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Abstract

Garnet and spinel peridotite xenoliths associated with the Phanerozoic Lambert–Amery Rift in eastern Antarctica contain
evidence for several stages in the development of the mantle beneath the rift. Despite the fact that equilibria were only partly
attained, a combination of petrography, whole-rock geochemistry, mineral chemistry and thermobarometry can be used to decipher
four stages prior to entrainment of the xenoliths in the host magma during the initial stages of the breakup of Antarctica, India and
Madagascar. The first chronological stage is represented by harzburgitic protoliths represented by rare occurrences of low-Ca
olivines and orthopyroxenes in spinel lherzolites: these yield the lowest temperatures of 830–850 �C, and are also characterized
by distinct trace element contents; lower Ti, Cr, V and Zn in olivine and orthopyroxene, and additionally lower Cu, Ni, Ga
and Li in orthopyroxene. Some garnets are subcalcic, indicating that the spinel–garnet lherzolites also formed from harzburgitic
protoliths. The second stage is the formation of garnet due to a pressure increase probably related to collision at 1.1 Ga. The third
stage is marked by the growth of clinopyroxene, demonstrably in cpx-poor spinel lherzolites but probably in all xenolith groups:
equilibrium of clinopyroxene with olivine and orthopyroxene was not attained in all samples, so that the non-judicious use of
thermobarometers can produce bewildering results. The fourth stage is an enrichment episode that affected all spinel–garnet
peridotites and about half of the spinel peridotites. During this stage, reaction rims were produced on the clinopyroxenes that
formed during stage 3, the modal content of olivine and Mg/(Mg + Fe) in the rocks was reduced, CaO, Al2O3 and trace elements
were enriched, and garnets were almost completely transformed to kelyphites. A later stage is documented by interstitial glasses and
films around spinels related to infiltration of melt from the host magma. These post-date, and are more enriched in alkalies than,
partially melted rims on clinopyroxenes, demonstrating that all the three earlier episodes were pre-entrainment events. Pressures
indicated by the spinel + garnet lherzolites are restricted to 20–24 kbar at 1040–1180 �C. Early harzburgitic assemblages are
interpreted to represent an earlier, cooler geotherm, whereas the kelyphite assemblages indicate temperatures 180–200 �C hotter than
the main xenolith geotherm. This event also caused recrystallization of the clinopyroxene rims and is attributed to heating during
rifting, but not due to the host magma itself. The preservation of evidence for three progressively hotter geotherms can be related to
the upward movement of isotherms during the development of the sub-rift mantle.
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1. Introduction

Rifting of continental crust is accompanied by a
progression from colder thicker lithosphere to warmer
thinner lithosphere, irrespective of whether the role of the
underlying mantle in rifting is passive or active. Rifts vary
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Fig. 1. Schematic map of the Lambert-Amery Rift area (after Tingey,
1991 with additions). Outcrops are shown in black, the coastline with a
thin solid line, and the position of the Lambert-Amery Rift with hatched
lines. The shaded area is known to be underlain by Archean rocks of the
east Antarctic craton. The xenoliths are from the Yuzhnoe (southern)
intrusion.
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from prominent examples in which crust and lithosphere
are merely thinned, such as the East African (Mechie
et al., 1997) or Rio Grande Rifts (Wilson et al., 2005) to ex-
treme examples where a former craton has been split and
rifting has proceeded to the production of oceanic crust,
such as in the Labrador Sea (Chalmers and Laursen, 1995).

Although the development of the sub-rift mantle is fre-
quently mapped out by geophysical means, little is known
first-hand about its changing petrology and composition
through studies of mantle xenoliths. Much effort has been
expended in describing the characteristics and differences
between cratonic and non-cratonic xenoliths (Harte,
1983; Menzies, 1983), in the recognition of enrichment pro-
cesses and their effects, and in the delineation of fossil geo-
therms in various regions, but relatively little on rift related
processes as recorded in xenoliths.

In the Jetty Peninsula area of eastern Antarctica there is
a little known occurrence of garnet–spinel–lherzolite xeno-
liths, the only such suite reported in Antarctica (Grikurov
et al., 1980; Andronikov, 1990). In addition to offering a
rare opportunity to study the mantle beneath Antarctica,
they have further value in providing insight into an area
where a stable craton was split by a major continental rift
during the separation of India from eastern Antarctica. In
this respect, the Jetty Peninsula xenoliths have well-studied
counterparts in only two areas, the central East African
rift, in which a variety of ultramafic xenoliths including
garnet-bearing lherzolites have been described (Rhodes
and Dawson, 1975; Henjes-Kunst and Altherr, 1992; Rud-
nick et al., 1994), and the Vitim plateau in Siberia, in which
garnet-spinel lherzolites may be distally related to the Bai-
kal Rift (Ionov et al., 1993; Glaser et al., 1999). Alkaline
intrusives related to the Labrador Sea rift, which split the
North Atlantic craton, are also known to contain garnet
lherzolites (Emeleus and Andrews, 1975; Andrews and
Emeleus, 1976; Bizzarro and Stevenson, 2003).

Although common in the xenolith suites of kimberlites
and related rocks from all continents (Harte, 1983; Boyd
and Mertzmann, 1987; Boyd et al., 1997), garnet- and
garnet + spinel lherzolite xenoliths occur only rarely in
non-kimberlitic rocks outside cratonic regions. Well-stud-
ied examples are known from Pali-Aike close to the Chi-
le-Argentina border (Skewes and Stern, 1979; Stern
et al., 1989; Kempton et al., 1999a,b), from the Navajo
volcanic field in Arizona/New Mexico (Ehrenberg,
1982), to the east and south of Lake Baikal in eastern
Siberia (Ionov et al., 1993; Ashchepkov et al., 1994;
Glaser et al., 1999; Litasov et al., 2000), from eastern
China (Fan and Hooper, 1989; Qi et al., 1995; Xu
et al., 1998), and from Malaita, Solomon Islands (Nixon
and Coleman, 1978; Delaney et al., 1979). These occur-
rences are important as representatives of the deepest
samples of the mantle from non-cratonic regions, and,
due to the presence of garnet, can be used to estimate
the pressure and temperature of origin of the xenoliths
with much more certainty than is possible for garnet-free
spinel lherzolite xenoliths.
In this paper, we present the main petrological and min-
eral chemical features of the peridotite xenolith suite from
the Jetty Peninsula, and show that the features they contain
can be interpreted in terms of long-term events in the litho-
spheric mantle, particularly thermal events during the
development of a major rift.

2. Geological setting

The Jetty Peninsula is located at the edge of the Amery
ice shelf on the flank of the Beaver Lake rift system which
was generated at about 650 Ma and lies nearly parallel to,
and on the western side of, the larger Lambert–Amery Rift
which developed during Mesozoic–Cenozoic times (Kuri-
nin and Grikurov, 1980; Andronikov and Beliatsky,
1995). The Lambert–Amery Rift dominates the regional
geology and structure and stretches more than 700 km in-
land from the coast, cutting through all known Proterozoic
and Archean basement rock groups of the region (Fig. 1).
The Prince Charles Mountains of MacRobertson Land
(Fig. 1) represent the best exposed section of the Precam-
brian East Antarctic Shield (Ravich et al., 1984; Sheraton
et al., 1996), although exposure is very limited by the con-
tinental ice. There are few modern geochronological data
for Archaean rocks of the southern Prince Charles Moun-
tains; Rb-Sr isochron ages of granitic gneisses are about
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2700–2800 Ma (Tingey, 1991), and there are a few some-
what older U–Pb zircon ages at 3000–3200 Ma (Kovach
and Beliatsky, 1991).

Mantle xenoliths are also known in Proterozoic (1.3–
1.7 Ga) ultramafic lamprophyres which cut the Archaean
high-grade metamorphic terrane of the Vestfold Hills fur-
ther to the northeast (Fig. 1; Andronikov et al., 1994; And-
ronikov and Mikhalsky, 1997). Thus, although located
relatively close to the Lambert–Amery Rift where the Jetty
Peninsula xenoliths occur, they were sampled much earlier
and are unrelated in terms of the mantle lithospheric events
they have experienced. The mantle xenoliths of Jetty Penin-
sula occur in a series of Mesozoic (140–150 Ma; Laiba
et al., 1987) alkaline ultramafic rocks. Xenoliths have been
found in two intrusive bodies (Fig. 1). Xenoliths from these
two bodies differ markedly in terms of petrography and
mineralogy; about 90% of xenoliths from the southern
body are lherzolites, including garnet-bearing varieties,
with subordinate harzburgite and dunite. In contrast, xeno-
liths from the northern intrusion comprise harzburgite
(50%), garnet-free lherzolite (25%), and subordinate wehr-
lite and dunite, and appear to be derived from higher levels
in the mantle.

3. The southern intrusion and its xenolith types

The southern intrusion consists of a dyke-like body
150 m long and up to 20 m wide, with a subcircular east-
ern end 80–85 m in diameter. Two intrusive episodes can
be recognized: the first occurs in the northern part of the
body and is characterized by an alkali-picritic breccia
rich in highly carbonated lapilli; the second phase makes
up most of the intrusion and is composed of phlogopite-
and pyroxene-bearing alkali-picrites (Andronikov, 1990;
Andronikov and Egorov, 1993). Mantle-derived xenoliths
comprise up to 30% of the rock volume. The chemical
composition of the alkali-picrites is given in Table 1:
the occurrence of the xenoliths in these rocks is interest-
ing, as spinel–garnet lherzolite xenoliths are carried by
Table 1
Representative chemical analyses of the host alkali picrites

SiO2 39.1 35.6
TiO2 1.48 1.74
Al2O3 6.53 5.76
Fe2O3 0.96 1.51
FeO 6.52 6.86
MnO 0.15 0.17
MgO 18.1 23.8
CaO 8.08 9.10
Na2O 1.42 1.48
K2O 1.80 1.74
P2O5 0.60 0.66
LOI 15.06 11.86

Total 99.88 100.24

CO2 9.57 8.16
Mg# 81.4 83.7
FeO total 7.38 8.22
alkali picrites in the Vitim plateau in Siberia (Litasov
et al., 2000), and by ultramafic lamprophyres on the bor-
ders of the Labrador Sea (Tappe et al., 2006). The Ant-
arctic alnöites have very high MgO contents and Mg#
(100Mg/(Mg + Fe)) and extremely high volatile contents
(CO2 contents up to 9.6 wt%). CaO contents are much
lower than in ultramafic lamprophyres of olivine–melilit-
itic affinity which occur close by because of the domi-
nance of olivine and phlogopite (Andronikov, 1990;
Foley et al., 2002). The rocks are richer in MgO than
the alkali picrites in Siberia.

The majority of the xenoliths are ovoid in shape and
range in size from 5 to 30 cm, locally reaching 50 cm in
diameter (Andronikov, 1990). Three main groups of
lherzolites can be identified on the basis of mineral
assemblage, textural relationships between the minerals,
and mineral composition; (i) cpx-poor spinel lherzolites,
(ii) cpx-rich spinel herzolites, and (iii) garnet + spinel
lherzolites.

3.1. Clinopyroxene-poor spinel lherzolites (CPSL)

Cpx-poor spinel lherzolites show no pronounced tex-
tural evidence of reaction relationship between mineral
phases and have homogeneous mineral major element
compositions. Crystals are medium to coarse grained,
inequigranular and can have well-developed triple-point
junctions. Olivine and clinopyroxene crystals are up to
2–3 mm across; orthopyroxenes are generally smaller
(0.3–0.7 mm), whereas spinels form either small
(<0.1 mm) red-brown equigranular crystals or large
(up to 1–1.5 mm) amoeboid grains (Fig. 2a). Large spi-
nel grains may contain small (<0.1 mm) olivine inclu-
sions, and inclusions of olivine and orthopyroxene
occur within larger orthopyroxene and olivine grains.
Texturally identifiable products of intra-mantle metaso-
matic reaction are extremely rare in this group: minor
glass occurs as thin films (15–20 lm) around spinel
grains, and small (<0.01 mm) oval carbonate blebs
can be distinguished between pyroxene grains. Modal
mineral composition of the xenoliths determined by
point counting are given in Table 2. These show higher
modal olivine and lower modal clinopyroxene for the
CPSL than for the other two groups; clinopyroxene
averages only 5% modally in contrast to >11% in the
other two groups.

