places the
Wiedemann xenoliths outside the field defined by
xenoliths from Archaean cratons as well as from
younger continental areas w3x. Compared to worldwide occurrences of spinel and garnet lherzolites and
harzburgites ŽFig. 7, w30x. the Wiedemann xenoliths
are highly depleted in CaO and Al 2 O 3 , and are at the
lower end of the SiO 2 range. In terms of MgO, the
Wiedemann xenoliths lie along and above the upper
limit of previous xenolith data, while in terms of
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Fig. 6. Forsterite ŽFo. in olivine versus the modal olivine content
for individual samples. The fields of Archaean, Proterozoic, and
Phanerozoic represent the compositional fields of mantle peridotite xenoliths from continental crustal areas of the given age w3x.
Box gives the range of compositions reported for Papuan mantle
tectonites w86x.

FeO, they are similar to garnet peridotites, but have
less FeO than any reported spinel peridotites.
Compared to peridotites from oceanic settings, the
Wiedemann xenoliths have higher Fo in olivine,
higher modal olivine, and lower whole-rock Al 2 O 3
and CaO Že.g., w31x.. Subduction-related peridotites
from oceanic trenches and the South West Pacific
ophiolites have olivine as high as Fo 92 , but all are
less than Fo 92.5 ŽFig. 4d..
The refractory nature of many mantle-derived
peridotites has long been interpreted as the result of
melt extraction. Fo in olivine and Cra of spinel in
the residue correlate positively with degree of melting Že.g., w32x.. Since chromian spinel is a common
phase in peridotites of mantle origin, and exhibits a
large compositional variation, it has been widely
used to evaluate the genesis of the host rock Že.g.,
w20,32–34x.. In Fig. 4a, the Wiedemann spinels are
compared to spinels from depleted spinel peridotite
xenoliths Žgarnet-free. from the Kaapvaal, Wyoming,
and Siberian cratons. Cratonic xenolith spinels cover
the same large range in Cra as the Wiedemann
spinels; all be classified as alpine peridotites Type II,
based on their Cra alone w33x. Whereas the origin of
the sub-cratonic xenoliths is debated, the Type II
alpine peridotites are thought to form within subduction-related magmatic arcs, where the apparent high
degrees of melting Žhigh Cra and Fo in spinel and

olivine, respectively. may be related to remelting of
residual oceanic peridotites due to introduction of
H 2 O into the mantle source from the subducting slab
w33,35x.
Spinels from arc-related peridotites have lower
Mga at a given Cra than spinels from cratonic
peridotites, as demonstrated by spinels from Japanese
peridotite massifs, Tonga and Marianas fore-arc regions, and from the New Caledonia and Papua New
Guinea ophiolites ŽFig. 4c.. These may all be residues
of hydrous melting of upper mantle in an island arc
environment, and their lower Mga in spinels could
be due to relatively low temperature equilibration
w33x, or to relatively high oxygen fugacity which
produces a pyroxene q magnetite component in
spinel at the expense of olivine.
Arai w20,34x combined Fo and Cra in co-existing
olivine–spinel assemblages to distinguish between
residual mantle peridotites from different environments. The available data for arc-related peridotite

Fig. 7. Major elemental variation in Wiedemann xenoliths compared to the overall variation of peridotites of presumed mantle
origin, compiled by McDonough and Frey w30x. In general, the
Wiedemann harzburgites are lower in SiO 2 , CaO, Al 2 O 3 and FeO
and higher in MgO relative to the bulk of the compiled peridotite
xenoliths.
