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Trace elements and isotopic compositions of whole rocks and mineral separates are reported for 15 spinel-bearing
harzburgite and lherzolite xenoliths from southeastern Australia. These samples have an exceedingly large range in
isotopic compositions, with #7Sr /86Sr ranging from 0.70248 to 0.70834 and ¢4 values ranging from +12.7 to —6.3.
This range in isotopic compositions can be found in xenoliths from a single locality. The isotopic compositions of
clinopyroxene separates and their whole rocks were found to be different in some xenoliths. Samples containing small
glass pockets, which replace pre-existing hydrous minerals, generally show only small differences in isotopic composi-
tion between clinopyroxene and whole rock. In a modally metasomatized peridotite, significant differences in the Sr
and Nd isotopic compositions of a coexisting phlogopite-clinopyroxene pair are present. Coexisting clinopyroxenes
and orthopyroxenes from an anhydrous lherzolite have Sr isotopic compositions that are significantly different (0.70248
versus 0.70314), and yield an apparent age of 625 Ma, similar to that found previously by Dasch and Green [1].
However, the Nd isotopic compositions of the clinopyroxene and orthopyroxene are identical indicating recent (within
40 Ma) re-equilibration of Nd.

Sr and Nd concentrations in the whole rocks and clinopyroxenes show an excellent positive correlation, and have an
average Sr/Nd ratio of 15. This ratio is similar to the primitive mantle value, as well as that found in primitive MORBs
and OIBs, but is much lower than that measured in island arc basalts and what might be predicted for a subduction
zone-derived fluid. This indicates that a significant proportion of the Sr and Nd in these peridotites is introduced as a
basaltic melt with intraplate chemical characteristics.

The isotopic compositions of the peridotites reflect long-term, small-scale heterogeneities in the continental
lithospheric mantle, and are in marked contrast to the near uniform isotopic compositions of the host alkali basalts
(%7Sr/858r = 0.7038-0.7041 and €yg = + 3.6 to +2.9). A minimum of three evolutionary stages are identified in the
growth of the continental lithospheric mantle: an early basalt depletion event, recording the initial development and
stabilization of the lithospheric mantle, followed by at least two enrichment episodes. These observations are consistent
with continental lithospheric mantle growth involving the underplating of refractory peridotite diapirs.

1. Introduction

The continental lithospheric mantle is that part
of the upper mantle below the Mohorovicic dis-
continuity which is mechanically coupled to the
overlying continental crust. Spinel-bearing lherzo-
lite and harzburgite xenoliths brought to the earth’s
surface by intraplate alkaline basalts provide di-
rect information on the nature of the continental
lithosphere. These rocks equilibrated at pressures
of about 10-25 kbar and probably represent the
major constituent of the continental lithospheric
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mantle. Mantle xenoliths have been used to iden-
tify processes involved in the growth of the con-
tinental lithosphere [1-3], constrain the tectonic
setting of its formation and provide an estimate of
the primitive mantle composition [4]. Addition-
ally, recent studies have proposed that the litho-
spheric mantle is involved in intraplate basalt
genesis [5,6]. Geochemical and isotopic studies of
these samples may therefore provide further in-
sights into the composition of the lithospheric
mantle as well as melt components derived from
it.

There is a basic need for more data which can
be used to constrain competing models that de-
scribe the formation and growth of the continental
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lithospheric mantle. The models proposed gener-
ally involve either underplating of intrinsically
buoyant, refractory peridotite diapirs onto the base
of the lithosphere during plate-margin and intra-
plate volcanism [7,9] lithospheric thickening due
to post-tectonic, conductive cooling [8,10] or litho-
spheric doubling due to partial subduction of
young oceanic lithosphere [11]. Combined petro-
logical, geochemical and isotopic data gained from
detailed studies of these peridotite fragments can
therefore offer important constraints for these
models.

Chemical and Sr and Nd isotopic results are
presented here for a suite of spinel-bearing
lherzolite and harzburgite xenoliths from south-
east Australia. The data are combined with previ-
ous major and trace element studies {1-3] on these
and related peridotite samples. We put forth a
self-consistent, multistage evolutionary model for
the growth and development of the continental
lithospheric mantle in southeast Australia and
evaluate the role of the lowermost lithosphere in
basalt genesis.