3.2. Clinopyroxene-rich spinel lherzolites (CRSL)

Cpx-rich spinel lherzolites show abundant evidence for
reaction relationships between minerals. Mineral compo-
sitions are typically inhomogeneous and may be strongly
zoned from core to rim. Textures are coarse inequigran-
ular with the size of olivine, pyroxenes and spinel gener-
ally ranging between 0.5 and 1.0 mm (Fig. 2b). Large
orthopyroxene grains (up to 2–3 mm) are uncommon.
Small grains of olivine and spinel (0.1–0.2 mm) may be
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included in larger orthopyroxene and olivine crystals.
Kink-bands in olivine and orthopyroxene show a greater
degree of deformation than observed in CPSL. Late
metasomatic and/or incipient melting events are evident
as recrystallized rims of clinopyroxene (Fig. 2b) and
more rarely spinel (Fig. 2c). These rims may replace as
much as 90% of the original minerals. The recrystallized
clinopyroxene has a spongy appearance in thin section
due to numerous micrometre-sized glass inclusions.
Further indications for the chemical nature of the meta-
somatic agent are given by small (<10 lm) carbon-
ate + sulphide blebs occurring as inclusions in silicate
minerals (Fig. 2d), and carbonate inclusions in sulphides
(Fig. 2e). These chemical characteristics show that the
recrystallization of clinopyroxenes to form the spongy
rims was accompanied by minor infiltration of material.
The modal abundance of clinopyroxene is higher
(9–14%) and that of olivine lower (66–75% vs. 78–82%)
than in cpx-poor spinel lherzolites, whereas the
abundances of orthopyroxene and spinel are similar in
both groups (Table 2).
3.3. Spinel–garnet Lherzolites (SGL)

The spinel–garnet lherzolite group shares many of the
textural features of the clinopyroxene-rich spinel lherzo-
lites, but differs by the presence of garnet (Fig. 2f), most
of which is totally transformed to kelyphite. The texture
is coarse inequigranular, partly porphyroclastic because
of the presence of kelyphite aggregates after garnets that
are up to 3 cm in diameter. The average grain size of the
other silicate minerals is 0.5–0.8 mm although single olivine
grains may be up to 4 mm in diameter. Spinel is relatively
rare (<1%) and can be present either as nearly idiomorphic
or as amoeboid interstitial grains. Kink-bands in primary
olivine and orthopyroxene are common. Evidence for
metasomatic infiltration or incipient melting is similar to
the CRSL in the development of reaction rims around clin-
opyroxene and spinel, but these rims are thinner than in the
CRSL. Another feature of the SGL is the sporadic develop-
ment of small clinopyroxene and olivine neoblasts adjacent
to primary orthopyroxene grains. Thin (10–30 lm) inter-
granular films of glass may be developed between various



Table 2
Modal mineralogy of lherzolite xenoliths from the Jetty Peninsula

Sample Ol Opx Cpx Ga Spl Sulf Carb

Cpx-poor spinel lherzolites (CPSL)

U-3 80 13 4.5 2.5 + +
D-11 82 12.5 3.5 1.5 +
U-3/4-2 78.5 12 6.5 3 +
D-24 78 14 4.5 3.5 + +
D-N2 82 11 4 3
1/4-3 79 12.5 5 3.5 + +
32601-9B 78 10 7 5 +

Average 79.6 12.1 5.0 0.0 3.1

Cpx-rich spinel lherzolites (CRSL)

U-1 69 16 14 1 +
U-4/9-2 75 11 9 4 + +
U-36* 66 16 11 2 +
U-N1 72 14 12 2 + +
XLT-4 71 14 12 3 +
XLT-5 70 15 12 3 + +

Average 70.5 14.3 11.7 0.0 2.5

Spinel–garnet lherzolites (SGL)

U-3/3A 58 22.5 16.5 2.5 0.5 +
U-16 60 22 14 3.7 0.3 +
U-17 66 18.5 13 2 0.5 +
U-47 60.5 22 12 5 0.5 +
D-A3 68 19 11 1.5 0.5 +
DK-8/3 62 21.5 12 4 0.5 +
D-N1 63.5 19.5 13 3.8 0.2 + +
D-N4 62 19 13.5 5 0.5 + +
3/1-3 66.5 18 12 3 0.5 + +
15/1-2 57 21 15 6.8 0.2 +
XLT-1 61 20.6 15 3 0.4 +

Average 62.2 20.3 13.4 3.7 0.4

Mineral modes given in vol%. Presence of trace sulphides and carbonates (<1%) denoted by +. *, Sample U-36 additionally contains 5% glass patches.
Abbreviations: Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Ga, garnet; Spl, spinel; Sulf, sulphides and Carb, carbonates.
Values given for garnet include volumes now occupied by kelyphite.
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silicate mineral grains. Large olivine grains may contain
inclusions of smaller olivines and orthopyroxenes and very
rarely small blebs of carbonate. The SGL group appears to
represent higher pressure equivalents of the CRSL group,
differing essentially only in the presence of garnet, whereas
no unmetasomatized garnet-bearing equivalents of the
CPSL group have been found. The modal abundance of
olivine is lower and that of orthopyroxene higher in SGL
than in CRSL (Table 2).

4. Geochemistry of Jetty Peninsula peridotite xenoliths

Table 3 presents XRF whole-rock compositions for all
peridotite samples studied. The Jetty Peninsula xenoliths
have Mg# 87–91.6, similar to mantle peridotites from
non-cratonic continental occurrences worldwide (Frey
and Prinz, 1978; Menzies, 1983; Preß et al., 1986; Henjes-
Kunst and Altherr, 1992; Vaselli et al., 1995). On a plot
of Mg# of olivine against modal olivine content (Fig. 3),
they fall along the oceanic depletion trend of Boyd (1989)
in a generally similar position to garnet + spinel peridotites
from the Vitim area (Ionov et al., 1993; Glaser et al., 1999)
and Pali Aike (Kempton et al., 1999a). They are distinct
from the low temperature cratonic peridotites of Kaapvaal
and Siberia, which lie to higher Mg# for a given modal
olivine content (Boyd and Mertzmann, 1987; Boyd et al.,
1997), and also from the exceptionally depleted West
Greenland harzburgites (Bernstein et al., 1998). Fig. 3
shows that the Jetty Peninsula clinopyroxene-poor spinel
lherzolites have higher modal olivine contents and are dis-
tinctly and uniformly more depleted than the SGL and
CRSL groups, and that the CRSL show more scatter away
from the depletion trend towards lower Mg#. The more
depleted character of the CPSL is also apparent from plots
of Mg# against CaO and Al2O3 of the whole rocks (Fig. 4).
The peridotites of Vitim and Pali Aike are similar to
undepleted mantle (Mg# 89.3, CaO = 3.54 wt%,
Al2O3 = 4.44 wt%; McDonough and Sun, 1995), and offset
to higher CaO and Al2O3 relative to rocks from the other
localities shown in Fig. 4. The Jetty peninsula SGL are sim-
ilar to Vitim and Pali Aike in CaO contents, whereas they
plot to somewhat lower contents of Al2O3. The CRSL
again show more scatter, but are more similar to the
SGL than the depleted CPSL. It thus appears from the
whole-rock compositions that the clinopyroxene-rich spinel
lherzolites and garnet + spinel lherzolites have more prim-
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Fig. 3. Mg# of olivine vs. modal olivine content for Jetty Peninsula
lherzolites compared to other spinel + garnet lherzolite localities of Pali
Aike, Chile (unshaded and darkest shading; Kempton et al., 1999a,b) and
Vitim, Siberia (two shadings for garnet (GP) and spinel (SP) peridotites;
Ionov et al., 1993; Glaser et al., 1999). The Jetty Peninsula samples lie on
the oceanic trend of Boyd (1989) and are distinct from Kaapvaal and
Siberia cratonic peridotites, which have higher Mg# olivines for a given
modal olivine content. Jetty Peninsula clinopyroxene-poor spinel lherzo-
lites (CPSL) have higher modal olivine than clinopyroxene-rich spinel
lherzolites (CRSL) and spinel + garnet lherzolites (SGL). The CRSL show
more scatter to lower Mg#. Other data sources: Kaapvaal peridotites from
Boyd and Mertzmann (1987), West Greenland from Bernstein et al.
(1998).
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itive compositions than the clinopyroxene-poor spinel
lherzolites, although it remains to be ascertained to what
proportion the composition of all rock types is influenced
by re-enrichment of protoliths by melt infiltration. The
higher P2O5 contents in some xenoliths indicate a higher
degree of infiltration by the host melt and not to the pres-
ence of modal apatite as known from other peridotites
(Chazot et al., 1996a,b).

5. Major element compositions of minerals

Major element compositions of xenolith minerals were
analysed by a CAMECA SX 50 microprobe at University
of Tasmania (Hobart, Australia), and by a CAMECA SX
100 microprobe at GeoForschungsZentrum (Potsdam, Ger-
many), with an accelerating voltage of 15 kV and a beam cur-
rent of 20 nA. Where grain sizes permitted, a wide diameter
electron beam (10–20 lm) was used to prevent strong alkali
volatilization, especially for analysis of glass compositions.
The main chemical parameters for representative primary
minerals of each sample are summarized in Table 4, and
analyses are given for mineral rims, neoblasts, and the com-
ponents of kelyphitic rims around garnets in Table 5.

5.1. Olivine

Olivines from all three groups of Jetty Peninsula perido-
tites are relatively uniform in composition and characteris-
tic of fertile to moderately depleted rock compositions
(89.3–91.8). Olivines in the CPSL appear to be uniform;
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Fig. 4. Mg# of whole-rocks vs. CaO and Al2O3 indicates more depleted
character of Jetty Peninsula spinel lherzolites relative to clinopyroxene-
rich spinel lherzolites (CRSL) and spinel + garnet lherzolites (SGL).
Mantle depletion by basalt loss is represented by the trend from Nushan
peridotites (Xu et al., 1998) through Arizona (Ehrenberg, 1982) to
Kaapvaal (Nixon et al., 1981; Boyd and Mertzmann, 1987). Vitim and Pali
Aike (sources as in Fig. 3) show more enriched compositions; Jetty
Peninsula SGL have similar CaO but lower Al2O3 contents to spinel–
garnet lherzolites from Vitim and Pali Aike.

3102 S.F. Foley et al. 70 (2006) 3096–3120
average Mg# range only between 90.7 and 91.4 in seven
samples, whereas CaO contents are generally <0.1% but
occassionally much lower (<0.01%). There are small but
systematic differences in the compositions of olivines be-
tween the groups: olivines from most CRSL exhibit lower
Mg# (89.0–89.7), whereas two (U-36 and U-N1; Table 4)
are in the same range (91.0–91.8) as the CPSL. The
group average is lower (Mg# = 90.3) than for CPSL
(Mg# = 91.0). Olivines from spinel–garnet lherzolites gen-
erally have Mg# within the range 90–91, intermediate be-
tween the populations of the other two groups; the group
average of 90.0 is marginally lower than for the CRSL.
Small olivine neoblasts adjacent to orthopyroxene in
SGL sample U-16 have lower Mg# (89.2–90.0; Table 5).

5.2. Orthopyroxene

Orthopyroxene Mg# presents the same picture as that
for olivines: the range is small relative to peridotite
xenoliths around the world but varies systematically with
decreasing Mg# from CPSL (average 91.7) through CRSL
(90.6) to SGL (90.4). Orthopyroxenes from the CPSL
possess the lowest Al2O3 (average 3.5%) amongst the three
peridotite groups, and this oxide generally increases in
abundance, through the CRSL to the SGL. As for olivine,
orthopyroxenes show the greatest compositional range in
the CRSL. The CPSL orthopyroxenes are typical of mantle
spinel peridotites worldwide, although Cr2O3 contents are
slightly higher and TiO2 contents considerably lower. A
good correlation between Mg# in opx with that in olivine
indicates a close approach to equilibrium of major elements
between the texturally primary phases in all rock groups in
most cases, and a general coherence within all three groups.
Small second-generation orthopyroxene crystals occur in
spinel–garnet lherzolites as breakdown products of garnet
in kelyphite rims. These orthopyroxenes are characterized
by very high Al2O3 contents (10.5–14.7%), high CaO
(1.34–2.57 wt%), and lower Mg# (81.8–88.5) relative to pri-
mary orthopyroxenes (Tables 4 and 5), as governed by the
composition of the destabilized garnet.

5.3. Clinopyroxene

Clinopyroxene-poor spinel lherzolites contain only one
generation of clinopyroxene characterized by low Na2O
(average 0.72%) and Al2O3 (3.0–4.4%). Together with
the high Mg# (average 92.7; Table 4), this attests to their
relatively depleted nature. The clinopyroxene-rich spinel
lherzolites contain two generations of clinopyroxene as
main populations throughout the rocks (Fig. 2b). The
texturally primary clinopyroxenes are chrome-diopsides
with much higher contents of TiO2 (up to 0.64%, average
0.46%), Al2O3 (average 5.9%) and Na2O (average 1.4%).
Mg# of clinopyroxenes shows the same relationships be-
tween the groups as for olivine and orthopyroxene:
CPSL are distinguished primarily by their higher Mg#,
whereas CRSL and SGL show considerable overlap. In
a plot of Al2O3 against Cr2O3, clinopyroxenes from
CPSL show similar Al2O3 and slightly lower Cr2O3 rela-
tive to xenoliths from Pali Aike, whereas spinel + garnet
lherzolites are considerably more Al2O3-rich, although
similar to the SGL from Vitim (Fig. 5). There is gener-
ally a similar distinction between garnet-bearing and gar-
net-free spinel lherzolites as for Pali Aike. The distinction
from cratonic peridotites by high Al2O3 is as clear for
the Jetty Peninsula SGL as for the other SGL from
non-cratonic sources (Fig. 5).

