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New mineralogical and geochemical data from a suite of glass ± from the mantle (Deines & Gold, 1973; Nelson et al.,
1988). However, controversy remains as to whether suchapatite ± amphibole ± phlogopite ± carbonate-bearing spinel
magmas represent (1) direct partial melts of carbonate-wehrlite, lherzolite and harzburgite xenoliths from the Newer Vol-
bearing mantle peridotite (i.e. primary carbonatites; Wyl-canics, southeastern Australia, are consistent with metasomatic
lie & Huang, 1975; Wallace & Green, 1988; Sweeney,interactions between harzburgitic or refractory lherzolitic lithosphere,
1994), (2) primary carbonatites modified by interactionsand penetrative sodic dolomitic carbonatite melts. Metasomatism
with peridotite wall-rock in the upper mantle (Wallaceoccurred when ascending dolomitic carbonatites crossed the reaction
& Green, 1988; Dalton & Wood, 1993; Sweeney et al.,enstatite+ dolomite= forsterite+ diopside+CO2 at ~1·5–2·0
1994), or (3) highly evolved products of crystal frac-GPa, resulting in partial to complete replacement of primary
tionation (Lee & Wyllie, 1997) or silicate–carbonate liquidorthopyroxene by sodic clinopyroxene, together with crystallization
immiscibility (Kjarsgaard & Hamilton, 1988, 1989; Leeof apatite, amphibole and phlogopite, and release of CO2-rich fluid.
& Wyllie, 1997) from mantle-derived carbonated under-In the sample suite examined, the minimum amount of carbonatite
saturated silicate melts.melt may be estimated on the assumption that metasomatism occurred

Central to this debate is the existence or otherwise ofin a closed system, and that the precursor lithology was clinopyroxene-
carbonate-rich melts in the upper mantle. Several high-poor harzburgite. The derivative wehrlite compositions require 6–
pressure experimental studies have shown that carbonate12% carbonatite addition, the lherzolites require ~8% or less,
melts can exist in equilibrium with peridotite over a rangeand the harzburgites require minimal addition of carbonatite.
of upper-mantle conditions of pressure, temperature, bulkHowever, metasomatism probably also involved an open system
composition and volatile content (Wyllie & Huang, 1975;component, during which residual and metasomatic phase com-
Wallace & Green, 1988; Thibault et al., 1992; Dalton &positions were determined by partitioning relationships with the
Wood, 1993; Sweeney, 1994; Sweeney et al., 1994). Inreacting carbonatite, resulting in loss from the metasomatized volume
addition, a number of studies of mantle-derived spinelof a fugitive, siliceous, aluminous, alkali- and LILE-enriched
peridotite xenoliths have attributed petrographic featuressilicate melt.
such as evidence of reaction of primary phases with
carbonate, unusually high ratios of clinopyroxene to
orthopyroxene, and/or the presence of apatite, am-

KEY WORDS: carbonatite; metasomatism; peridotite; xenolith; lithosphere phibole or carbonate, to interaction of refractory litho-
sphere with invasive carbonatite melts at pressures of
~1·5–2 GPa. This process produces moderate to extreme

INTRODUCTION large ion lithophile element (LILE) enrichment, which is
It has long been established from isotopic studies that decoupled from Ti abundances (Green & Wallace, 1988;

Yaxley et al., 1991; Dautria et al., 1992; Rudnick et al.,crustally emplaced carbonatites were ultimately derived
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1992, 1993; Hauri et al., 1993; Ionov et al., 1993, 1996; are also typical of mantle olivine. Orthopyroxene grains,
Chazot et al., 1996). however, have slightly higher SiO2, and distinctly lower

In this contribution we use new petrographic, min- Al2O3 contents in comparison with orthopyroxene from
eralogical and geochemical data from 32 spinel peridotite other peridotite xenoliths (Fig. 1a; Table 1). Clino-
xenoliths hosted by the Newer Volcanics (southeastern pyroxene porphyroclasts and neoblasts are Cr-diopside
Australia; SEA), to further support experimentally based rich, and in this respect are similar to clinopyroxenes
conclusions that carbonate melts can exist within the from other peridotite suites. However, they have lower
upper mantle, and to increase understanding of their Al2O3 and TiO2, and higher Cr2O3, Na2O and SiO2

role in its metasomatic enrichment. Part of this suite was than many clinopyroxenes from other spinel peridotites
described by Yaxley et al. (1991), and includes samples (Fig. 1b–d; Table 1).
from Mt Leura and Mt Shadwell. We describe additional All samples contain large vesicular patches of siliceous,
samples from these localities, as well as from Mt Noorat, aluminous and alkali-rich glass containing secondary
Lake Bullenmerri and The Anakies. New samples were microlites of olivine, clinopyroxene and spinel (Yaxley et
selected on the basis that they also exhibit modal evidence al., 1997). The glassy patches are usually in contact with,
of carbonatite metasomatism. and have clearly partially replaced porphyroclastic or

neoblastic clinopyroxene and/or orthopyroxene. Grains
of embayed, rounded primary Cr-rich spinel frequently
occur within the cores of the glassy patches. The spinels