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massifs and abyssal peridotites largely plot within
the center of the ‘olivine–spinel mantle array’
ŽOSMA., while the Wiedemann xenoliths and other
cratonic spinel peridotites generally define the low
spinel Crarhigh Fo edge of OSMA ŽFig. 4b,d.. One
way to interpret the relatively low spinel Cra at a
given Fo content for sub-cratonic peridotites is that
the Cra of spinel in a given peridotite assemblage
decreases with increasing pressure of equilibration
w20,33,36x. Also, if residual garnet is present, later
metamorphic breakdown of garnet will produce spinel
with a relatively low Cr. Thus, low spinel CrarFo
in cratonic xenoliths, and specifically in the Wiedemann harzburgites, reflect melting events at relatively high pressures compared to abyssal and arc
peridotites. This is not surprising, as the abyssal and
arc peridotites that can be sampled at the Earth’s
surface underwent decompression melting nearly to
the base of thin, oceanic crust.
5.3. Possible relation to arc petrogenesis
The similarities between harzburgites from
Wiedemann, and those from ophiolites of Papua
New Guinea ŽPNG. and New Caledonia ŽNC. in
terms of modal olivine and Fo contents ŽFig. 6. may
suggest a genetic link. Therefore, one hypothesis is
that the Wiedemann harzburgites, along with PNG
and NC harzburgites, formed via reaction between
ascending melt and upper mantle peridotite, involving dissolution of pyroxene from previously depleted
peridotites Že.g., w37x.. Increasing magma mass during such reaction under isothermal, isenthalpic or
adiabatic conditions w37,38x would lead to increasing
Mga in the residues compared to the protolith. If the
meltrrock reaction process occurred in the overthrust plate of a subduction zone, the Wiedemann
harzburgites would have formed in a deeper portion
of the mantle wedge compared to the PNG q NC
suites, following the discussion of the spinel
Crarolivine Fo relationship in the preceding section
of this paper.
It is apparent that dissolution of pyroxene in
migrating melt would produce a derivative liquid
with higher SiO 2 than the initial liquid. This is
consistent with the fact that Phanerozoic magmas
with high Cra spinel and high Fo olivine are virtually all arc-related, and are commonly boninites and
high Mga andesites Že.g., w39x and compilations in
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w20,33,36x.. Furthermore, the few trace element analyses of NC peridotites suggest a role for meltrrock
reaction in their origin w40,41x. However, this hypothesis is difficult to constrain more fully at present
due to uncertainties regarding the composition of
liquid reactants and products, and the relative lack of
data on PNG peridotites.
5.4. Possible relation to komatiite genesis
Table 1 lists two hypothetical, primitive mantle
compositions, pyrolite w42x and Hart and Zindler’s
primitive upper mantle ŽPUM, w43x., that span the
range of all proposed primitive mantle compositions.
Using simple mass balance Žsource s residue q
melt., the average composition of Wiedemann
harzburgite xenoliths was subtracted from primitive
upper mantle to give a resulting melt composition
that is in equilibrium with the average olivine in the
xenoliths ŽFo 92.7 ., using the olivinerliquid FerMg
Kd of Ulmer w44x at 2 GPa. This yields an estimated
degree of melting of 40 wt% using pyrolite, and 38
wt% using PUM. Note that, assuming melting occurred in a single episode with these source mantle
compositions, this calculation is independent of the
melting process Že.g., batch, fractional, etc.., and
yields the composition of the aggregate liquid extracted.
The value of ; 40% melting for the generation of
harzburgite xenoliths with olivine ; Fo 92.7 is in
accordance with several melting experiments. For
example, residues of melting of Kettle River peridotite Žvery close to pyrolite. reach Fo 92.1 – 92.2 between 35% and 37% melting at 3, 4 and 5 GPa,
Fo 92.5 – 92.6 between 35% and 41% melting at 6 and 7
GPa, and Fo 93.0 at 52% melting at 3 GPa w45x.
The very low modal contents of clinopyroxene
Ž- 1%. in Wiedemann xenoliths with olivine) Fo 92
suggest that the xenoliths reached clinopyroxene-out
during partial melting. The clinopyroxene now present in the harzburgites may represent crystallized,
retained melt. Experimental melting of primitive
peridotite shows that calcic clinopyroxene is exhausted at ; 20–30% melting in the pressure range
1.5–4 GPa, depending on starting composition and
pressure of melting w45–48x.