The recrystallized rims of clinopyroxenes are chemically
different, with lower Na2O (0.29–0.88%; average 0.57%)
and Al2O3 (average 4.7%) than primary clinopyroxenes.
Mg# values are generally higher (average 91.5) than for
primary clinopyroxenes (90.4). In the SGL, clinopyroxene
rims are developed only sporadically; where present, they
have the same chemical characteristics as clinopyroxene
rims in the CRSL, but contain higher amounts of MnO
derived from higher concentrations in the parental
clinopyroxenes. Rare clinopyroxene neoblasts around orth-
opyroxene in SGL are generally lower in non-quadrilateral
cations than other clinopyroxene generations, with the



Table 4
Electron microprobe analyses of minerals in Jetty Peninsula peridotites

Group Sample # Mineral SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO NiO CaO Na2O K2O Total Mg# Cr#

SGL U-16 Olivine 40.69 0.035 0.043 0.053 9.47 0.158 47.76 0.31 0.14 0.015 98.68 90.0
SGL U-17 Olivine 40.28 0.010 0.046 0.066 9.36 0.131 48.46 0.41 0.11 0.021 98.89 90.2
SGL U-47 Olivine 41.11 0.005 0.045 0.032 9.92 0.138 48.53 0.34 0.07 0.010 100.19 89.7
SGL U-3/3A Olivine 41.19 0.006 0.076 0.057 9.78 0.127 48.81 0.37 0.12 0.015 100.54 89.9
SGL D-3 Olivine 41.17 0.008 0.057 0.052 9.04 0.163 50.43 0.42 0.13 0.017 101.49 90.9
SGL DK-8/3 Olivine 41.56 0.018 0.043 0.019 9.63 0.387 49.63 0.13 0.09 0.013 101.53 90.2
SGL D-N1 Olivine 40.13 0.006 0.068 0.061 9.76 0.156 48.19 0.37 0.12 0.019 98.87 89.8
SGL D-N4 Olivine 40.76 0.014 0.064 0.022 10.15 0.141 49.05 0.37 0.10 0.017 100.69 89.6
SGL XLT-1 Olivine 41.80 0.009 0.038 0.051 9.89 0.132 49.75 0.37 0.11 0.012 102.16 90.0
SGL 3/1-3 Olivine 40.65 0.030 0.088 0.023 9.51 0.170 48.92 0.39 0.12 0.023 99.91 90.2
SGL 15/1-2 Olivine 40.74 0.018 0.167 0.064 9.61 0.166 49.35 0.34 0.14 0.014 100.61 90.2
CRSL U-1 Olivine 39.97 0.012 0.034 0.055 8.90 0.171 50.15 0.36 0.10 0.014 99.76 90.9
CRSL U-36 Olivine 40.83 0.020 0.035 0.030 8.06 0.185 50.11 0.37 0.10 0.030 99.76 91.7
CRSL U-N1 Olivine 40.15 0.018 0.034 0.024 8.56 0.132 48.40 0.36 0.10 0.014 97.80 91.0
CRSL U-4/9-2 Olivine 41.32 0.022 0.024 0.053 10.51 0.120 48.57 0.38 0.09 0.001 101.09 89.2
CRSL XLT-4 Olivine 41.46 0.017 0.046 0.048 10.31 0.144 49.16 0.37 0.03 0.016 101.67 89.5
CRSL XLT-5 Olivine 41.45 0.024 0.009 10.04 0.127 49.12 0.38 0.03 0.013 101.16 89.7
CPSL U-3 Olivine 41.00 0.008 0.042 0.049 8.59 0.134 50.10 0.37 0.096 0.010 100.40 91.2
CPSL U-3/4-2 Olivine 41.55 0.024 0.025 0.022 8.88 0.118 49.77 0.39 0.077 0.011 100.86 90.9
CPSL D-11 Olivine 40.06 0.017 0.018 0.158 8.85 0.210 48.65 0.37 0.072 0.010 98.41 90.7
CPSL D-24 Olivine 40.53 0.012 0.031 0.031 8.38 0.180 48.84 0.37 0.079 0.005 98.46 91.2
CPSL D-N2 Olivine 40.26 0.035 0.038 0.072 8.70 0.168 49.13 0.40 0.086 0.015 98.90 91.0
CPSL 1/4-3 Olivine 40.96 0.030 0.021 0.080 8.82 0.180 50.32 0.39 0.058 0.014 100.86 91.0
CPSL 32601-9B Olivine 41.62 0.016 0.016 0.016 8.60 0.416 50.19 0.33 0.018 0.008 101.00 91.2

SGL U-16 Opx 54.33 0.076 5.05 0.707 5.94 0.171 32.21 0.106 1.18 0.143 99.92 90.6
SGL U-17 Opx 53.61 0.258 4.68 0.651 5.89 0.166 31.92 0.099 1.05 0.144 98.47 90.6
SGL U-47 Opx 55.39 0.065 4.36 0.606 6.26 0.127 32.49 0.093 0.85 0.121 0.005 100.37 90.2
SGL U-3/3A Opx 54.51 0.138 5.96 0.665 6.07 0.129 31.65 0.106 1.39 0.184 0.008 100.81 90.3
SGL D-3 Opx 54.23 0.134 5.64 0.689 5.66 0.159 32.47 0.101 1.18 0.161 100.43 91.1
SGL DK-8/3 Opx 55.50 0.102 4.88 0.700 6.04 0.111 32.71 0.124 1.10 0.125 0.005 101.39 90.6
SGL D-N1 Opx 53.40 0.159 5.54 0.657 6.16 0.153 31.34 0.115 1.20 0.177 98.90 90.1
SGL D-N4 Opx 54.72 0.203 5.02 0.690 6.29 0.166 32.24 0.117 1.15 0.178 100.77 90.1
SGL XLT-1 Opx 55.61 0.071 5.06 0.713 6.29 0.122 32.58 0.104 1.16 0.175 0.005 101.89 90.2
SGL 3/1-3 Opx 53.92 0.166 5.75 0.689 6.07 0.149 31.80 0.108 1.26 0.160 100.08 90.3
SGL 15/1-2 Opx 53.86 0.167 5.98 0.697 5.94 0.154 31.74 0.116 1.41 0.185 100.25 90.5
CRSL U-1 Opx 54.37 0.035 4.26 0.663 5.65 0.154 33.41 0.096 1.01 0.102 99.75 91.3
CRSL U-36 Opx 54.87 0.207 4.74 0.713 5.19 0.157 33.07 0.112 1.14 0.180 100.39 91.9
CRSL U-N1 Opx 53.83 0.133 4.96 0.680 5.45 0.130 31.80 0.115 1.07 0.158 98.33 91.2
CRSL U-4/9-2 Opx 54.86 0.191 4.62 0.715 6.59 0.099 31.92 0.150 1.09 0.151 0.003 100.38 89.6
CRSL XLT-4 Opx 55.45 0.170 4.50 0.769 6.54 0.136 32.44 0.113 1.14 0.120 0.006 101.38 89.8
CRSL XLT-5 Opx 56.24 0.084 3.86 0.252 6.97 0.149 33.47 0.066 0.34 0.035 0.008 101.47 89.5
CPSL U-3 Opx 55.46 0.023 3.83 0.748 5.40 0.154 33.59 0.104 0.96 0.071 100.34 91.7
CPSL U-3/4-2 Opx 56.05 0.012 3.88 0.622 5.63 0.130 33.53 0.103 0.88 0.079 0.005 100.92 91.4
CPSL D-11 Opx 54.67 0.026 3.63 0.535 5.34 0.128 32.87 0.105 0.84 0.040 98.17 91.7
CPSL D-24 Opx 55.45 0.017 3.54 0.592 5.16 0.134 32.91 0.101 0.90 0.040 98.84 91.9
CPSL D-N2 Opx 54.72 0.020 3.51 0.672 5.38 0.194 33.14 0.136 0.94 0.076 98.79 91.7
CPSL 1/4-3 Opx 55.76 0.028 3.70 0.573 5.41 0.168 33.85 0.120 0.88 0.060 100.54 91.8
CPSL 32601-9B Opx 57.33 0.022 2.44 0.401 5.72 0.081 34.71 0.142 0.38 0.016 0.010 101.25 91.5

SGL U-16 Cpx 51.66 0.387 4.52 1.18 3.29 0.108 16.88 0.047 20.80 0.78 99.66 90.1
SGL U-17 Cpx 50.53 0.716 6.44 1.21 3.13 0.116 15.72 0.070 19.02 1.47 98.42 89.9
SGL U-47 Cpx 52.58 0.180 5.67 1.22 3.05 0.086 15.85 0.029 20.11 1.59 0.010 100.38 90.3
SGL U-3/3A Cpx 51.55 0.325 7.40 1.04 3.55 0.116 17.02 0.087 18.12 1.26 0.005 100.49 89.5
SGL D-3 Cpx 51.58 0.415 6.94 1.19 3.25 0.110 16.60 0.042 18.43 1.43 99.98 90.1
SGL DK-8/3 Cpx 52.82 0.266 5.44 1.32 3.03 0.073 16.68 0.097 20.63 1.29 0.003 101.64 90.8
SGL D-N1 Cpx 50.72 0.478 6.94 1.35 3.60 0.094 15.98 0.046 18.33 1.55 99.07 88.8
SGL D-N4 Cpx 51.40 0.608 6.85 1.19 3.73 0.177 16.63 0.056 18.54 1.22 100.41 88.8
SGL XLT-1 Cpx 53.12 0.197 6.22 1.47 3.46 0.106 16.88 0.080 19.23 1.53 0.009 102.31 89.7
SGL 3/1-3 Cpx 51.32 0.502 7.00 1.14 3.39 0.121 16.25 0.061 18.18 1.44 99.39 89.5
SGL 15/1-2 Cpx 51.47 0.442 7.26 1.13 3.55 0.118 17.05 0.070 17.56 1.30 99.95 89.5
CRSL U-1 Cpx 51.56 0.063 5.02 1.11 2.84 0.125 16.89 0.051 20.05 1.14 98.85 91.4
CRSL U-36 Cpx 51.74 0.638 6.38 1.30 2.96 0.075 16.33 0.053 19.02 1.62 100.11 90.8
CRSL U-N1 Cpx 51.19 0.388 5.69 1.22 2.82 0.074 16.21 0.071 19.93 1.22 98.80 91.1
CRSL U-4/9-2 Cpx 52.13 0.595 5.93 1.29 3.68 0.093 16.29 0.015 19.22 1.46 100.70 88.7

(continued on next page)
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Table 4 (continued)

Group Sample # Mineral SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO NiO CaO Na2O K2O Total Mg# Cr#

CRSL XLT-4 Cpx 52.62 0.435 5.37 1.14 3.54 0.095 16.73 0.041 20.30 1.16 0.009 101.44 89.4
CRSL XLT-5 Cpx 52.77 0.634 6.83 0.72 2.21 0.063 14.22 0.016 22.14 1.96 0.010 101.57 92.0
CPSL U-3 Cpx 52.95 0.061 4.24 1.15 2.77 0.102 17.40 0.073 20.46 0.80 100.01 91.8
CPSL U-3/4-2 Cpx 53.69 0.040 4.25 0.99 2.65 0.078 17.26 0.062 21.62 0.84 0.008 101.48 92.1
CPSL D-11 Cpx 51.73 0.047 3.75 0.81 2.28 0.084 16.86 0.038 22.05 0.63 98.28 93.0
CPSL D-24 Cpx 52.27 0.000 3.65 0.97 2.29 0.069 17.05 0.065 21.88 0.58 98.83 93.0
CPSL D-N2 Cpx 52.25 0.040 3.80 1.14 2.50 0.090 17.24 0.063 21.58 0.76 99.46 92.5
CPSL 1/4-3 Cpx 53.30 0.040 3.85 0.99 2.40 0.066 17.33 0.052 21.35 0.81 100.20 92.8
CPSL 32601-9B Cpx 53.90 0.037 2.95 0.91 1.84 0.038 16.59 0.061 24.97 0.61 0.005 101.91 94.1

SGL U-16 Garnet 42.04 0.130 22.32 1.91 6.83 0.367 20.54 5.57 0.013 99.72 84.3
SGL U-17 Garnet 41.78 0.135 21.61 1.50 7.55 0.405 21.28 5.54 99.79 83.4
SGL U-47 Garnet 41.74 0.250 21.25 1.89 8.19 0.340 21.08 5.24 0.030 99.99 82.1
SGL U-3/3A Garnet 45.06 0.155 19.32 1.68 6.77 0.268 24.74 0.058 3.44 0.049 101.54 86.7
SGL D-3 Garnet 41.57 0.320 22.93 1.11 6.29 0.540 21.89 5.04 99.69 86.1
SGL DK-8/3 Garnet 43.40 0.173 21.39 1.99 8.25 23.08 4.18 0.013 102.47 83.3
SGL D-N1 Garnet 41.78 0.135 21.61 1.50 7.73 0.405 21.28 5.54 0.015 99.98 83.1
SGL D-N4 Garnet 41.78 0.135 21.61 1.50 7.73 0.405 21.28 5.54 0.015 99.98 83.1
SGL XLT-1 Garnet 42.88 0.054 17.67 1.43 7.41 0.278 27.25 0.047 1.34 0.014 98.36 86.8
SGL 3/1-3 Garnet 41.59 0.205 22.30 1.85 7.06 0.285 21.44 5.30 100.02 84.4
SGL 15/1-2 Garnet 41.54 0.240 22.38 1.44 6.35 0.315 20.52 0.040 5.42 0.015 98.25 85.2