ANALYTICAL TECHNIQUES extend to unusually high cr-numbers [where cr-number=
Mineral phases were analysed using a Cameca SX50 100Cr/(Cr+Al+ Fe3+)], ranging from 25 to 85, with
electron microprobe at the University of Tasmania. The most >70. In general, primary spinels from the wehrlites
instrument was calibrated using recognized international have the highest cr-numbers, followed by the lherzolites
natural mineral standards, and PAP data reduction was and harzburgites. The mg-numbers [where mg-number=
employed. Carbonates and glasses were analysed using 100Mg/(Mg+ Fe2+)] are lower than, and TiO2 contents
an accelerating voltage of 15 kV and a beam current of are similar to, those of spinels reported from many other
10 nA. A broad beam was used to minimize sample xenoliths (35–75 and 0·03–0·9 wt %, respectively).
damage and potential loss of volatile elements such as In six samples, the spinel grains are associated with
Na. Other phases (silicates, apatite and spinel) were embayed, coarse-grained pargasitic amphibole or phlo-
analysed with an accelerating voltage of 15 kV and beam gopite, which has clearly partially melted to produce the
current of 20 nA, using a focused, 1 lm diameter beam. surrounding glass. Amphibole and phlogopite from these

Whole-rock major and minor elements, and some trace samples are compositionally similar to these phases in
elements (Ba [3], Sc [1], Nb [1], Zr [1], Y [1·5], Sr [2], samples from other suites (e.g. Canil & Scarfe, 1989;
Rb [2], Cr [2], Ni [1] and V [3]; detection limits in ppm O’Reilly et al., 1991). Amphiboles are pargasitic, with mg-
are in brackets) were determined using a Phillips PW number∗ [where mg-number∗ = 100Mg/(Mg+RFe)]
1410 X-ray fluorescence spectrometer at the University from 87·2 to 91·1, 0·7–3·3 wt % TiO2, 3·2–3·7 wt %
of Tasmania. Other trace elements were determined by Na2O and ~1 wt % K2O. Phlogopites contain 7–9 wt
instrumental neutron activation analysis at Becquerel % K2O and up to 1·6 wt % Na2O. The glassy patches
Laboratories, Lucas Heights, N.S.W. Elements analysed and associated phases have been described in detail by
include La [0·1], Ce [1·0], Nd [2·0], Sm [0·05], Eu [0·2], Yaxley et al. (1991, 1997).
Tb [0·5], Ho [0·5], Yb [0·1], Lu [0·1], Sc [0·05], Hf In most samples, up to 2 modal % apatite is patchily
[0·1], Ta [0·2] and Th [0·2]. distributed along grain boundaries, interstitial to coarse-

grained primary olivine. It displays an anhedral habit,
and is usually cloudy in appearance, because of abundant
tiny CO2-rich fluid inclusions.PETROGRAPHY AND MINERAL

CHEMISTRY
Coarse-grained phases

Mineral, glass and fluid inclusions inOur samples are spinel wehrlites, lherzolites and harz-
coarse-grained clinopyroxene and otherburgites, in which large porphyroblastic grains of olivine,
phasesand clinopyroxene± orthopyroxene occur within a finer
A notable feature of the coarse clinopyroxene grains ismatrix of well-annealed olivine and clinopyroxene (±
the abundance of mineral and glass-bearing inclusionsminor orthopyroxene) neoblasts. Olivine compositions
that they host. For example, in some samples (e.g. SH19,are similar to those from peridotites from other localities,
76987, 71004, SH35, 76988, 71001, 71000) olivine (±with forsterite (Fo) from 86·0 to 91·6 mol %, and NiO

from 0·27 to 0·43 wt %. CaO contents (Ζ0·06 wt %) Cr-rich spinel) occurs as large, rounded inclusions (up to

1918



Y
A

X
L

E
Y

et
al.

C
A

R
B

O
N

A
T

IT
E

M
E

T
A

SO
M

A
T

ISM
,

SE
A

U
ST

R
A

L
IA

Table 1: Representative electron microprobe analyses of phases from some samples in the current suite

Orthopyroxene Metasomatic clinopyroxene

Sample: 71007 71004 76993 76995 70982 76987 71001 2631 71004 76988

Locality: Mt Leura Mt Leura Mt Shadwell Mt Shadwell Mt Leura The Anakies Mt Leura Mt Leura

Mineralogy: ApAmPhGlSpWeh ApAmPhGlSpLhz CbApGlSpWeh CbApGlSpHz ApSpHz ApGlWeh ApGlSpWeh ApGlSpWeh ApAmPhGlSpLhz ApGlSpWeh