The highly forsteritic olivine and low modal orthopyroxene in the average Wiedemann harzburgite
further suggest that the hypothetical melting event
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took place well within the four-phase liquid–orthopyroxene–olivine–chrome spinel field, possibly approaching orthopyroxene-out. The degree of melting
at which all pyroxene becomes exhausted appears to
be relatively insensitive to pressure, and is 40–45%
at 1.5 GPa w46x, and roughly bracketed between 35%
and 52% at 3–7 GPa w45,47x. However, note that the
experimental data here cited are for nominally anhydrous systems. Because the addition of H 2 O increases the size of the olivine primary phase volume,
the resulting liquid would have more SiO 2 and pyroxene would be exhausted at smaller degrees of
melting under hydrous conditions.
The calculated melts extracted from primitive
mantle to produce average Wiedemann harzburgite
ŽTable 1. have SiO 2 contents between 48.8 wt% and
51.4 wt%, and MgO between 22.6 wt% and 20.4
wt%, using pyrolite and PUM, respectively. Such
compositions are typical of high degree melts at
moderate pressures Ž2–3 GPa. as demonstrated by
the experimental data of w49x and w45x ŽFig. 8 and
Table 1.. For experimental melts with appropriate
Mga, SiO 2 varies between 48 wt% and 50 wt%, and
MgO varies between 20 wt% and 25 wt%. These
experimental melts were produced from primitive
mantle peridotite compositions, and coexist with a
harzburgitic or dunitic residue with between Fo 92.1
and Fo 93.6 , the same as the compositional range of
olivine from the Wiedemann harzburgites. Fig. 8
demonstrates that the pyrolite-based, calculated melt
for average Wiedemann harzburgite is close to the
experimental melts in terms of SiO 2 , MgO, FeO,
CaO and Al 2 O 3 . Thus, the composition of the average Wiedemann harzburgite is broadly consistent
with the extraction of ; 40% melt at moderate
pressure.
Such high degrees of melting have been proposed
for the generation of komatiites w50,51x. Komatiites
largely fall in two groups, the Barberton and Munrotypes w52x. Due to their high MgO contents and low
concentrations of SiO 2 , CaO, Al 2 O 3 and incompatible elements, relative to, for example, present midocean ridge basalts, it has been proposed that komatiites were generated by high degrees of melting Ž)
30%. at high pressures Ž) 7 GPa for Barberton-types,
and 9–5 GPa for Munro-types. w45,53–57x.
Munro-type komatiites, particularly occurring in
the late Archaean, have higher SiO 2 than Barberton-

types, and have CaOrAl 2 O 3 weight ratios close to
primitive mantle Ž; 1.0.. Compositions for Munrotype komatiites are also presented in Fig. 8, selected
using the ‘olivine control line’ criterion described by
w52x to avoid samples that may have experienced loss
or gain of major elements during metamorphism and
alteration, and restricted to Mga of 78–82 Žequilibrium olivine Fo 92 – 93.5 at 2 GPa.. The resulting
Munro komatiite field lies close to the pyrolite-based,
calculated melt for Wiedemann, and close to the
36–52% experimental melts at 2–3 GPa.
We first note that Munro-type komatiites may
have been produced by extensive melting at average
pressures of ; 2–3 GPa. However, the Munro-type
komatiite field differs slightly, but consistently, from
calculated and experimental melts, having lower SiO 2
and Al 2 O 3 , and higher FeO. Increasing pressure
results in increasing FeO and MgO and decreasing
SiO 2 in partial melts of mantle peridotite Že.g., w58x..
For example, Walter w45x reports an 11% partial melt
of primitive peridotite at 6 GPa with low SiO 2
Ž44.97 wt%. and high FeO Ž12.64 wt%. ŽFig. 8..
Munro-type komatiites plot between this 6 GPa melt
and the experimental 2–3 GPa melts.