SGL U-16 Spinel 0.14 49.2 17.1 11.50 0.18 19.3 0.305 97.71 74.9 18.8
SGL U-17 Spinel 0.53 49.3 16.1 11.85 0.18 18.9 0.323 97.16 74.0 17.9
SGL U-47 Spinel 0.07 0.14 46.4 20.8 12.89 0.20 18.7 0.238 99.41 72.1 23.1
SGL U-3/3A Spinel 0.17 0.21 54.3 12.8 11.19 0.18 20.7 0.360 99.98 76.7 13.6
SGL D-3 Spinel 0.26 50.3 16.0 11.22 0.15 20.5 0.342 98.69 76.5 17.5
SGL DK-8/3 Spinel 0.11 0.22 48.7 19.9 12.32 0.27 19.4 0.197 101.12 73.7 21.4
SGL D-N1 Spinel 0.39 47.6 16.8 12.29 0.16 18.9 0.330 96.51 73.3 19.1
SGL D-N4 Spinel 0.44 50.4 15.3 12.31 0.21 19.0 0.356 98.00 73.3 16.8
SGL XLT-1 Spinel 0.14 0.14 51.8 16.1 12.29 0.15 20.3 0.340 101.28 74.6 17.2
SGL 3/1-3 Spinel 0.33 50.7 15.0 11.55 0.10 19.8 0.343 97.84 75.4 16.5
SGL 15/1-2 Spinel 0.27 53.2 13.3 10.73 0.10 20.7 0.367 98.69 77.5 14.3
CRSL U-1 Spinel 0.05 43.2 23.3 12.61 0.18 18.7 0.262 98.30 72.6 26.4
CRSL U-36 Spinel 0.60 44.0 21.4 11.25 0.07 19.8 0.315 97.43 75.8 24.5
CRSL U-N1 Spinel 0.25 47.6 18.4 10.87 0.09 19.2 0.352 96.77 75.9 20.5
CRSL U-4/9-2 Spinel 0.09 0.63 42.4 23.2 14.73 0.22 18.2 0.376 99.85 68.8 26.7
CRSL XLT-4 Spinel 0.11 0.57 40.8 25.4 15.50 0.24 17.8 0.264 100.62 67.1 29.4
CRSL XLT-5 Spinel 0.02 0.04 59.6 9.1 11.67 0.13 19.8 0.361 100.71 75.2 9.2
CPSL U-3 Spinel 0.08 39.2 27.9 12.59 0.14 18.2 0.269 98.35 72.0 32.2
CPSL U-3/4-2 Spinel 0.08 0.04 42.9 25.4 12.49 0.22 18.7 0.276 100.09 72.8 28.3
CPSL D-11 Spinel 0.02 44.3 23.3 10.64 0.10 18.2 0.255 96.81 75.3 25.9
CPSL D-24 Spinel 0.02 41.6 25.1 10.45 0.11 18.0 0.264 95.52 75.5 28.7
CPSL D-N2 Spinel 0.06 37.6 29.8 12.29 0.18 17.4 0.297 97.60 71.6 34.6
CPSL 1/4-3 Spinel 0.04 40.9 26.0 12.73 0.12 18.3 0.254 98.34 71.9 29.7
CPSL 32601-9B Spinel 0.02 0.03 39.5 29.2 15.44 0.23 15.6 0.180 100.21 64.4 33.0
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exception of TiO2, which is higher (average 0.79 vs.
0.45 wt%). Clinopyroxenes in kelyphite rims around garnet
contain low SiO2 (mostly 47.1–48.0%) and Na2O, but very
high Al2O3 (mostly 10.4–11.6%). The Cr2O3-content is rel-
atively low (0.34–0.68%), and Mg# ranges from 86.2 to
86.6, reflecting the lower Mg# of the parental garnet.

All these generations of clinopyroxene are easily distin-
guished from those originating from the host alkali picrite
magma, which are present in rare patches and veinlets of
infiltrating host material. Here, clinopyroxenes are brown-
ish prismatic crystals rich in TiO2 (4.5–5.8%), Al2O3 (7.6–
9.5%) with Mg# ranging between 73.8 and 79.3. These
markedly different compositional features are similar to
those of host magma clinopyroxenes, confirming that infil-
tration of host magma material in other samples could be
easily recognized.
5.4. Garnet

The occurrence of garnet is limited to relict grains inside
kelyphite aggregates. Only a few analyses could be ob-
tained (Table 4), because the replacement of garnet by kel-
phite is often complete. The garnets are pyrope-rich and
similar in composition to those from other localities where
spinel+garnet lherzolites are found in off-craton areas
(Ionov et al., 1993; Xu et al., 1998; Glaser et al., 1999;
Kempton et al., 1999a). In contrast, cratonic garnet lherz-
olites have higher Cr2O3, generally above 4% (Boyd and
Mertzmann, 1987; Boyd et al., 1997; McDonough and
Rudnick, 1998). Garnets from two samples deviate from
the norm in having subcalcic compositions more typical
of harzburgites, but they are not Cr2O3-rich as in G10
garnets (Jacob et al., 1997; Stachel et al., 1998). Their bulk



Table 5
Microprobe analyses of late-stage minerals in the Jetty Peninsula peridotites

Group Sample # Mineral Textural position SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO NiO CaO Na2O K2O Total Mg#

SGL U-16 Olivine Neoblast 42.96 0.05 0.009 9.28 0.17 46.80 0.41 0.11 99.79 90.0
SGL U-16 Olivine Neoblast 40.44 0.02 0.13 10.41 0.2 48.31 0.13 0.23 99.87 89.2
SGL U-16 Cpx Neoblast 49.92 1.30 4.57 0.44 4.31 0.11 16.59 0.06 22.09 0.22 99.61 87.3
SGL U-16 Cpx Neoblast 53.00 0.46 2.22 0.96 3.72 0.19 19.04 0.01 20.19 0.26 100.05 90.1
SGL U-16 Cpx Neoblast 51.18 1.16 3.89 0.44 3.92 0.04 16.06 0.05 22.76 0.25 99.75 88.0
SGL U-16 Cpx Neoblast 51.57 0.22 3.81 1.62 2.96 0.08 16.91 0.01 22.28 0.29 99.75 91.1

CRSL U-1 Cpx Rim 52.13 0.05 2.87 1.36 2.85 0.11 18.70 0.032 21.55 0.31 99.96 92.1
CRSL U-4/9-2 Cpx Rim 51.30 0.53 4.49 1.53 3.30 0.11 16.82 0.079 21.30 0.55 100.01 90.1
CRSL U-36 Cpx Rim 51.88 0.53 3.89 1.60 2.54 0.07 17.30 0.080 21.90 0.48 100.27 92.4
CRSL U-N1 Cpx Rim 51.40 0.31 4.81 1.33 2.79 0.22 16.80 0.030 21.33 0.76 99.78 91.5
CRSL XLT-4 Cpx Rim 51.65 0.45 4.13 1.50 3.26 0.11 17.13 0.087 21.15 0.44 99.91 90.4
CRSL XLT-5 Cpx Rim 51.09 0.62 5.83 0.90 2.41 0.08 15.78 0.051 22.28 0.87 99.91 92.1
CRSL XLT-5 Cpx Rim 51.91 0.64 6.63 0.69 2.20 0.06 14.02 21.96 1.97 100.08 91.9

CRSL U-1 Spinel Rim 0.06 39.64 28.23 12.86 0.16 18.78 0.23 99.95 72.2
CRSL U-1 Spinel Rim 0.17 38.56 28.94 13.55 0.13 18.37 0.22 99.94 70.7
CRSL U-36 Spinel Rim 1.05 37.38 28.93 12.98 0.14 19.29 0.30 100.07 72.6
CRSL U-36 Spinel Rim 0.95 40.84 25.69 11.92 0.16 19.88 0.36 99.80 74.8

SGL U-16 Cpx Rim 51.36 0.23 3.79 1.42 3.18 0.15 17.14 0.09 21.94 0.37 99.67 90.6
SGL U-17 Cpx Rim 51.87 0.65 4.81 1.38 3.13 0.15 18.08 0.04 19.26 0.57 99.94 91.1
SGL D-3 Cpx Rim 51.82 0.30 4.78 1.30 3.09 0.10 18.04 0.04 19.71 0.51 99.69 91.2
SGL D-N1 Cpx Rim 51.56 0.52 3.94 1.31 3.58 0.15 17.32 0.01 21.01 0.61 100.01 89.6
SGL D-N4 Cpx Rim 51.68 0.54 3.95 1.49 3.38 0.07 17.67 0.08 20.59 0.45 99.90 90.3
SGL 3/1-3 Cpx Rim 50.96 0.54 5.27 1.60 3.29 0.10 16.93 20.88 0.43 100.00 90.2
SGL 15/1-2 Cpx Rim 51.52 0.40 5.28 1.17 3.31 0.17 17.54 0.01 20.04 0.46 99.91 90.4

SGL DK-8/3 Spinel Rim 0.218 46.71 20.60 12.8 0.31 19.23 0.18 100.05 72.8
SGL D-N1 Spinel Rim 0.74 43.58 21.88 14.79 0.06 18.36 0.30 99.71 68.9
SGL XLT-1 Spinel Rim 0.153 49.29 17.55 13.1 0.16 19.5 0.34 100.09 72.6

SGL D-N4 Opx Kelyphite 51.64 0.19 9.02 0.51 7.13 0.48 29.27 0.09 1.55 0.02 99.91 88.0
SGL D-N4 Opx Kelyphite 49.94 0.28 11.26 0.92 6.66 0.46 28.86 0.05 1.58 0.04 100.05 88.5
SGL U-17 Opx Kelyphite 47.62 0.13 14.49 1.25 7.01 0.46 26.97 0.05 1.63 0.05 99.66 87.3
SGL U-47 Opx Kelyphite 50.09 0.09 10.05 0.71 10.19 0.50 25.67 0.04 2.34 0.01 99.68 81.8
SGL DK-8/3 Opx Kelyphite 48.63 0.11 13.68 1.19 7.33 26.86 0.36 1.94 0.01 100.10 86.7
SGL D-N1 Opx Kelyphite 48.20 0.12 13.75 1.18 7.23 0.46 26.35 2.30 0.15 99.74 86.7

SGL D-N4 Cpx Kelyphite 47.50 0.46 11.58 0.68 4.17 0.20 15.15 0.02 20.13 0.15 100.05 86.6
SGL U-17 Cpx Kelyphite 48.03 0.47 10.62 0.35 4.43 0.50 15.52 0.01 19.90 0.03 99.86 86.2
SGL U-17 Cpx Kelyphite 47.07 0.46 10.41 0.34 4.34 0.491 15.21 0.010 19.50 0.03 97.87 86.2
SGL D-N1 Cpx Kelyphite 51.03 0.57 5.33 1.33 3.74 0.117 16.92 0.085 19.59 0.83 99.54 89.0

SGL D-N4 Spinel Kelyphite 0.07 62.62 5.52 9.60 0.26 21.48 0.16 99.71 79.9
SGL U-17 Spinel Kelyphite 0.04 60.71 7.96 10.06 0.44 20.48 0.06 99.75 78.4
SGL U-17 Spinel Kelyphite 0.03 60.5 7.03 10.43 0.27 20.31 0.05 98.62 77.6
SGL U-47 Spinel Kelyphite 0.06 62.79 5.07 11.37 0.23 19.97 0.15 99.63 75.8
SGL DK-8/3 Spinel Kelyphite 0.03 61.09 7.94 9.85 0.04 20.61 0.29 99.85 78.9
SGL D-N1 Spinel Kelyphite 0.04 60.03 7.08 10.78 0.32 20.69 0.03 98.97 77.4
SGL D-N1 Spinel Kelyphite 59.3 7.39 10.50 0.33 19.97 0.03 97.51 77.2
SGL XLT1 Spinel Kelyphite 58.7 7.70 9.68 0.43 19.80 0.06 96.37 78.5
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rock compositions are also not unusual. Garnets from sam-
ple U-3/3A show lower CaO (1.96%) and higher MgO
(26.8%) towards the rims. This may be due to partial
breakdown of the mineral during incipient kelyphite for-
mation. Analyses of minerals formed during kelyphitic
alteration are given in Table 5.

5.5. Spinel

Spinels in clinopyroxene-poor spinel lherzolites are gen-
erally Ti-poor (60.09% TiO2) and have Cr2O3 contents of
23–30% and Cr# [=100 Cr/(Cr + Al); cation ratios] of
25.9–33.0. The sequence CPSL through CRSL to SGL
shows similar trends to those seen for olivine, clinopyrox-
ene and orthopyroxene, namely decreasing degree of deple-
tion of relatively fertile mantle. In particular, Cr# decreases
from an average of 30.3 in the CPSL to 17.8 in the SGL
with a concomitant slight increase in Mg# from 71.9 to
74.7. The dotted line drawn in Fig. 6 empirically separates
spinels in garnet-free lherzolites from those in spinel–garnet
lherzolites for those localities in which spinel–garnet lherz-
olites have been thoroughly investigated.
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Recrystallized spinel rims from CRSL and SGL,
where present, are characterized by erratically higher
TiO2 contents (0.06–1.05%) and slightly higher Cr# com-
pared to primary spinels. Spinels in kelyphite rims have
very low Cr2O3 (5.1–8.0%), high Al2O3 (58.7–62.4%)
and consequently low Cr# of 5.1–8.0. In CPSL-sample
32601-9B, spinel compositions deviate from those in
other CPSL samples: Mg# (64.4) and NiO (0.18 vs.
>0.25%) are lower and MnO higher (0.23 vs <0.18%).
The composition of spinel from CRSL-sample XLT-5 is
unusual for garnet-free samples, with very low Cr#
(9.1–9.3) which are comparable to spinel from kelyphites.
However, no traces of garnet or kelyphite have been
found in this sample.

5.6. Carbonates and sulphides

Sulphide minerals are preserved as blebs included in
other minerals but have not been observed as independent
interstitial phases. Their compositions are intermediate be-
tween pyrite and pentlandite and vary widely within a sin-
gle inclusion. These blebs may represent droplets of
immiscible sulphide liquids trapped by silicate mineral
phases at mantle depth (Andersen et al., 1987). Carbonate
minerals occur as inclusions in the rock-forming minerals
or as rare interstitial patches in many samples of all three
groups. Compositions are relatively uniform, correspond-
ing to Fe- and Ca-bearing magnesites. Several inclusions
of mainly Fe-magnesite composition (42.1–44.8% MgO,
3.0–7.1% FeO and 0.8–1.2% CaO) in orthopyroxene were
found in CPSL, and a Fe-richer carbonate (28.6–34.6%
MgO, 15.1–19.1% FeO and 3.6–6.7% CaO) was found
coexisting with pentlandite inclusions in olivine.

5.7. Glass

Glass occurs in several textural and compositional forms
within the Jetty Peninsula peridotite, namely in kelyphitic
rims around garnet, in recrystallized clinopyroxene and spi-
nel rims, as intergranular films between peridotite minerals,
and rarely as interstitial pools. Representative analyses of
these glass types are given in Table 6. In comparison to
compositions of melts commonly considered to be in equi-
librium with peridotite (Falloon et al., 1999), all these
glasses are extremely enriched in Al2O3, and some have
exceptionally low contents of MgO, FeO and K2O.