SiO2 57·71 56·20 57·47 57·00 57·48 53·94 54·73 54·18 53·38 54·01

TiO2 0·01 0·01 0·02 0·03 0·02 0·02 0·34 0·03 0·56 0·08

Al2O3 1·32 2·54 0·87 1·42 1·19 1·87 1·65 1·90 4·07 3·27

Cr2O3 0·29 0·04 0·30 0·36 0·35 0·74 3·48 1·69 1·67 1·43

FeO 6·20 5·97 5·71 5·63 5·54 2·78 2·36 2·23 2·31 2·09

MnO 0·19 0·21 0·14 0·13 0·17 0·11 0·10 0·07 0·04

MgO 34·73 34·04 34·65 34·81 34·92 16·12 15·62 15·94 15·86 16·01

CaO 0·40 0·44 0·43 0·49 0·48 22·16 19·94 21·30 19·77 21·31

Na2O 0·08 0·08 0·09 0·09 0·13 1·37 2·05 1·74 1·93 1·53

Total 100·93 99·53 99·68 99·96 100·28 99·11 100·17 99·11 99·62 99·77

mg-no.∗ 90·89 91·04 91·54 91·68 91·82 91·18 92·18 92·72 92·44 93·17

‘Orthopyroxene’ and ‘Metasomatic clinopyroxene’ refer to coarse-grained porphyroclastic or neoblastic grains. Locality is indicated for each sample. The row
entitled ‘Mineralogy’ gives the mineral assemblage present in each sample. Abbreviations: Ap, apatite interstitial to primary phases and glassy patches; Cb,
carbonate inclusions in clinopyroxene or glassy patches; Gl, glass patches and veins interstitial to primary phases; Am, coarse-grained amphibole; Ph, coarse-
grained phlogopite; Sp, primary spinel; Weh, wehrlite; Lhz, lherzolite; Hz, harzburgite. mg-number∗ = [100Mg/(Mg ± Fe)].
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Fig. 1. Plots of oxides vs wt % MgO comparing pyroxene compositions from the SEA suite of metasomatized wehrlites, lherzolites and
harzburgites with pyroxenes from anhydrous, amphibole ± phlogopite ± glass-bearing, and apatite-bearing spinel peridotite xenoliths from
localities around the world. (a) wt % MgO vs wt % Al2O3 for primary orthopyroxenes, and for orthopyroxenes included in coarse-grained
clinopyroxenes in the SEA suite, (b) wt % Al2O3 vs wt % MgO for clinopyroxenes, (c) wt % Na2O vs wt % MgO for clinopyroxenes, and (d)
wt % TiO2 vs wt % MgO for clinopyroxenes. It should be noted that the current suite has orthopyroxenes and clinopyroxenes that are low in
Al2O3, and clinopyroxenes that are low in TiO2, but high in Na2O, compared with anhydrous and amphibole ± phlogopite ± glass-bearing
examples; also, pyroxenes from many apatite-bearing samples from other suites are compositionally similar to those from the current suite. Data
sources available from the authors.

~150 lm) within coarse clinopyroxene grains. These amphibole and/or phlogopite inclusions (up to 100 lm)
(Fig. 2c). Amphibole found as inclusions in coarse clino-olivine inclusions are richer in CaO (up to 0·24 wt %),

and may have 1–2 mol % more Fo than coexisting pyroxene grains is similar in composition to the coarse-
grained variety, although somewhat lower in TiO2primary olivine. In some wehrlites and lherzolites, large

(up to ~500 lm) irregularly shaped grains of ortho- (Table 2).
Glass is also present as inclusions in coarse clino-pyroxene are included in coarse, porphyroclastic clino-

pyroxene (Fig. 2a). Adjacent orthopyroxene inclusions pyroxene grains in most samples. Often the glass-bearing
inclusions in clinopyroxenes contain only glass (e.g. SH64,exhibit simultaneous extinction, indicating replace-

ment of a former larger orthopyroxene grain by clino- 76996, and SH5) (Fig. 2d), but sometimes glass is present
with one or more phase, including amphibole, phlogopite,pyroxene. The orthopyroxene inclusions have similar

compositions to coexisting coarse-grained orthopyroxene olivine, apatite, orthopyroxene, spinel, Fe-sulphide or
carbonate. Glass associated with phases included in clino-grains (Fig. 1a; Table 2). Apatite also occurs frequently

as small inclusions in clinopyroxene (10–20 lm across; pyroxene is siliceous, aluminous and alkali rich (Table 2).
Primary olivines from some samples host very rare,Fig. 2b), sometimes associated with siliceous, aluminous,

alkali- and P2O5-rich glass. Clinopyroxenes from many rounded inclusions, 10–30 lm across, which contain
glass+ vapour ± daughter phase(s).samples also contain lenticular, or irregularly shaped
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Table 2: Representative compositions of phases and glass found as inclusions hosted by coarse-grained clinopyroxene

Amph Amph Phlog Phlog Opx Olivine Olivine Carb Glass Glass

Sample: 70987 71004 70987 SH45 SH45 71000 71001 SH45 76991 71004

Locality: Mt Leura Mt Leura Mt Leura Mt Shadwell Mt Shadwell Mt Leura Mt Leura Mt Shadwell Mt Leura Mt Leura

Mineralogy: ApGlSpLhz ApAmPhGlSpLhz ApGlSpLhz CbGlSpWeh CbGlSpWeh ApAmGlSpWeh ApGlSpWeh CbGlSpWeh ApGlSpWeh ApAmPhGlSpLhz

SiO2 44·71 46·00 38·69 39·03 56·52 42·40 40·60 0·21 59·51 51·12

TiO2 1·30 1·59 1·35 1·12 0·00 0·00 0·00 0·09 0·37 0·54

Al2O3 12·32 11·76 16·57 15·65 1·76 0·00 0·00 0·16 19·92 22·01

Cr2O3 2·48 2·19 1·53 0·27 0·50 0·01 0·00 0·04 0·01 0·11

FeO 3·23 3·26 4·11 3·67 6·07 6·94 10·42 0·06 2·71 4·81

MnO 0·00 0·17 0·05 0·03 0·23 0·29 0·03 0·22 0·10 0·07

MgO 17·53 18·56 22·07 23·04 33·33 51·75 47·46 4·71 2·07 1·37

CaO 10·50 10·94 0·00 0·71 0·70 0·24 0·13 47·40 2·05 0·50

Na2O 3·14 3·44 0·66 1·16 0·00 0·00 0·00 0·00 9·36 13·72

K2O 0·89 0·71 8·61 7·60 0·06 0·00 0·00 0·09 2·30 2·22

P2O5 0·23 0·22 0·08 0·09 0·11 0·00 0·00 0·33 0·30 0·30

NiO 0·00 0·37 0·00 0·19 0·00 0·47 nd 0·06 0·22 0·00

Total 96·33 99·21 93·72 92·56 99·28 102·10 98·64 53·37 98·92 96·77

mg-no.∗ 90·63 91·03 90·54 91·79 90·73 93·00 89·03 99·29 57·65 33·67

Symbols and abbreviations as in Table 1.
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Fig. 2. Back-scattered electron images of coarse-grained clinopyroxene (cpx) and included phases from four samples. (a) Sample SH45, showing
relict primary orthopyroxene (opx) grains. The two grains to the left of and below the centre are optically continuous under the petrological
microscope, indicating replacement of a larger orthopyroxene grain by the host clinopyroxene. The cpx is also replacing primary spinel (sp). (b)
Sample 70987, showing an olivine (ol)+ apatite (ap) inclusion, and an orthopyroxene inclusion. (c) Sample 71000, showing separate inclusions
of phlogopite (phlog), amphibole (amph) and olivine (ol). (d) Sample 76991 showing tiny glass patches and veinlets (gl) near the margin of a
clinopyroxene grain.