The experiments of Falloon et al. w49x and Walter
w45x closely approximate isobaric batch melting, in
contrast to current models of polybaric, near-fractional mantle melting Že.g., w59,60x.. Similar, polybaric melting hypotheses have recently been proposed for komatiites w57,61x. The compositions of
the Munro-type komatiites may be produced by such
a polybaric melting process, with melting initiated at
roughly 7 GPa, and extending to 2–3 GPa or less,
accompanied by aggregation of partial melts.
If the Wiedemann harzburgites are among the
shallowest residues of a polybaric, near-fractional
melting process, they would be in equilibrium with
the last extracted melts, which could explain the
lower FeO and SiO 2 in calculated extracted liquids
compared to Munro-type komatiites. Since the degrees of melting inferred for the generation of the
Wiedemann harzburgites proceeds beyond clinopyroxene- and garnet-out, Al 2 O 3 and CaO in the calculated extracted melts is little fractionated relative to
primitive mantle compositions, with a weight ratio of
CaOrAl 2 O 3 around unity. The pyrolite-based, calculated melt has a CaOrAl 2 O 3 ratio of 1.06, typical of
the Munro-type komatiites that have ratios ranging
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Fig. 8. The major element composition of the average Wiedemann harzburgite, calculated on the basis of all samples and of the calculated
extracted melts Žcrossed boxes. using pyrolite and PUM as primitive mantle compositions Žsee text and Table 1 — compositions with tie
lines.. The compositions of the starting material for experimental melting studies by Falloon et al. w49x Žfilled boxes. and Walter w45x Ždot.
are also shown. The corresponding high-degree melt compositions are plotted using the same symbols as for the starting compositions. An
experimental melt at moderate melting degree Ž11%. and high pressure Ž6 GPa. given by Walter w45x is also plotted. Black boxes are
Munro-type komatiites ŽHerzberg, pers. commun., 1997, and Belingwe w87x; Kambalda w54,88,89x.. Note the similarity of the Wiedemann
extracted melt, calculated using pyrolite as starting material, with experimental high degree melts at 2–3 GPa. Munro-type komatiites are
similar in composition to both calculated and experimental melts, but are displaced slightly towards lower SiO 2 and higher FeO, as for
smaller degree melts at higher pressure, as indicated by Walter’s w45x 11% melt at 6 GPa.

from 0.9 to 1.2. Similarly, the rare earth element
patterns of Munro-type komatiites are flat at about
1–2 times primitive mantle, consistent with 40%
melting of primitive mantle leaving a harzburgitic
residue.
One of the main problems in linking depleted
peridotite xenoliths to the generation of komatiites
has been that many cratonic mantle xenoliths with
high Fo olivine, candidates for being the residues of

komatiite extraction, also have ) 31 wt% orthopyroxene Že.g., Kaapvaal peridotites, w7x.. These xenoliths are too rich in silica to be simply related to the
extraction of komatiites from primitive mantle compositions w7,62,63x. Instead, it has been suggested
that the orthopyroxene-rich harzburgites formed by
metamorphic differentiation of a lower SiO 2 protolith w7x, as cumulates from ultramafic melts w57,63x,
or as a product of reaction between an already
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depleted, olivine-rich harzburgite protolith and ascending melts, with either basaltic w62x or silicic
compositions w64–67x.
The Wiedemann harzburgites have SiO 2 lower
than the average peridotite from the Kaapvaal
province Žaverage 42.61 wt% versus 44–49 wt%,
respectively.. As stated above, the Wiedemann
harzburgites could be residues after extraction of
high-degree melts, resembling Munro-type komatiites. This viewpoint may find further support in the
scarcity of hydrous phases in the Weidemann xenoliths. Many mantle xenoliths from other cratonic
areas have undergone fluid- andror melt–rock reactions that have modified the chemical composition of
the rock Že.g., w68–70x.. Since the metasomatic agents
arise in underlying asthenospheric mantle or subduction, the domain most likely to have retained its
pristine residual composition would reside in the
uppermost mantle, where it would be ‘shielded’ from
migrating metasomatic fronts w3x.
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