The SiO2 contents of glasses within kelyphite rims man-
tling garnet range from 51.0% to 53.5% and total alkali
contents are <3% (Table 6). The glasses occur together with
orthopyroxene, clinopyroxene and spinel listed in Table 5.
Glass inside recrystallized rims of clinopyroxene has much
higher total alkali contents (5.2–7.2%), whereby Na2O
dominates over K2O (60.2%). Glassy films coating spinel
(Fig. 2c) have SiO2 contents of 60–61%, subequal Na2O
(4.1–4.3%) and K2O (4.0–5.0%) contents, high Cr2O3

(1.6–1.9%) and appreciable P2O5 contents of 0.42–0.55%.
Glass also occurs in films along grain boundaries between
different silicate minerals in SGL, and contains 50–51%
SiO2, 2.7–4.1% Na2O and very low contents of K2O
(0.04–0.07%). This glass is compositionally similar to that
within clinopyroxene rims, especially in terms of Na2O/
K2O, but displays somewhat higher amounts of FeO and



Table 6
Representative microprobe analyses of glasses in the Jetty Peninsula peridotites

Analysis 1 2 3 4 5 6 7 8 9 10 11 12
Glass type Kelyphite Kelyphite Kelyphite Cpx

rim
Cpx rim Cpx rim Spinel

rim
Spinel
rim

Intergran.
film

Intergran.
film

Matrix Matrix

Rock type SGL SGL SGL SGL CRSL CRSL CPSL CPSL SGL SGL CRSL CRSL

SiO2 53.55 51.68 53.42 52.08 59.26 60.44 60.87 59.97 49.93 50.98 54.02 57.45
TiO2 0.30 0.61 0.55 0.01 0.21 0.33 0.05 0.05 0.04 0.07 1.46 0.95
Al2O3 23.41 23.16 23.86 28.10 24.18 22.57 21.42 20.72 30.19 28.23 20.99 20.92
Cr2O3 0.03 0.32 0.09 0.04 0.02 0.04 1.91 1.64 0.38 0.14 0.03
FeO 3.10 4.73 3.86 0.40 1.78 0.78 0.89 1.07 0.75 0.60 2.53 2.48
MnO 0.26 0.31 0.09 0.08 0.04 0.01 0.11 0.09
NiO 0.07 0.03 0.01 0.03 0.14 0.03
MgO 3.34 5.68 3.52 0.78 1.21 2.09 1.85 2.17 0.71 1.27 3.64 2.35
CaO 13.38 13.00 11.64 12.54 7.23 5.47 2.11 2.57 15.03 12.15 5.15 4.08
Na2O 0.26 0.25 1.07 5.24 6.78 6.95 4.29 4.15 2.60 4.05 2.68 3.52
K2O 0.17 0.25 1.80 0.01 0.15 0.21 4.98 4.02 0.07 0.04 6.22 6.00
P2O5 0.10 0.01 0.55 0.42

Total 97.90 100.06 99.90 99.28 100.89 98.91 98.92 96.78 99.73 97.67 96.80 97.90
Mg# 65.7 68.2 61.9 77.8 52.8 82.7 78.9 78.4 62.9 79.2 72.0 62.8
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MgO, and lower Na2O. There is no obvious reaction rela-
tionship between glass films and adjacent minerals, sug-
gesting that they represent equilibrium conditions.
Interstitial pools of light-brown glass containing small
crystals of spinel, sanidine and carbonate occur in MSL
sample U-36. This glass has SiO2 contents of 54–57%,
and total alkalis of 8.9–9.5% about two thirds of which is
K2O (6.0–6.2%). The glass patches contain abundant
quenched material which falsifies the original composition
of the melt. The glass has a rather evolved composition (up
to 85% normative feldspars), corresponding approximately
to phonolite, although Mg# is quite high (63–72).

6. Trace element composition of minerals

Analyses of trace elements in constituent minerals of the
peridotite xenoliths by Laser-ICP-MS were undertaken in
order to further investigate the chemical inhomogeneities
apparent from the major elements. Emphasis was laid on
the transition elements as these include compatible and
mildly incompatible elements that could shed light on early
depletion processes, and potentially differentiate between
enrichment events. Also, many trace elements normally
analysed in clinopyroxenes and amphiboles (e.g., REE,
Rb, Ba; Zack et al., 1997; Bottazzi et al., 1999; Marks
et al., 2004) were neglected as they were expected to be near
or below detection limits in olivine and orthopyroxene,
which were the main objects of study here. Trace elements
were analysed with an Agilent 7500cs ICP-MS coupled to a
New Wave 213 nm Laser at the University of Greifswald
(Jacob, 2006) using NIST SRM 612 glasses as external
standards and microprobe analyses on the same minerals
as internal standards. Additional standard glasses (BCR-2)
were analysed as unknowns to monitor possible instrumen-
tal drift. Representative results and values obtained for
standard glasses with the same analytical set-up (Jacob,
2006) are given in Table 7. These are in all cases within
15% of the accepted values, and 59% of standard measure-
ments are within 5%.

Results show that two groups of samples can be identi-
fied; low-Ca and high-Ca groups. These descriptions refer
to the Ca contents in olivine and orthopyroxene, and not
to the whole-rock CaO contents, which do not differ be-
tween sample groups (Table 3). The low-Ca group compris-
es clinopyroxene-poor spinel lherzolite 32601-9B and
clinopyroxene-rich spinel lherzolites XLT-5 and XLT-4;
none of the spinel–garnet lherzolites were found to belong
to this group. The low-Ca group is characterized by oli-
vines with distinctly lower concentrations of Ca than in
the high-Ca group (average 280 vs. 891 ppm; ranges 160–
348 and 770–1100 ppm). In addition, concentrations of Ti
(11.1 vs. 43 ppm on average), V (0.83 vs. 5.7 ppm), Cr
(17 vs. 219 ppm) and Zn (20 vs. 57 ppm) are consistently
lower than in the high-Ca group (Fig. 7). Orthopyroxenes
follow the same pattern (Ca 3330 vs. 8490 ppm) for Ti
(460 vs. 820 ppm), Cr (1870 vs. 4010 ppm), and Zn (18
vs. 47 ppm), whereas Cu (0.61 vs. 1.9 ppm), Ni (480 vs.
710 ppm), Ga (2.0 vs. 3.6 ppm) and to a lesser extent Li
(0.90 vs. 1.17 ppm) also have lower concentrations in the
low-Ca group (Table 7; Fig. 8).

Trace element variations in olivine and orthopyroxene
as a function of the presence or absence of clinopyroxene
have not been studied systematically, and few data sets
on these minerals in peridotites are available for compari-
son. The partitioning of transition elements between pyrox-
enes is known to be a function of temperature (Seitz et al.,
1999), and many of the trace element variations seen here
may be due to the lower temperatures in the low-Ca group:
low Ca, Ti and Cr are also seen in olivines and orthoyprox-
enes of the Sulu ultra-high pressure tectonic block, whose
equilibration temperatures overlap with those of the low-
Ca group of the Jetty Peninsula xenoliths (780–960 �C;
Zhang et al., 2005). However, the concentrations of some
elements in the Jetty Peninsula peridotites (e.g., Ti in



Table 7
Representative trace element analyses of minerals in the Jetty Peninsula peridotite xenoliths concentrations given in ppm

Sample Group Mineral Li Ca Sc Ti V Cr Mn Co Ni Cu Zn Ga Sr Y Zr Nb Ba

601-9B CPSL Olivine 1.02 129 5.7 4.8 0.32 12.5 774 120 2571 0.59 21.8 <0.066 0.1896 0.0734 8.11 <0.022 0.282
601-9B CPSL Olivine 1.02 111 5.1 4.2 0.30 4.9 824 119 2640 <0.051 20.2 0.052 0.028 0.011 0.021 <0.0128 <0.0229
U3/4-2 CPSL Olivine 1.74 943 6.1 57 5.4 220 910 133 2525 1.5 58.3 0.11 0.106 0.16 16.6 <0.0126 0.07
U3/4-2 CPSL Olivine 3.10 898 5.9 55 5.4 219 897 128 2446 1.3 52.5 0.08 1.31 0.26 54.1 0.09 0.49
XLT-4 CRSL Olivine 1.36 225 2.9 24 1.35 59 951 124 2496 4.0 16.1 <0.065 0.42 0.31 43 <0.0124 0.20
XLT-4 CRSL Olivine 1.57 49 2.8 8.6 1.38 19.2 975 124 2484 1.8 18.0 0.08 1.74 0.49 775 0.023 1.7
XLT-5 CRSL Olivine 1.76 280 3.3 33.1 1.43 10.4 1056 126 2444 0.87 21.1 0.32 0.21 0.03 87 0.0064 0.068
XLT-5 CRSL Olivine 1.93 179 3.0 4.46 0.21 4.5 1001 128 2597 1.37 27.3 <0.111 0.44 0.17 34 <0.028 0.099
UN-1 CRSL Olivine 1.33 800 4.9 44 4.4 155 892 127 2569 1.3 47 <0.138 0.0521 0.32 0.4 <0.0204 <0.072
UN-1 CRSL Olivine 1.28 922 4.9 45 4.6 154 922 129 2610 37 52 <0.141 0.157 0.75 61 0.043 0.129
U3/3a SGL Olivine 1.39 1201 5.3 38 7.3 235 1004 132 2463 3.2 52.0 0.17 0.39 0.086 3.1 <0.0086 0.153
U3/3a SGL Olivine 1.26 1149 5.8 35 6.8 227 1007 136 2508 1.9 53.3 0.17 0.39 0.101 5.1 <0.0179 0.146
DK 8/3 SGL Olivine 1.44 723 4.8 38 5.0 168 969 130 2448 2.5 70.8 0.14 0.054 0.25 10.7 0.02 0.34
DK 8/3 SGL Olivine 1.34 918 4.7 57 9.0 349 960 121 2341 1.9 46.8 0.29 0.048 0.048 0.35 <0.0106 0.22
XLT-1 SGL Olivine 1.92 1107 5.18 28.2 5.8 261 1089 147 2841 1.42 58 0.23 0.45 0.74 0.49 <0.0196 0.332
XLT-1 SGL Olivine 1.81 1057 5.89 31.8 6.0 261 1067 142 2742 1.45 85 0.13 0.061 0.18 195 <0.0137 0.040
601-9B CPSL Opx 0.93 2743 24 103 82 2399 970 42 459 0.13 17.1 1.32 0.125 0.140 1.03 <0.0061 <0.0119
U3/4-2 CPSL Opx 1.48 8553 22.6 1144 98 4316 978 59 715 3.2 38 3.9 1.16 1.82 98 0.065 1.98
U3/4-2 CPSL Opx 0.95 8864 23.2 1187 97 4343 988 60 713 2.4 47 3.8 1.00 1.92 158 0.066 0.94
XLT-4 CRSL Opx 0.99 1227 16.2 550 76 1632 945 46 522 0.59 17.9 2.6 0.16 0.42 15.1 <0.0108 0.088
XLT-4 CRSL Opx 0.71 4604 17.0 700 78 1570 992 47 495 0.65 23.4 2.7 0.40 1.06 39 0.065 0.998
XLT-5 CRSL Opx 0.52 4104 18.6 799 79 1590 1019 45 508 0.22 18.7 2.3 0.22 1.24 3.1 0.019 <0.042
XLT-5 CRSL Opx 1.05 2701 16.4 595 75 1439 1055 44 491 0.86 15.6 2.2 0.14 0.67 4.3 0.016 0.058
UN-1 CRSL Opx 1.00 7526 19.2 969 90 3593 863 51 711 1.3 27 3.4 0.76 1.22 27.4 0.11 1.43
UN-1 CRSL Opx 0.99 8318 18.1 919 91 3972 855 51 693 1.2 29 3.6 1.14 1.10 5.22 0.095 <0.028
U3/3a SGL Opx 1.79 9051 19.0 751 97 3543 849 55 739 2.3 39.3 4.4 1.38 1.21 17.5 0.04 0.23
U3/3a SGL Opx 1.81 9711 21.3 759 105 3759 887 53 706 1.5 27.6 4.3 0.70 1.48 7.1 0.04 0.14
DK 8/3 SGL Opx 0.87 6688 16.3 693 93 3663 896 53 685 2.5 30 3.4 0.93 0.61 22 0.083 0.13
DK 8/3 SGL Opx 1.01 7591 16.7 739 91 3380 908 52 671 1.9 48 3.2 0.52 0.63 12.8 0.083 0.34
XLT-1 SGL Opx 1.09 9967 19.6 512 93 5319 939 56 741 0.75 33 3.3 1.27 0.87 6.34 0.079 0.63
XLT-1 SGL Opx 1.06 9494 22.3 551 91 4941 943 54 740 1.24 38 3.14 0.53 0.99 10.2 0.072 4.23
U3/4-2 CPSL Cpx 1.21 64 3454 222 8117 740 28.1 387 57 43 4.2 94 19.8 271 0.59 0.92
U3/4-2 CPSL Cpx 1.27 62 3445 225 8114 793 27.3 410 2.1 13.7 4.4 96 19.3 72 0.56 0.26
XLT-4 CRSL Cpx 0.30 77 3607 246 4661 529 14.7 227 22 16.3 3.2 62 26 56 0.036 5.7
XLT-5 CRSL Cpx 0.48 84 4061 232 4268 526 14.1 207 2.0 4.7 2.7 68 27 75 0.043 0.160
XLT-5 CRSL Cpx 0.51 86 4080 241 4489 532 14.4 204 1.4 7.1 2.9 67 27 40 0.037 0.036
UN-1 CRSL Cpx 0.79 54 2895 201 6467 601 20 318 4.1 41 3.4 106 14.5 96 1.48 0.192
UN-1 CRSL Cpx 0.95 54 2827 203 6527 599 20 320 1.7 9 3.4 104 14.1 241 1.45 0.274
DK 8/3 SGL Cpx 0.99 45 2015 220 6635 651 26 344 3.2 29 3.6 49 7.5 48 1.06 0.21
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Fig. 7. Trace element compositions of olivines in Jetty Peninsula
peridotite xenoliths. Solid circles are analyses of olivines in the low-Ca
group (including both CPSL and CRSL, but no SGL), showing low
concentrations of Ca, Ti, V and Cr. Open circles are from the high-Ca
group. Data from Table 7.
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olivine, Zn in both olivine and opx) are even lower than in
the (clinopyroxene-bearing) Sulu rocks, which may be
attributable to their depleted chemistry. Lithium concen-
trations are comparable to those generally seen in perido-
titic olivines and orthoyproxenes (Seitz and Woodland,
2000; Seitz et al., 2004), with an average Dol/opx of 1.66.