Calcitic carbonate (mg-number 96–99; wt % MgO which are hosted by coarse-grained clinopyroxene, are
inferred either to have been trapped during crystallization2·2–4·7) occurs as rounded inclusions (20–30 lm) in

coarse clinopyroxene or primary olivine, or as rounded of the host grain, or to represent relicts after replacement
of the inclusion phase(s) by the host clinopyroxene. Exceptblebs in the large, interstitial glassy patches (Yaxley et al.,

1997). for olivine and orthopyroxene, the phases present in
CO2 is present in large (up to 50 lm) primary fluid the inclusions match the coarser-grained metasomatic

inclusions, particularly in coarse-grained clinopyroxene assemblages interstitial to primary olivine, orthopyroxene
and apatite, and in secondary fluid inclusions forming and spinel (i.e. glass ± amphibole ± phlogopite ±
trails along healed fractures in other primary phases apatite± carbonate), as described by Yaxley et al. (1991,
(particularly olivine and orthopyroxene). A detailed de- 1997); thus our preferred interpretation is that these
scription of mineral, glass and fluid inclusions in clino- inclusions crystallized simultaneously with their in-
pyroxene and other phases in these samples will be tergranular counterparts and with the host clinopyroxene.
presented elsewhere. On the other hand, unequivocal textural evidence of

replacement of earlier orthopyroxene by coarse-grained
clinopyroxene is preserved in some samples (Fig. 2a).

Interpretation of petrography This, coupled with the extreme modal clinopyroxene/
orthopyroxene ratios in the wehrlites indicates that theThe inclusions of olivine, orthopyroxene, amphibole,

phlogopite, apatite and carbonate (± glass) (Fig. 2), coarse-grained clinopyroxene replaced pre-existing,
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primary orthopyroxene, during the metasomatic event(s) McDonough (1990)]. Similarly, the presence of meta-
somatic pargasite and sodic clinopyroxene has resultedaffecting these samples.
in unusually high whole-rock Na2O/Al2O3 values (0·11–We therefore infer that olivine, orthopyroxene, spinel
0·71 with average 0·43, compared with the typical valueand probably some clinopyroxene pre-date metasomatic
of 0·11). The presence of modal apatite has resulted inalteration that led to growth of the coarse-grained clino-
high P2O5 contents [up to 0·77 wt % in sample 71001;pyroxene, and the apatite, amphibole, phlogopite and
see table 2 of Yaxley et al. (1991)].carbonate. Glass in large interstitial patches and veins,

This suite displays substantial enrichments in Th, Zr,and in glass-only inclusions in clinopyroxene, post-dates
Nb, Sr, Y, LREE and HREE. Primitive mantle nor-metasomatism, and is probably related to partial or
malized ‘spidergrams’ for representative wehrlites, lher-complete melting of the metasomatically introduced as-
zolites and harzburgites (Fig. 4) indicate strongsemblage as a result of thermal and decompression effects
fractionations in Ba/Th, K/La, Zr/Hf and Ti/Eu fromassociated with transport of the xenoliths to the surface
estimated primitive mantle values (Sun & McDonough,(Yaxley et al., 1997).
1989).

Of particular interest are the Ti/Eu values exhibited
by the suite. These elements are generally considered
not to fractionate substantially during partial melting

WHOLE-ROCK GEOCHEMISTRY of peridotite. As a result, most mantle-derived spinel
peridotites, as well as primitive basalts, have Ti/Eu valuesWe present whole-rock geochemical data from our new
similar to primitive mantle (7740; Sun & McDonough,samples in Table 3. In the following discussion, and in
1989; Fig. 5). The present samples, however, have sub-Figs 3–6, we refer to the new data and to those of Yaxley
stantially lower whole-rock Ti/Eu values (143–3000,et al. (1991).
average 830), similar to other apatite-bearing samplesPlots of oxide components vs wt % MgO for >300
from southeastern Australia (Fig. 5). This distinctivespinel peridotites from world-wide localities yield sys-
decoupling of Ti and REE abundances is a featuretematic trends (positive for compatible elements, negative
apparently characteristic of apatite-bearing peridotites,for incompatible elements; Fig. 3), which are generally
but was also observed in extremely refractory (apatite-interpreted to result from varying degrees of basaltic or
free) clinopyroxene-bearing dunites from Olmani, Tan-picritic melt extraction from more primitive peridotite,
zania (Rudnick et al., 1993) (Fig. 5). In addition, in aleaving a range of relatively refractory residues (e.g.
suite of amphibole ± apatite-bearing spinel lherzolitesNickel & Green, 1984; Frey et al., 1985).
from Yemen (Chazot et al., 1996), all phases containingThe major element geochemistry of many of the current
significant proportions of the whole-rock budget for bothsamples has been substantially perturbed from these
Ti and Eu (amphibole, glass and matrix clinopyroxene),partial melting trends exhibited by the world-wide xeno-
have very low Ti/Eu values (<250 for clinopyroxene,lith suite. Our samples define cross-trends towards high
1900–3140 for glass and 209–3570 for amphibole). It isCaO, P2O5, K2O and Na2O, and low SiO2 and Al2O3

therefore likely that the (unreported) whole-rock com-(Fig. 3a and b). However, for nearly all samples, abund-
positions of these samples would have low Ti/Eu.ances of Cr2O3, NiO, V and TiO2 lie within the partial