Fewer analyses of clinopyroxenes were made; these are
also presented in Table 7. These also show differences be-
tween the low-Ca and high-Ca sample groups noted above,
but do not follow the same depletion and enrichment
trends as for olivine and orthopyroxene: Sc (80 vs.
54 ppm), Ti (3830 vs. 2440 ppm) and Y (27 vs. 12.7 ppm)
are enriched in cpx of the low-Ca sample group, whereas
Li (0.38 vs. 1.05 ppm), Cr (4470 vs. 7570 ppm), Co (14.6
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Fig. 8. Trace element compositions of orthopyroxenes in the Jetty
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high-Ca group. The first two panels show similar behaviour for Ca, Ti, Cr
and V to olivines, whereas the difference in Cu and Ni is not seen in
olivines. Data from Table 7.
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vs. 23.3 ppm), Ni (220 vs. 350 ppm), Zn (11.1 vs. 18 ppm),
Zr (54 vs. 159 ppm) and Nb (0.038 vs. 0.94 ppm) are deplet-
ed. Little difference is seen for V, Mn, Cu, Ga and Sr,
whereas Ba varies erratically.
7. Discussion

The presence within one intrusive body of various xeno-
lith types including both spinel- and garnet-bearing assem-
blages with varying degrees of re-enrichment testifies to a
complex history of the upper mantle beneath the Jetty Pen-
insula. The petrographic and geochemical features of the
rocks indicate an array of fairly primitive to depleted peri-
dotite compositions, whereas other chemical and textural
features are due to thermal perturbations which can be
attributed to the rift margin setting. We first treat the inter-
pretation of the mineral zonation and metasomatic effects
and then discuss the mineralogical information about geo-
thermal gradients in relation to possible past tectonic
events.

7.1. Mineral zonation, recrystallization events and the origin

of glasses

A combination of lines of evidence, including chemical
zonation of major and trace elements in minerals, as well
as recrystallized rims around clinopyroxenes and spinels
(Fig. 2) enable several events in the mantle to be deci-
phered. It is important to avoid later confusion by noting
that more than one of these relates to a ‘‘metasomatic’’
enrichment in the sense of Harte et al. (1993).

Recrystallized rims on minerals are commonly ex-
plained by the thermal influence of the host magma dur-
ing ascent of xenoliths to the Earth’s surface or by
movement of the rocks to a higher level in the lithosphere
(Frey and Green, 1974; Henjes-Kunst and Altherr, 1992).
However, the presence within one intrusive body of
groups both with (CRSL, SGL) and without (CPSL) such
rims may be used to argue against recrystallization due to
the thermal influence of the host magma. Furthermore,
matrix glasses formed from infiltrating host melt have
been identified (Table 6) and have compositions distinct
from those associated with these rims. We argue that
the rims were produced before incorporation of the xeno-
liths into the host magmas by a heating event in the man-
tle, probably related to the upward movement of the
asthenosphere–lithosphere boundary during the early
stages of development of the Lambert–Amery Rift. The
higher concentrations of refractory elements and lower
Na2O and Al2O3 in the clinopyroxene rims in both CRSL
and SGL compared to cores is consistent with loss of a
melt component, and the glass inclusions within these
rims are consistent with the interpretation that the clino-
pyroxenes melted. The low Na2O contents (up to 1.5% in
cores and as little as 0.3% Na2O in rims) indicates little
input of Na from elsewhere. Although the melting process
may have been fluxed by a small volume external melt
moving along grain boundaries, explaining the low but
measurable K2O content in the glass (<0.21 wt%) and
the similarity in composition to intergranular melt films,
the bulk of the melt inclusion material appears to come
from the clinopyroxene.
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Important information about the history of the mantle
beneath the Jetty Peninsula can be gained from the garnets
and their kelyphite rims. These show a two-stage history of
garnet formation from spinel, followed by its subsequent
breakdown leading to kelyphite formation around the gar-
nets (Fig. 2f). A similar history has been described from
Pali Aike and Chile (Kempton et al., 1999a) and Vitim,
Siberia (Glaser et al., 1999), albeit from differing tectonic
settings. The transformation of spinel peridotite to garnet
peridotite can, in principle, be caused by either cooling or
by a pressure increase. In both Pali Aike and Vitim, the for-
mation of garnet from spinel is thought to be due to isobar-
ic cooling rather than a pressure increase. Lee et al. (2001)
described textures from Sierra Nevada mantle xenoliths,
including garnet exsolution lamellae in clinopyroxene and
garnets rimming spinels, which they interpreted to be
caused by cooling into the garnet stability field. These fea-
tures are not seen in the Jetty Peninsula peridotites, which
may indicate a different mode of formation, namely an in-
crease in pressure. This would be consistent with formation
of garnet during a lithosphere thickening event such as col-
lison, which is has been interpreted to have occurred in this
region at about 1.1 Ga (Sheraton et al., 1993). The later
garnet breakdown event could then have occurred at any
stage of rift formation.

The dominance of subcalcic garnets in some samples
(XLT-1 and U3/3A) shows that the garnets cannot be in
equilibrium with clinopyroxene, and thus that the garnet
formed in harzburgite, and clinopyroxene was introduced
later, even though it now makes up >15% of the rock.
The garnets are not Cr-rich and so did not form from
Cr-rich spinel harzburgites at high pressures, as for G10
garnets (Bulatov et al., 1991; Jacob et al., 1997). Thus,
the spinel harzburgites cannot have been much deeper than
the pressure of 20–24 kbar given by geobarometric esti-
mates, otherwise the parental spinels would have been
much more Cr-rich (O’Neill, 1981; Klemme, 2002). Fur-
thermore, this garnet formation occurred slowly enough
to prevent the preservation of zoning in the minerals
(Kempton et al., 1999a).

Explanations offered for the breakdown of garnet in the
Pali Aike and Vitim rocks were both related to later heat-
ing associated with the upwelling of asthenospheric mantle.
In Pali Aike this was attributed to back-arc extension
(Kempton et al., 1999a), whereas in Vitim it was thought
to be a distal effect of the development of sub-rift mantle,
in effect the conversion of lithospheric mantle to astheno-
sphere (Glaser et al., 1999). In the Vitim xenoliths, it could
also be demonstrated that kelyphite formation occurred be-

fore the metasomatic introduction of clinopyroxene and so
definitely represents an event within the mantle. This is
confirmed for kelyphites in the Jetty Peninsula peridotites,
where rare examples of patches enriched in clinopyroxene
and spinel close to thoroughly kelyphitized former garnets
occur. These represent a grain coarsening stage involving
the kelyphite-forming minerals after complete replacement
of the garnet. This is worthy of note because kelyphite for-
mation is often attributed to reaction with volatile-bearing
infiltrating agents derived from the host magma (Dawson,
1980; Hunter and Taylor, 1982), and to be linked genetical-
ly with the emplacement of the magma (Garvie and Robin-
son, 1982).

The assemblage of orthopyroxene, clinopyroxene and
spinel seen in the Jetty Peninsula kelyphites is a common
breakdown reaction of garnet in kelyphites (e.g., Reid and
Dawson, 1972; Glaser et al., 1999), whereas the occur-
rence of glass in kelyphites is rare. Hunter and Taylor
(1982) describe glass in kelyphites from a kimberlite in
Pennsylvania, ascribing their high alkali contents
(6–9 wt%) to metasomatically introduced material. The
lower, but nevertheless appreciable alkali contents in the
Jetty Peninsula kelyphite glasses (up to >1% Na2O;
<2% K2O) are difficult to explain in a completely closed
system, but do not require much external material. The
bulk of the glass composition can be explained by incon-
gruent melting of garnet (Hunter and Taylor, 1982; And-
ronikov, 1997). A great variety of glass types have been
described from mantle xenoliths around the world, and
the involvement of hydrous phases in the production of
these glasses is regularly invoked (Frey and Green,
1974; Yaxley et al., 1997). However, there is a strong indi-
cation that the mantle beneath the Jetty Peninsula repre-
sented by the current set of lherzolite xenoliths remained
essentially dry: there are no convincing candidates for pri-
mary volatile-bearing phases unrelated to the host mag-
ma. The glasses occurring in interstitial pools and in
reaction rims around spinels (Fig. 2c; Table 6) have the
highest contents of both Na2O and K2O but are not asso-
ciated with phlogopite or amphibole. They also have high
SiO2 and Al2O3 contents which may not be a primary fea-
ture of the melts but due to reaction with surrounding
minerals (Zinngrebe and Foley, 1995; Schiano and Bour-
don, 1999). In addition, the appreciable concentration of
P2O5 (0.42–0.55%) in the glass rims around spinel indi-
cates an external origin for this glass. These glassy films
are interpreted to have originated by melt infiltration
within the mantle: thin glass films have been described
in experiments and from natural peridotites (Drury and
FitzGerald, 1996; Franz and Wirth, 1997). The high alkali
contents cannot be explained by any combination of pri-
mary mineral constituents of the peridotites, whereas
enrichment of the glass in Cr2O3 reflects takeup of spinel
components in the infiltating melt. An analogous reaction
has been documented in the Inagli dunite of eastern Sibe-
ria, where Na-phlogopite has grown into adjacent olivine
from the spinel-melt interface by incongruent dissolution
(Zinngrebe, 1998). The infiltration of melt is expected to
be promoted along spinel–silicate mineral interfaces due
to the higher surface energy of the spinels (Schäfer and
Foley, 2002), explaining its preferential occurrence here
in the Jetty Peninsula xenoliths. The glasses in rims
around clinopyroxene and as intergranular films have
higher Na2O/K2O and are less likely to be affected by
the host magma composition. They are believed to origi-
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nate by incipient melting (see Franz and Wirth, 1997 for
films), as indicated by the correspondingly lower Na2O
and Al2O3 in the clinopyroxene rims relative to the cores.

7.2. Oxidation state of the rifting mantle

The oxygen fugacity of the source of the Jetty Peninsula
peridotite xenoliths was estimated using the olivine–ortho-
pyroxene–spinel oxybarometer calibrated experimentally
by Ballhaus et al. (1990). Fe3+ in spinel calculated assum-
ing stoichiometry was used in the calculation as this is
known to agree well with results from Mössbauer spectros-
copy for all but very low Fe3+/Fe2+ ratios (Ballhaus et al.,
1990, 1991). A pressure of 17 kbar was assumed for spinel
lherzolites, whereas calculated pressures were used for gar-
net lherzolites. Temperatures in all cases were from the Ca-
in-Opx thermometer. Results are listed in Table 8 as log
unit deviations from the FMQ (fayalite–magnetite–quartz)
buffer (O’Neill, 1987), and range from FMQ �2.62 to
FMQ �0.13. There is a weak positive correlation between
relative fO2

value and Cr/(Cr + Al) of spinel within the
lherzolite suite as a whole, corresponding to higher fO2

for more refractory compositions (Ballhaus, 1993). The
range for CPSL (DFMQ = �2.62 to �0.34) is larger than
for SGL (DFMQ = �1.18 to �0.37). With one exception
(DFMQ = �2.13 for the anomalously low-temperature
XLT-5), the CRSL are restricted to the more oxidized val-
ues (DFMQ = �1.0 to �0.13).

Assuming the presence of C–O–H volatile components,
almost all xenoliths are at or above the H2O maximum de-
fined by C–H2O (Taylor and Green, 1987) so that the dom-
inant C–O–H species would be H2O and CO2. However,
hydrous phases are exceptionally rare in the Jetty Peninsula
xenoliths, which may be due to the dominance of CO2 in
the more oxidized xenoliths (this is supported by the com-
mon occurrence of carbonates), but probably also to low
H2O activity in the more reduced ones. Graphite was iden-
tified in the Jetty Peninsula xenolith suite by Egorov and
Andronikov (1989), although it was not found in the cur-
rent sample set.

7.3. Mineral thermobarometry

7.3.1. The choice of thermobarometers

The evidence of textural and chemical disequilibrium in
the SGL and MSL poses problems for temperature and
pressure estimation, as thermobarometers assume equilib-
rium between coexisting phases. In their experimental cali-
bration of thermobarometers for peridotites, Brey and
Köhler (1990) recommended the following pairs of ther-
mobarometers, noting that they best reproduced the exper-
imental data:

(1) T(2Px)BKN (Opx–Cpx solvus thermometer) + PBKN

(Al-exchange between Opx and garnet);
(2) TKrogh (Fe–Mg exchange between Cpx and garnet;

Krogh, 1988) + PBKN;
(3) TO’Neill (Fe–Mg exchange between Ol and garnet;
O’Neill and Wood, 1979) + PBKN;

(4) T(2Px)BKN + PKB (Ca exchange between Ol and Cpx;
Brey and Köhler, 1990).

All BKN thermobarometers are from Brey and Köhler
(1990). The first three of these four are limited to garnet-
bearing assemblages, and all have potential problems if
one or more minerals (especially clinopyroxene) is not in
equilibrium with other phases.

A later critical assessment by Xu et al. (1998) considered
the applicability of various thermometers and barometers
to peridotites and pyroxenites for deriving paleogeotherms
from xenolith studies. They concluded that the best combi-
nations for garnet-spinel lherzolites were (1) the T(Ca-in-
Opx)BK (Ca-in-Opx thermometer tentatively introduced
by Brey and Köhler, 1990) with the Al-exchange between
opx and garnet as calibrated by Nickel and Green (1985);
and (2) T(2Px)BKN with PBKN as recommended by Brey
and Köhler (1990). For spinel lherzolites, they recommend
either T(Ca-in-Opx)BK or TSS (the Al-exchange between
opx and spinel; Sachtleben and Seck, 1981) as thermome-
ters. They concluded that the earlier thermometers of Wells
(1977) and Ellis and Green (1979) as well as the opx-garnet
barometer of Wood (1974) are suitable only for pyroxenites
with more Fe-rich compositions. Following O’Reilly et al.
(1997), the use of the Ca-in-olivine barometer of Köhler
and Brey (1990) was not recommended, as the errors were
considered too large given uncertainties in the temperature
determination.

For application to the Antarctic garnet- and gar-
net + spinel lherzolites, we need to consider the differences
between these recommendations and the reasons for them,
in addition to their specific applicability to the Jetty Penin-
sula samples. Temperatures and pressures have therefore
been calculated using several thermometers and barometers
for the Antarctic samples, and results are listed in Table 8.
The crystals in the peridotites are generally uniform in
composition, so that core compositions could be used for
thermobarometry. This does not apply to kelyphites or to
crystallized cpx in CRSL. All Jetty Peninsula samples are
lherzolites with bulk rock Mg# of 86.8–91.2 (Table 3)
and the lowest Mg# in primary olivine or pyroxene is
88.7, so that the recommendations of Brey and Köhler
(1990) for peridotites with Mg# around 90 ought to be
applicable. However, as we will see, this is not always true.

First, we note that the olivine–garnet thermometer of
O’Neill and Wood (1979) was not considered by Xu et al.
(1998) and the thermometer of Sachtleben and Seck
(1981) was not tested by Brey and Köhler (1990). TKrogh

was eliminated by Xu et al. (1998), but on the basis that
it was not suitable for pyroxenites, whereas Brey and Köh-
ler (1990) recommended it for lherzolites. The Nickel and
Green (1985) calibration is recommended by Xu et al.,
but was not favoured by Brey and Köhler. However, they
rejected it on the basis that it did not reproduce experimen-
tal pressures in excess of 35 kbar well, but this is of no con-



Table 8
P–T conditions and oxygen fugacity values for Jetty Peninsula lherzolite xenoliths

Sample # Rock type
in combination
with

Temperature (�C) Pressure (kbar) fO2

T(BKN)
P(BKN)

T(Ca-Opx)
P(NG)

T(Ca-Opx)
20 kbar

T(BKN) T(Krogh)
P(BKN)

T O’Neill
P(BKN)

SS81 P(BKN)
T(BKN)

P(NG)
T(Ca-Opx)

P(BKN)
T(O’Neill)

P(BKN)
T(Krogh)

P(KB)
T(Ca-Ol)

Dlog(FMQ)
T(Ca-Opx)

U-16 SGL 1063 1130 1253 1353 1054 16.7 21.0 28.5 24.3 �1.03
U-17 SGL 1113 1105 1207 1161 1024 20.7 21.7 22.7 24.6 �1.18
U-47 SGL 1026 1038 1073 1076 1021 16.9 19.8 19.0 18.9 �0.81
U-3/3A SGL 1219 1182 1314 1763 1111 22.9 22.1 45.6 26.6 �0.84
D-3 SGL 1189 1127 1358 1437 1106 21.5 20.4 31.4 28.2 �0.37
DK-8/3 SGL 1054 1102 1002 1081 1052 18.2 21.9 19.3 16.2 �1.11
D-N1 SGL 1157 1136 1284 1184 1123 19.4 20.3 20.5 24.5 �0.58
D-N4 SGL 1195 1125 1295 1243 1056 23.0 21.5 25.0 27.3 �1.06
XLT-1 SGL 1155 1135 1092 1673 1055 23.8 23.7 47.0 21.3 �0.66
3/1-3 SGL 1186 1147 1291 1302 1111 20.4 20.4 25.0 24.5 �0.71
15/1-2 SGL 1237 1181 1386 1470 1116 21.8 20.9 31.3 27.8 �0.80
U-1 CRSL 1072 1057 1043 10.9 �0.18
U-36 CRSL 1104 1137 1050 14.7 �0.13
U-N1 CRSL 1091 1049 1065 11.4 �1.00
U-4/9-2 CRSL 1093 1127 1069 15.6 �0.19
XLT-4 CRSL 1101 1070 1072 4.1 �0.13
XLT-5 CRSL 834 557 909 9.2 �2.13
U-3 CPSL 1058 1109 1001 8.8 �0.37
U-3/4-2 CPSL 1033 1011 986 13.5 �0.52
D-11 CPSL 1028 895 944 12.8 �2.62
D-24 CPSL 1046 955 934 12.7 �1.78
D-N2 CPSL 1057 963 990 12.3 �0.94
1/4-3 CPSL 1035 1041 980 19.6 �0.34
32601-9B CPSL 852 88 851 33.7 �1.27

U-17-K Kelyphite 1285

D-N1-K Kelyphite 1336

XLT1-K Kelyphite 1303

Bold type are recommended thermometers and barometers for the Jetty Peninsula xenoliths (see text for discussion).
References for thermobarometers: Brey and Köhler (1990), BKN and Ca-in-Opx; Nickel and Green (1985), NG; Krogh (1988), Krogh; O’Neill and Wood (1979) and O’Neill; Sachtleben and Seck
(1981), SS81. Oxygen fugacity calculated from Ballhaus et al. (1990) using temperature from Brey and Köhler’s (1990) Ca-in-Opx thermometer.
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Fig. 9. Thermobarometry of Jetty Peninsula peridotites compared to
other regions in rift settings or with garnet-bearing lherzolites. Data points
for Jetty Peninsula are compared to geotherms for spinel–garnet lherzo-
lites from Pali Aike (thin dotted line; Kempton et al., 1999a), and Vitim,
Siberia (dark shaded area; Glaser et al., 1999), for two stages of the Kenya
Rift (thin solid lines; Henjes-Kunst and Altherr, 1992), and Kaapvaal
cratonic peridotites. The Jetty Peninsula main geotherm (thick solid line)
is defined by the garnet-bearing samples; spinel lherzolites are fit to this
geotherm based on the calculated temperatures (see text). The two low
temperature exceptions are low-CaO rocks and are attributed to
harzburgitic protoliths and a lack of equilibrium of clinopyroxene with
olivine and orthopyroxene. Crosses indicate temperatures from kelyhite
rim assemblages connected to the main mineral population of the same
rocks by a solid line, assuming no change in pressure. The Jetty rocks
contain information on three stages of rift development; the first, coldest
stage is recorded only in the low-CaO spinel lherzolites, the second stage
by the main population, and the third by the kelyphite rims. The first and
third stages are very similar to those defined for the East African rift,
whereby the kelyphites fit on a deeper extension of the Marsabit geotherm
(thick dotted line).
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cern to garnet + spinel lherzolites such as the Jetty Penin-
sula rocks.

Lherzolites containing both spinel and garnet present
the best tests of thermobarometers. The combination of
T(2Px)BKN + PBKN, recommended in both cited works,
and the combination T(Ca-in-Opx)BK + PNG, recommend-
ed by Xu et al. (1998) yield largely similar results with real-
istic P–T values. In contrast, the thermometers of O’Neill
and Wood (1979) and Krogh (1988) yield generally high
temperatures, some erratically high, up to 1386 �C (Krogh,
1988) and in excess of 1700 �C (O’Neill and Wood, 1979;
Table 8).

In application to garnet-free spinel lherzolites, the
Ca-in-olivine barometer is the only available calibration,
although it has been criticised by O’Reilly et al. (1997) as
being more temperature- than pressure sensitive. Most
results for the Jetty Peninsula spinel lherzolite xenoliths
lie within the spinel lherzolite field (10.9–19.6 kbar), but
they have large errors on the calculated pressure. The tem-
peratures of all but the non-equilibrium spinel lherzolites
fall within the narrow range of 1028–1104 �C, implying a
much narrower pressure range than given by the Ca-in-ol-
ivine barometer. Furthermore, if the P–T pairs including
the Ca-in-olivine barometer (which has an error of
±4 kbar; Köhler and Brey, 1990) are taken at face value,
then an oversteep geothermal gradient much hotter than
all those plotted in Fig. 9 results. Therefore, we plot the spi-
nel lherzolites on a continuation of the geotherm defined by
the SGL in Fig. 9, corresponding to a pressure range of 17–
20.5 kbar.

Particularly erratic results either at apparent crustal pres-
sures (4.1–9.2 kbar) or at >33 kbar are obtained for spinel
lherzolites with low Ca contents in olivine. However, these
spurious results are attributable to the lack of attainment of
equilibrium between clinopyroxene and the earlier olivine
and orthopyroxene and not to inaccuracy in the calibration;
the approximate positions in Fig. 9 indicate that they plot
well away from the main trend (thick solid line in Fig. 9).

The temperature calculated from Ca-in-Opx is a mini-
mum estimate because it assumes equilibrium with clinopy-
roxene. In a study of spinel- and garnet-bearing peridotite
xenoliths of the Vitim volcanic field in eastern Siberia, Gla-
ser et al. (1999) noted that clinopyroxene grown later dur-
ing rift-related metasomatism did not attain equilibrium
with coexisting orthopyroxene, thus yielding invalid tem-
peratures calculated from coexisting pyroxenes. However,
as TCa-in-Opx gives similar temperatures to the TBKN–PBKN

pair, we consider these temperatures to be well-constrained
for the Jetty Peninsula xenoliths. The TBKN thermometer
gives lower temperatures for many spinel lherzolites,
whereby erratically low temperatures are returned for the
low-Ca group (Table 8).

In conclusion, the pair T(2Px)BKN + PBKN recommend-
ed by Brey and Köhler appear to provide consistently reli-
able results as long as clinopyroxene and orthopyroxene
are in equilibrium: calculations based on their mere coexis-
tence can lead to erroneous results. The second recommen-
dation of Xu et al. (T(Ca-in-Opx)BK + PNG,) also gives
reasonable results, and is preferred for the Jetty Peninsula
SGL because it produces a discrete break between SGL
and the spinel lherzolites. In the following comparison of
xenoliths from different areas, we therefore use the recom-
mendations of Xu et al. (1998) for spinel–garnet lherzolites.
The thermometers of Brey and Köhler (1990; TCa-in-Opx)
and Sachtleben and Seck (1981) both give reasonable re-
sults with no outliers for spinel lherzolites, except for the
low-Ca group. For this group, the TCa-in-Opx temperatures
are taken as minimum estimates, whereas the pressures
cannot be trusted.

7.3.2. Fossil geotherms in the Lambert–Amery Rift
The pressure–temperature calculations for the Jetty Pen-

insula xenoliths are plotted in Fig. 9 together with xenolith
data for Pali Aike, Chile (Kempton et al., 1999a), Vitim,
Siberia (Ionov et al., 1993; Glaser et al., 1999; Litasov
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et al., 2000) and from the East African Rift (Henjes-Kunst
and Altherr, 1992). The pressures and temperatures are
well-determined for the garnet + spinel lherzolites, and
the pressure range of 19.8–23.7 kbar (Table 8; Fig. 10)
compares favourably with 17.4–21.7 kbar for Nushan
(Xu et al., 1998), 18.2–23.1 kbar for Pali Aike (Kempton
et al., 1999a) and 18.1–23.8 kbar for Vitim (Ionov et al.,
1993). The temperatures for the spinel lherzolites are fit
to the geotherm defined by the garnet-bearing samples,
resulting in a much tighter pressure range (17–20.5 kbar)
for the spinel lherzolites than calculated with the PKB

barometer, which would result in a subvertical geotherm.
The temperatures for high-Ca xenoliths show a general in-
crease in the order CPSL (1028–1058 �C) through CRSL
(1072–1104 �C) to SGL (1102–1181 �C, except one value
of 1038 �C) in keeping with a deeper position on a geo-
therm for the garnet-bearing samples.
Fig. 10. Schematic tectonic history of mantle events in the Lambert-Amery Rif
and may date back to the late Archaean. (a) Collision at 1100 Ma caused crusta
upper mantle to deeper levels (arrows) resulted in growth of garnet in lherzolit
390 Ma by clinopyroxene ages (Andronikov and Beliatsky, 1995) correspond t
beneath the central parts of the incipient rift is caused by melting at deeper level
of both partial melting (grey field) and veining to higher levels. Accentuate
peridotite boundary to warp downwards to higher pressures, so that garnets b
approximate, but textural evidence shows that kelyphite formation must apprec
in veining and melting at higher levels, including the generation of ultramafic la
show the regions of origin of the three xenolith classes: SGL are derived from de
sub-rift heating occurred; CRSL are derived from levels above the earlier spine
melt infiltration. CPSL retain chemical signals from the time before rifting even
due to being at higher levels, or üerhaps to being situated between melt pathw
The comparison in Fig. 9 shows that evidence for three
temporally separated geotherms survive in the Jetty Peninsu-
la xenolith record. The bulk of data points lie on a geotherm
similar to the higher temperature samples from Vitim. The
two open circles are low-Ca spinel lherzolites with tempera-
tures of 830–910 �C by both the Ca-in-Opx and Sachtleben
and Seck (1981) thermometers. Application of the PKB