Zr and Hf are another element pair generally con-melting trends, and have apparently been undisturbed
sidered not to fractionate significantly from the primitiveby metasomatism (Fig. 3c and d). Two samples (70987
mantle Zr/Hf value of 36 during partial melting ofand 71004) have higher TiO2 contents than the remainder
peridotite. The present samples, other apatite-bearingof the suite, partly because of the presence of high-Ti
xenoliths from southeastern Australia (O’Reilly & Griffin,pargasite (Fig. 3c).
1988; Stolz & Davies, 1988), and the clinopyroxene-The harzburgites contain the highest MgO contents
bearing dunites from Olmani, Tanzania (Rudnick et al.,of the entire suite. In contrast to the wehrlites and
1992, 1993), exhibit fractionations to substantially higherlherzolites, most of them have apparently not been per-
values. Our samples have Zr/Hf from 34 to 125 (averageturbed from the partial melting trends. All but one plot
66).in a tight cluster, within the trends for SiO2, Al2O3, TiO2,

Na2O and CaO (Fig. 3).
The unusual compositions of the selected suite reflect

the mineralogical characteristics described earlier. For
DISCUSSIONexample, high modal clinopyroxene (particularly evident
The nature of the metasomatic agentin the wehrlites), and the presence of accessory apatite,

is linked to unusually high values of whole-rock CaO/ Replacement of primary orthopyroxene by meta-
Al2O3 [from 0·68 to 5·22 with average 2·62, compared somatically introduced clinopyroxene implies interaction

between harzburgitic or lherzolitic precursor wall-rockwith 0·95 for ‘average’ subcontinental lithosphere of
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Table 3: Whole-rock geochemical analyses for representative xenoliths

Sample: 76988 73797 76989 76990 76991 76993 70961 76994 71006 71003 70982 77000 76999 76995 71023 76997

Locality: Mt Shadwell Bullenmerri Mt Shadwell Mt Shadwell Mt Leura Mt Shadwell Mt Shadwell Mt Leura Mt Leura Mt Leura Mt Leura Mt Noorat Mt Shadwell Mt Shadwell Mt Leura Mt Shadwell

Mineralogy: ApGlSpWeh ApGlSpWeh ApGlSpWeh ApGlSpWeh ApGlSpWeh CbApGlSpWeh ApGlSpLhz ApGlSpLhz ApAmGlSpLhz ApGlSpHz ApSpHz ApGlSpHz ApGlSpHz CbApGlSpHz ApGlSpHz ApGlSpHz

SiO2 42·85 42·15 41·20 41·75 42·55 42·15 43·58 42·59 44·36 43·52 44·16 43·75 43·65 47·02 43·73 42·66

TiO2 0·06 0·03 0·00 0·00 0·01 0·05 0·10 0·11 0·12 0·04 0·01 0·01 0·01 0·03 0·00 0·04

Al2O3 1·19 1·17 0·72 0·77 0·63 0·59 1·05 1·01 2·59 1·00 0·60 0·65 0·62 1·40 0·79 0·77

Fe2O3 10·22 8·86 9·37 10·71 10·34 9·09 10·31 10·41 11·19 10·25 8·93 9·08 8·82 8·34 8·65 8·56

MnO 0·15 0·16 0·14 0·16 0·15 0·14 0·17 0·17 0·17 0·14 0·14 0·14 0·14 0·12 0·11 0·12

MgO 42·37 43·69 43·97 43·08 44·95 44·86 42·20 42·53 38·42 44·20 45·63 45·55 45·08 41·62 45·62 45·52

CaO 3·31 2·45 3·27 2·51 2·12 2·22 1·87 2·53 2·55 0·82 0·63 0·79 1·09 0·95 0·81 1·55

Na2O 0·50 0·79 0·51 0·44 0·32 0·33 0·68 0·38 0·55 0·11 <0·20 <0·20 <0·20 <0·20 0·00 0·25

K2O 0·13 0·21 0·04 0·06 0·03 0·05 0·17 0·13 0·14 0·04 0·04 0·04 0·04 0·07 0·00 0·04

P2O5 0·30 0·25 0·64 0·38 0·00 0·15 0·11 0·13 0·05 0·05 0·06 0·06 0·12 0·02 0·04 0·14

LOI −0·55 −0·38 −0·55 −0·60 −0·73 −0·47 −0·71 −0·58 −0·56 −0·43 −0·60 −0·11 −0·57 −0·43 −0·46 −0·47

Total 100·53 99·38 99·31 99·26 100·37 99·16 99·53 99·41 100·05 100·32 99·60 99·96 99·00 99·14 99·29 99·18

mg-no.∗ 89·15 90·71 90·29 88·85 89·60 90·72 89·02 89·00 87·18 89·52 91·01 90·86 91·01 90·81 91·27 91·33