barometer for the low-Ca group results in highly erratic pres-
sures (4–34 kbar) which can be explained by the lack of equi-
librium between olivine and clinopyroxene. As
orthopyroxene CaO contents are also low (2170–4160 vs.
6900–9600 ppm for the high-Ca group), these samples ap-
pear to be derived from a low temperature harzburgitic
protolith. Assuming that they originate from the same
17–20 kbar range, the low-Ca xenoliths lie approximately
on the geotherm of Chyulu, Kenya, which is also a rift-relat-
ed early stage geotherm (Henjes-Kunst and Altherr, 1992).
t region. The low-Ca harzburgitic protoliths predate events illustrated here,
l thickening and downwarping of the underlying mantle. Removal of cooler
es previously in the spinel field. (b) The first signs of rifting, dated at 375–
o infiltration of peridotites by melts and growth of clinopyroxene. Veining
s than illustrated here. (c) Further evolution of the rift results in movement
d heating in the central region beneath the rift causes the spinel–garnet
reak down to form kelyphites. The age corresponding to panel (c) is only
iably predate magma emplacement. Further evolution of the rift (d) results
mprophyre melts which host the peridotite xenolith suite. The open circles
pths previously in the garnet stability field, but now in the spinel field since

l–garnet boundary that experienced thorough re-enrichment by rift-related
ts started, and have avoided extensive enrichment in clinopyroxene either
ays in (b) and (c).
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Although the Ca-in-Opx thermometer assumes equilibri-
um with clinopyroxene, it can be used as a minimum estimate
where only an analysis of Ca in orthopyroxene is available.
Application of this technique to orthopyroxene within
kelyphite rims around garnet in the SGL gives temperatures
180–200 �C higher than the main orthoyproxene population
within the same rocks. These temperatures resemble the
extension of the high-temperature Marsabit geotherm from
the Kenya Rift (thick dotted line in Fig. 9), again linking
the temperature information of the Jetty Peninsula to the
evolution of the mantle beneath a developing rift.

7.4. Cold harzburgite protoliths

Several lines of evidence indicate that many protoliths of
Jetty Peninsula peridotite xenoliths were harzburgites de-
rived from colder conditions than indicated by the main geo-
therm in Fig. 9. The anomalous thermobarometric results
(vestigial low temperatures of 835-910 �C) for CPSL sample
32601-9B and CRSL sample XLT-5 are caused by a lack of
equilibrium of clinopyroxene with olivine coupled with low
concentrations of calcium in the olivine (<300 ppm) and
orthopyroxene (<4600 ppm; Table 7). The low-Ca contents
are accompanied by lower contents of Ti, V, Cr and Zn in
both olivine and orthopyroxene and additionally low Cu,
Ni, Ga and Li in orthopyroxenes relative to these minerals
in other samples (Figs. 7 and 8). The lack of intermineral
trace element equilibrium in samples of the low-Ca group
is underlined by fact that the whole-rock concentrations of
CaO are not lower than in other samples. Sample XLT-4 also
belongs to the low-Ca group although it does not return
anomalously low temperatures (the Ca-in-olivine barometer
gives 4 kbar). Although none of the spinel–garnet lherzolites
were found to belong to the low-Ca group as defined above
by olivine and orthoyproxene trace element chemistry, two
samples (U3/3A and XLT-1) contain subcalcic garnets,
showing that they originally grew in a clinopyroxene-free
rock. This observation indicates that garnet is able to pre-
serve information of protoliths longer than olivine and orth-
opyroxene, which is in keeping with slower divalent cation
diffusivities in garnet.

Taken together, these characteristics argue for the wide-
spread occurrence of depleted peridotites at some time prior
to development of the rift. Furthermore, they indicate that
even the low modal clinopyroxene (average 5%) in the
CPSL was introduced at a later stage, and the higher modal
clinopyroxene in CRSL and SGL groups may indicate more
than one episode of refertilization (clinopyroxene growth).
Later refertilization of depleted mantle peridotites is
increasingly recognised in both cratonic (Simon et al.,
2003) and non-cratonic (Glaser et al., 1999) areas.

7.5. The possible relation of fossil geotherms to tectonic

events

The thermobarometric results given in Table 8 and
Fig. 9 indicate that spinel lherzolites equilibrated at lower
temperatures than spinel + garnet lherzolites. The clinopy-
roxene-poor spinel lherzolites are the most geochemically
depleted group (Fig. 4) and appear to represent the upper-
most levels of the mantle beneath the margins of the Lam-
bert–Amery Rift. Clinopyroxenes from both CRSL and
SGL are overprinted with secondary rims and their
whole-rock compositions are less depleted than the CPSL
(Fig. 4). The SGL appear to be compositionally homoge-
neous, whereas the CRSL are more variable and show
more scatter on Figs. 3–6. The depletion of the uppermost
mantle lithosphere (CPSL) corresponds to the expected
vertical zonation that results from partial melting beneath
a mid-ocean ridge (Langmuir et al., 1992).

It can be argued on the basis of the exceptionally low-Ca
contents in olivine and orthoyproxene (Table 7; Figs. 7,8)
that the low temperature signature of the two anomalous
samples applies to previously existing harzburgites which
were later refertilized. However, assuming these samples
were at all times at depths corresponding to spinel lherzo-
lite stability, even this colder geotherm (>60 mWm�2) is
well above typical cratonic geotherms (ca. 45 mWm�2;
Brey and Köhler, 1990), meaning that no evidence for a
cratonic geotherm is preserved beneath the southern Prince
Charles Mountains (Fig. 1). The interpretation of earlier,
colder conditions in harzburgitic protoliths also implies
that refertilization affected all peridotite groups, account-
ing for the widespread presence of clinopyroxene. The
interpretation of anomalous barometric results for the
low-Ca group as erroneous due to lack of intermineral
equilibrium eliminates the necessity that these samples
originate from greatly different depths from all the others.

Most samples from all three Jetty Peninsula lherzolite
groups appear to fall on a geotherm intermediate between
the early and late stages of the Kenya Rift, and slightly
higher than the geotherms corresponding to the Pali Aike
and Vitim rocks (Fig. 9). This observation indicates a thor-
ough heating of the mantle beneath the rift; although the
timing cannot be precisely determined, it must have oc-
curred shortly before sampling by the host magma in order
to allow preservation of the earlier chemical signal and of
textural evidence for the earlier episodes.

A later event is indicated by the kelyphite rims. An
indication of the thermal deviation of this event from
pre-existing conditions can be gained from Ca-in-orthopy-
roxene thermometry of secondary minerals in the kelyph-
ite rims. These give temperatures of 1285–1336 �C,
corresponding to 180–200 �C higher than for primary
orthopyroxenes in the SGL. This temperature increase
corresponds to that seen in the Kenya Rift (Fig. 10b)
and can also account for the clinopyroxene rims whose
chemistry is best explained by incipient melting. The pres-
ence of rim structures and kelyphite aggregates in lherzo-
lite xenoliths has been reported for various rift-related
regions (Frey and Green, 1974; Henjes-Kunst and Alth-
err, 1992), and these structures are mainly interpreted as
generated during ascent of the xenoliths to the surface,
or to upwelling of mantle domains. However, the com-
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plete lack of clinopyroxene rim formation in the CPSL is
difficult to explain if the rims originate purely by heating
in the host magma: the CPSL average only 50 �C cooler
than the CRSL, so that partial melting of rims in one case
and the complete lack of any textural effect in the other
appears to be inconsistent. The solution to this apparent
dilemma is not clear, but it may be that the CRSL corre-
spond to the uppermost level that was affected by the up-
ward and outward migration of heating due to the
progressive extension of the rift. It may be that clinopy-
roxene rim formation could develop only in rocks where
an intergranular melt was already present at the extremi-
ties of rift metasomatism, thus causally linking the pro-
duction of clinopyroxene to metasomatism by fluxing of
the incipient melting.

In summary, there are rare indications for a colder con-
tinental geotherm (�60 mWm�2) which pre-dated the main
xenolith geotherm. This interpretation is consistent with
emplacement of metasomatic melts from below, as the
CPSL xenoliths in the upper levels of the lithosphere were
not affected. The formation of recrystallized and partially
melted rims of clinopyroxene and garnet is younger, but
preceded the emplacement in the host magma, and was
fluxed by migration of metasomatic melts related to the
development of the rift.

7.6. Sequence of events and their relation to the Lambert–

Amery Rift

Despite the rarity of outcrops, we can be fairly certain
that the Jetty Peninsula area is underlain by continental
crust of mid-Proterozoic age. Archean rocks are present
to the south and east (Fig. 1), but are not known within
200 km of the study area. The earliest magmatic activity
dates from 320 Ma, when doleritic to lamprophyric dykes
were emplaced in the Jetty Peninsula area (Mikhalsky
and Sheraton, 1993). Later magmatism between 150 and
140 Ma resulted in the emplacement of the peridotite xeno-
lith suite.

The history of the Jetty Peninsula xenoliths before
entrainment in the host magma can be summarized in four
periods recognisable from evidence in the xenoliths. The
first is recorded by the sub-900 �C temperatures in the
CPSL, and may correspond to the 2.6 Ga Sm–Nd age of
Mukasa and Andronikov (1999). These samples indicate
a colder palaeogeotherm than the main xenolith popula-
tion, and this colder geotherm corresponds to the harz-
burgitic protoliths before re-enrichment and the (re-)
introduction of clinopyroxene. These were refertilized at
later stage as gauged by the occurrence of about 5% clino-
pyroxene, but the timing of the refertilization, which prob-
ably affected all xenolith groups, remains uncertain. A
second event caused the formation of garnet from spinel
in the SGL: we suggest that this event results from a pres-
sure increase during collision (Fig. 10a), which may be
linked to the time of widespread reconstruction of the lith-
osphere and new crust generation during the collision
between Antarctic and Indian Shields at ca. 1.1 Ga (Shera-
ton et al., 1993; Andronikov and Beliatsky, 1996).

Subsequent events are all related to the initiation and
development of the Lambert–Amery Rift. As the rift devel-
ops, the effective lithosphere-asthenosphere boundary
moves upwards and outwards as the upward movement
of hotter asthenosphere heats its surroundings (Fig. 10b).
This may lead to the generation of partial melts that move
upwards and metasomatize the lower lithosphere (Glaser
et al., 1999). These low volume melts modified the SGL
and CRSL, but did not reach the CPSL. This may be be-
cause the CPSL lie at higher levels in the lithosphere (the
lower temperature is a better gauge for this than the pres-
sures, which have a larger uncertainty), but may also be a
localized effect caused by the CRSL being close to veins
formed from melt infiltration, whereas the CPSL lay fur-
ther away from the veins. This period of melt infiltration
and chemical re-enrichment may be associated with the
beginning of intensive tholeiite dyke magmatism (320 Ma;
Mikhalsky and Sheraton, 1993) and so may mark the ear-
liest datable constraint for rifting. It probably also corre-
sponds to the clinopyroxene ages of 374 Ma (Andronikov
and Beliatsky, 1995) and 390 Ma for the CRSL (Mukasa
and Andronikov, 1999). Nevertheless, the presence of
15% clinopyroxene in some samples that earlier were
demonstrably harzburgites argues for multiple enrichment
episodes which were probably not restricted to the times
illustrated in Fig. 10.

Foley et al. (2002) proposed a model of veining of the
mantle beneath this area to explain the genesis of ultramaf-
ic lamprophyres emplaced at 115 Ma. These rocks show an
array of isotopic signatures with variable 87Sr/86Sr but con-
stant 143Nd/144Nd, which can be explained by growth of
87Sr/86Sr from phlogopite located in veins which were
themselves formed 150–200 Ma earlier, whereas the
200 Ma time period is insufficient to allow a measureable
change of Nd isotopes. The time needed to explain the
87Sr/86Sr signature in the ultramafic lamprophyres corre-
sponds to the difference between the age of the lamprophy-
res (115 Ma) and the enrichment event seen in the
clinopyroxenes (374–390 Ma). We surmise that the period
of veining activity was associated with an episode of sub-
rift asthenospheric expansion at 375–390 Ma, and this
probably corresponds to that of the main Jetty Peninsula
geotherm (Fig. 9). The main geothermal conditions indicat-
ed in Fig. 9 are characteristic for hot, shallow lithospheric
mantle either in rift-related regions (Berg et al., 1989; Hen-
jes-Kunst and Altherr, 1992) or related to magmatic activ-
ity within the mantle as evidenced by pyroxenite veins (Xu
et al., 1996; Litasov et al., 2000).

Further heating occurred in the lower lithosphere as
rifting progressed, so that the spinel–garnet transition
moved gradually to higher pressures, passing the position
of the SGL, and resulting in the breakdown of garnet to
form the kelyphites (stage 4; Fig. 10c). This strong heat-
ing event was not associated with influx of water, as
indicated by the dry breakdown reaction in the kelyphite
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rims, and resulted also in the formation of rims on clin-
opyroxene. Stage 4 must have occurred within 2 Ma be-
fore emplacement, as constrained by the necessity to
preserve the non-equilibrium textures of rims to clinopy-
roxene, spinel and garnet (Glaser et al., 1999). The exam-
ples of grain-coarsening in kelyphitic material noted
above further indicate that an appreciable period of time
must have passed between kelyphite formation and xeno-
lith emplacement. Finally, during or immediately before
the incorporation of the xenoliths into the host magma
(Fig. 10d), infiltration of melt into the rocks occurred,
which is recorded by the glassy margins around spinels
and as rare interstitial melt pools. The association of
these glasses with the host magma is indicated by their
higher alkali contents.
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