La 8·16 26·80 19·30 2·43 2·28 9·20

Ce 20·10 52·70 34·80 6·50 5·00 15·40

Nd 11·70 20·80 14·50 4·50 2·61 6·72

Sm 2·51 3·45 2·80 1·23 0·51 0·90

Eu 0·74 0·94 0·77 0·42 0·15 0·26

Tb 0·29 0·32 0·28 0·19 0·07 0·12

Ho 0·26 0·22 0·27 0·22 0·07 0·11

Yb 0·34 0·30 0·30 0·32 0·13 0·08

Lu 0·04 0·04 0·04 0·04 0·02 0·01

Rb <2 5 <2 <2 <2 <2 4 5 4 <2 2 3 <2 <2 <2 <2

Ba 30 48 46 18 12 26 28 36 47 25 9 20 22 25 33 19

Th 0·71 2·51 2·65 <0·10 0·31 2·32

Nb 23·4 12 12·5 12 11·6 4·8 8·6 1·9 5 <1 2·3 4·1 7·8 5 1·8 5·5

Ta <0·20 0·51 0·60 0·38 0·32 <0·20

Sr 99·7 121·4 266·1 192·4 69·8 86·1 69·1 184·7 101 20 36·2 62·7 73·9 32·7 75·4 47·6

Zr 28·2 26·1 12·4 37·5 24·3 30·2 31·9 4·2 20 1·1 4·5 2·2 19·4 8·8 <2 15·8

Hf 0·28 0·19 0·54 0·30 0·19 <0·10

Y 3·9 7·5 6·4 5·4 3·2 4·4 4·2 8·9 6 <2 <2 1·9 2·5 <2 <2 2·2

Sc 8·6 8·5 7 7·8 5 7·4 7·3 8·8 13·2 9·1 6·1 6·8 6·1 8·5 6·2 7·3

Ni 2233 2272 2361 2339 2363 2671 2287 2375 2010 2516 2454 2431 2432 2108 2447 2700

Cr 2442 2959 2615 3097 1996 3183 3122 2973 2794 3351 2182 3205 2725 3845 2466 2042

V 37·5 39·5 28·8 32·7 26·8 28·6 31·7 41·3 68·3 36·1 19·5 27·9 26·7 47·1 32·3 29·9

Abbreviations and symbols as in Table 1.
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Fig. 3. Plots of (a) wt % CaO, (b) wt % Al2O3, (c) wt % TiO2 and (d) Ni (ppm) against wt % MgO comparing whole-rock analyses of the
current suite (SEA wehrlites, SEA lherzolites and SEA harzburgites) with published data from other xenoliths [world-wide (WW) peridotites].
The systematic variations exhibited by the world-wide suite are the result of extraction of varying amounts of picritic or basaltic melts from
fertile peridotite, leaving a range of more refractory residues. Compared with these partial melting trends, the current suite has apparently been
enriched in CaO, and depleted in Al2O3. In contrast, TiO2 and Ni contents have remained unaffected. Data sources are available from the
authors.

Fig. 5. Plot of whole-rock Ti (ppm) vs Ti/Eu for the wehrlites,
lherzolites and harzburgites from SEA, compared with residual peri-
dotites (Frey & Prinz, 1978; Kurat et al., 1980; Nickel & Green, 1984;
Preß et al., 1986; Dupuy et al., 1987; O’Reilly & Griffin, 1988; Stolz &Fig. 4. Trace element abundances of two wehrlites (samples 71001

and 70965), two lherzolites (samples 71008 and 70987), and one Davies, 1988; Song & Frey, 1989), other apatite-bearing xenoliths
(O’Reilly & Griffin, 1988; Stolz & Davies, 1988), the carbonatite-harzburgite (sample 76995), normalized to primitive mantle of Sun &

McDonough (1989). The wehrlite and lherzolite compositions presented metasomatized peridotites from Olmani (Rudnick et al., 1993), car-
bonatites (Nelson et al., 1988), and basalts from lava field provinces inspan the measured range of abundances in each rock-type. [See Yaxley

et al. (1991) for analyses of 71001, 70965, 71008 and 70987, and Eastern Australia (O’Reilly & Zhang, 1995). Primitive mantle from
Sun & McDonough (1989).Table 3 for 76995.]
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~1·5–2·0 GPa, at near-solidus temperatures (e.g. Wallace
& Green, 1988; Thibault et al., 1992; Dalton & Wood,
1993). Should such a melt segregate from its source
regions, and ascend, it will cross the reaction
enstatite+ dolomite = diopside+ forsterite+CO2 at
~1·5–2·0 GPa. Decarbonation reactions between com-
ponents in the carbonatite and peridotite wall-rock phases
(particularly orthopyroxene) will convert refractory harz-
burgite or lherzolite to wehrlite, with loss of a CO2-rich
fluid (Green & Wallace, 1988; Yaxley et al., 1991; Yaxley
& Green, 1996).

Mineral chemical characteristics imply that these
samples are more likely to have interacted with car-
bonatite melt(s), than with deeply derived silicate melt(s).
For example, low Al2O3 and TiO2 in relict orthopyroxene
and metasomatically introduced clinopyroxene (Fig. 1)
are consistent with interactions between precursor peri-
dotite and a metasomatic agent with low Al2O3 and TiO2

(Green & Wallace, 1988). Carbonatites in equilibrium
with peridotite are likely to be substantially lower in Al2O3

and TiO2 than asthenospheric silicate melts (Wallace &
Green, 1988; Dalton & Wood, 1993). The presence
of carbonate-bearing and hydrous phases (e.g. calcitic
carbonate, apatite, amphibole and phlogopite) and prim-
ary, CO2-rich fluid inclusions trapped in metasomatic
phases, suggests that the metasomatic agent was rich in
carbonate and H2O. If carbonatite melts were responsibleFig. 6. Plots against wt % MgO of (a) wt % CaO, and (b) wt % Al2O3

comparing the whole-rock compositions of the wehrlites, lherzolites for metasomatism of these samples, then the unusually
and harzburgites with compositions potentially generated by binary sodic nature of their metasomatically enhanced clino-
mixing between inferred precursor peridotite compositions, which lie pyroxene indicates that the carbonatite was also sodicalong the dashed line between samples 167 (Nickel & Green, 1984)

(Dalton & Wood, 1993).and 11311 (O’Reilly & Griffin, 1988), and the experimental carbonatite
composition of Wallace & Green (1988) (CM1). Large arrows are the The unusual fractionations of trace element ratios not
mixing vectors. Smaller, near-vertical arrows in (b) indicate the inferred usually significantly affected by petrological processes also
direction of change in composition of the lithosphere because of loss

support involvement of carbonatites in the metasomaticduring metasomatism of Al2O3 in a putative siliceous, aluminous, alkali-
process. The very low whole-rock Ti/Eu values exhibitedrich melt. The dashed lines between, and tick marks on the mixing

vectors represent increments of 5% CM1 addition to the range of by our samples are inconsistent with basaltic meta-
inferred precursor compositions. This is indicated by the numbers next somatism (Fig. 5). For example, McPherson et al. (1996)to the vectors, which refer to CM1 recalculated to be free of the CO2

demonstrated that peridotite wall-rock in the Lherz peri-component, which is assumed to have escaped during metasomatism.
Also shown for reference are compositions of group A1–A5 peridotite dotite massif was significantly modified by interaction
xenoliths of Nickel & Green (1984), which illustrate partial melting with mafic silicate melts now preserved as cross-cutting
trends for the lithosphere. (See text for further information.)

amphibolite and pyroxenite dykes, but that Ti/Eu in the
wall-rock was not significantly fractionated during this
process. However, natural carbonatites almost alwaysand a metasomatic agent with silica activity too low to
have Ti/Eu values substantially below that of primitivebe in equilibrium with orthopyroxene under lithospheric
mantle (range 3–2400, average 574; Nelson et al., 1988)P–T conditions.
(Fig. 5). Although caution should be exercised whenZinngrebe & Foley (1995) attributed the observed
comparing geochemical characteristics of crustal car-replacement of orthopyroxene by clinopyroxene in spinel
bonatites with postulated and possibly unrelated meta-peridotite xenoliths from West Eifel (Germany) to inter-
somatic carbonatites in the lithosphere, experimentalactions between deeply derived, low SiO2 melts and
determinations of trace element partitioning relationshipsharzburgitic or lherzolitic lithospheric wall-rock. An al-
between inferred mantle carbonatite melt compositionsternative metasomatic agent, which also has low SiO2

and clinopyroxene or amphibole support the notion thatcontent, is carbonatite melt (Green & Wallace, 1988).
equilibration with carbonatitic melts will lower Ti/Eu inSeveral experimental studies have shown that dolomitic
phases in the peridotitic wall-rock (Sweeney et al., 1992,carbonatite liquids with high mg-number∗ (~85) are stable

in equilibrium with lherzolite at pressures greater than 1995; Klemme et al., 1996). Decoupling of REE and Ti

1926



YAXLEY et al. CARBONATITE METASOMATISM, SE AUSTRALIA

abundances was a predicted characteristic of carbonatite simple binary mixing between pre-metasomatic litho-
metasomatized lithosphere (Green & Wallace, 1988). sphere with a range of compositions lying along the

Elevated Zr/Hf values in mantle xenoliths have been partial melting trend between samples DR11311 and 167,
attributed to interaction with metasomatic carbonatites and CM1. The wehrlite compositions require ~3–6% of
(Dupuy et al., 1992; Rudnick et al., 1993). The Zr/Hf the volatile-free metal oxide component of the car-
values exhibited by the current suite are also elevated bonatite, or ~6–12% carbonatite including the CO2-
above the primitive mantle value of 36, varying from rich component. The lherzolites require ~8% or less
34 to 125 (mean 66), consistent with interaction with carbonatite addition (volatile component included). The
carbonatite. harzburgites require minimal, or no addition of dolomitic

carbonatite, and are presumed to most closely resemble
pre-metasomatic compositions in CaO–MgO space. Be-
cause of the likely presence of an open system componentThe nature of the metasomatic process
to the metasomatic process (Rudnick et al., 1993), these

The model for carbonatite metasomatism proposed by estimates of the amount of carbonatite melt addition
Green & Wallace (1988) suggests that the associated necessary to drive precursor lithospheric compositions to
geochemical perturbation occurs in a predominantly those of individual, metasomatized xenoliths should be
closed system. That is, the metal oxide components of considered lower limits.
the invasive carbonatite melt are effectively absorbed by In contrast, Al2O3 contents of the xenoliths are too
the pre-metasomatic lithosphere, with loss of most of a low to lie on mixing lines between the assumed protoliths
CO2-rich fluid during decarbonation reactions between

and CM1, or any carbonatite with similar MgO butperidotite phases (particularly orthopyroxene) and the
lower Al2O3 contents (Fig. 6b). Assuming that the rangecarbonatite melt. The geochemistry of the affected part
of pre-metasomatic lithospheric compositions lay alongof the lithosphere should therefore reflect binary mixing
the peridotite partial melting trend between samples 167between the metal oxide parts of the carbonatite and the
(Nickel & Green, 1984) and DR11311 (O’Reilly & Griffin,precursor lithosphere. However, Rudnick et al. (1993)
1988), then bulk mixing of 5%, or even 10% CM1 (CO2demonstrated that geochemistry is controlled by open
free) would not lower the whole-rock Al2O3 content ofsystem processes, dependent on partitioning relationships
the affected parts of the lithosphere enough to generatebetween the reacting, evolving carbonatite, and peridotite
the observed compositions. In fact, addition of 5 or 10%phases.
CM1, or any other feasible carbonatite liquid com-In this section, we model the metasomatic process as
position, would not perturb whole-rock Al2O3 contentssimple binary mixing (i.e. closed system metasomatism)
significantly from the partial melting trend defined bybetween suitable precursor lithospheric compositions and
the group A1–A5 xenoliths of Nickel & Green (1984)carbonatite melt, to place lower limits on the amounts
(Fig. 6b). Therefore, Al2O3 contents of the xenolithsof carbonatite melt addition necessary to produce the
cannot be explained by bulk mixing between refractoryobserved chemistry. Samples 167 (Nickel & Green, 1984)
precursor lithologies lying on the peridotite partial melt-and DR11311 (O’Reilly & Griffin, 1988) were chosen as
ing trend, and any feasible liquid composition. Thisreasonable pre-metasomatic compositions, as they lie
suggests that significant amounts of Al2O3 were lost fromwithin the partial melting trends for the SEA xenolith
that part of the lithosphere sampled by these xenolithssuite, and because they cover a range of MgO contents
during the metasomatic process, and that, consequently,similar to that covered by those samples from the current
the whole-rock compositions in MgO–Al2O3 space havesuite whose compositions also lie close to the partial
been driven in the direction indicated by the near-verticalmelting trend (i.e. those samples presumed to be least
arrows in Fig. 6b. Similar calculations also indicateaffected by the metasomatism). The experimental sodic
that some SiO2 may have been lost. Presumably thesedolomitic carbonatite composition of Wallace & Green
components partitioned more strongly into the reacting,(1988) (CM1) was chosen to model the metasomatic
evolving metasomatic melt than into the newly formingagent. A number of experimental studies have shown
metasomatic phases (mainly clinopyroxene), or the re-that carbonatite melts in equilibrium with peridotite in
acting primary phases (orthopyroxene and spinel), con-the lithosphere are broadly dolomitic (e.g. Wyllie &
sistent with their unusually low Al2O3 contents. This mayHuang, 1975; Wallace & Green, 1988; Thibault et al.,
have resulted in formation of a fugitive melt phase, rich1992; Sweeney, 1994; Yaxley & Green, 1996). The
in SiO2 and Al2O3, and probably also in alkalis andoutcomes of the modelling described below were not
LILE, but low in CaO and MgO. Unfortunately, testingsignificantly affected by the choice of carbonatite com-
for loss of alkali components using binary mixing cal-positions, provided that it was broadly dolomitic.
culations as described above produced equivocal results,Figure 6a indicates that the MgO and CaO contents

of the wehrlites and lherzolites can be reproduced by because larger scatter in the peridotite partial melting
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trends on plots against MgO made estimates of suitable enrichment hosted by clinopyroxene, without additional
precursor compositions uncertain. metasomatic phases such as phlogopite, amphibole or

The siliceous, aluminous component must be now apatite) may have been formed by interaction of relatively
largely absent from the xenoliths, to explain their low small amounts of carbonatite melts with refractory lher-
whole-rock Al2O3 and SiO2. This inferred loss of Al2O3 zolite or harzburgite, resulting in addition of LILE-
raises the obvious question as to its ultimate fate. Ionov enriched clinopyroxene, without other metasomatic
et al. (1995, 1997) described alkali-rich feldspar+Ti- phases. Similar conclusions have been reached by Brenan
oxide-bearing patches and veins in spinel peridotite xeno- & Watson (1991), Baker & Wyllie (1992) and Rudnick et
liths from Hamar-Daban, in the southern Baikal region al. (1993). Cryptically metasomatized peridotite xenoliths,
of Siberia. These feldspar-rich zones are strongly enriched as well as xenoliths with clear modal evidence of car-
in K, Rb, Ba, and Ti, as well as other incompatible trace bonatite metasomatism, have now been reported from
and minor elements. Interestingly, many of these elements many locations around the world (e.g. Dautria et al.,
exhibit strong negative anomalies on the primitive mantle 1992; Hauri et al., 1993; Ionov et al., 1993, 1996; Rudnick
normalized spidergrams for the carbonatite me- et al., 1993; Chazot et al., 1996), indicating that (1)
tasomatized xenoliths. Also, Hornig & Wörner (1991) metasomatic enrichment of the lithosphere by car-
reported siliceous, aluminous and alkali-rich veins (crys- bonatitic melts is a significant world-wide phenomenon,
tallized as leucite + plagioclase + clinopyroxene + and (2) there have existed in the mantle carbonatites that
nepheline+ apatite+ Ti-mica+ Mg-ilmenite+ rare were never emplaced at crustal levels. The relationship
zirconolite at ~0·5 GPa and ~1000°C), in a mantle (if any) between these putative mantle carbonatites and
xenolith hosted by a basanite from the Mt Melbourne carbonatites observed in the Earth’s crust may be crucial
Volcanic Field, Antarctica. We speculate that these in understanding the petrogenesis of carbonatites and
patches and veins may represent a highly siliceous, al- associated rocks.
uminous melt phase, enriched in alkalis, Rb, Ba and
other LILEs, which has migrated from an inferred zone of
carbonatite metasomatism and crystallized the observed
phases in veins and fractures in the lithosphere. Thus ACKNOWLEDGEMENTS
far, such unusual feldspar-rich patches have not been We gratefully acknowledge the technical expertise of Phil
observed in xenoliths from southeastern Australia. We Robinson and Wis Jablonski (University of Tasmania),
merely emphasize that the examples described by Hornig and Frank Brink and David Vowles (Electron Microscopy
& Wörner (1991) and Ionov et al., (1995, 1997) may Unit, The Australian National University). The manu-
provide an interesting clue to the fate of the missing script benefited from constructive reviews by R. Rudnick,
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