2. The samples and previous work

The 15 peridotite xenoliths analyzed in this
study come from 7 separate alkine basalt centers
in the Pliocene to Recent, Newer volcanics from
southeast Australia. The samples are representa-
tive of the dominant ultramafic lithology found in
the xenolith suites from nearly all of the localities
in the field. An effort was made to investigate the
most common lithology, the spinel-bearing harz-
burgite and lherzolite xenoliths. In addition two
amphibole-bearing, three phlogopite-bearing sam-
ples and several samples which contain glass
patches that Frey and Green [2] suggested were
melts replacing amphibole and phlogopite were
also analysed. Six of these xenoliths are the sam-
ples from the classic peridotite study of Frey and
Green [2]. Four other samples are from Dasch and
Green [1], one sample is from Nickel and Green
[3], and the remaining four samples were collected
recently. These lherzolite and harzburgite xeno-
liths all contain, in decreasing order of abundance,
olivine, orthopyroxene, clinopyroxene and spinel,
and some also contain amphibole, phlogopite or
apatite. A Mt. Leura specimen (2642) contains
~ 2% amphibole, whereas the Bullenmerri sample

(BM134) contains 4.7% amphibole [3]. Three sam-
ples are phlogopite-bearing with modal abun-
dances varying from a trace constituent (2640) to
a major component (about 9% in 84438 and 16%
in 84413). Apatite has only been identified in one
sample (2700) [2]. Small areas of glass, that con-
tain recrystallized olivine and pyroxene, are com-
mon to all of the peridotites studies, although
abundances of the glass pockets vary from rare to
about 0.5% in some samples. Samples are coarse
to medium grained, with porphyroclastic textures.
Four samples (2730, 2736, BM134 and 85168) are
strongly foliated. More detailed petrographic de-
scriptions are given in [1-3]; details of the whole
rock and mineral major and trace element chem-
istry for seven of the xenoliths have been de-
scribed elsewhere [1-3].

3. Experimental procedures

Whole rock analyses were performed on
powders, some of which were used in earlier stud-
ies [1-3]. Analyses were performed on 100-250
mg of rock powder. Enclosing basaltic material
was removed from the xenolith using a water
cooled saw; powders were prepared by extracting
centimeter size fragments from coarsely crushed
interior material. Up to 40 grams of rock frag-
ments were ground in an agate ringmill for 1
minute. In an attempt to keep sample contamina-
tion to a minimum, no additional grinding was
performed. Clinopyroxene and phlogopite con-
centrates were separated from the remaining
coarsely crushed fragments. Pure (> 99%) mineral
separates were obtained by hand picking, and
50-100 mg aliquots of these separates were used
for isotope analyses. An additional experiment
was carried out on 4 of these clinopyroxene sep-
arates (13-17 mg each) and an orthopyroxene
separate (260 mg). Following the technique of
Jagoutz {12}, the mineral separates were washed
for several minutes in warm 5% HF, then warm
2.5N HC], repeatedly rinsed in cold distilled water,
and then each mineral grain was examined (using
horizontal illumination and a binocular micro-
scope) and those without visible inclusions were
selected for analyses. These samples were then
leached in a warm (~ 60°C) ultrasonic bath of
10% HF /2.5N HCI for 10 minutes and afterwards
rinsed several times in distilled water. All samples



were dissolved in teflon bombs.

The isotopic analyses of whole rocks and some
of the clinopyroxene separates (Tables 2 and 3)
were carried out on the single collector MSZ mass
spectrometer using experimental procedures de-
scribed previously [6,13] but in contrast to previ-
ous work normalized to **Nd/!#?Nd = 0.7219.
Additional analyses of ultra-pure clinopyroxene,
orthopyroxene and phlogopite separates were de-
termined on a recently acquired MAT-261 multi-
ple-collector mass spectrometer in a static data
collection mode. In the latter case Nd isotope
analyses involved simultaneous data collection of
masses 142, 143, 144, 145, 146, 149 and 150, using
mass 149 to monitor Sm interferences, and cor-
recting for mass fractionation by normalizing to
146Nd /142Nd = 0.7219. Sr isotope analyses in-
volved simultaneous data collection of masses 84,
85, 86, 87 and 88, using mass 85, to monitor Rb
interferences, and correcting for mass fractiona-
tion by normalizing to 3¢Sr/*Sr = 0.1194. Table 1
presents the Sr and Nd isotopic compositions of
different standards as measured on the MSZ and
MAT-261 mass spectrometers used in this study.
Differences expressed as parts in 10° in the mea-
sured Sr and Nd isotopic compositions of these
standards for the two machines are small and
relatively constant (ASr = 47 and ANd = 37). The
8Sr /%Sr and '*Nd /'*Nd isotopic compositions
of the xenoliths and mineral separates determined
using the MSZ have been adjusted using the aver-
age A values so that they are equivalent to those
measured on the MAT 261.

TABLE 1

Sr and Nd isotopic compositions of standards

329

Total chemical blank measured during the anal-
ysis period for Nd is < 30 pg, Smis < 10 pg, Sr
is <200 pg, and Rb is < 20 pg. No correction for
procedural blank has been applied. Replicate
analyses were performed to evaluate chemical and
isotopic variations between separate aliquots of
rock powder and to document experimental proce-
dures on samples with low concentrations. Finally,
there are significant differences in the ®’Rb /%¢Sr
and ¥'Sr/®Sr ratios reported in this study and
those reported in Dasch and Green [1] for splits of
the same sample powders (2730, 2736 and 2769)
and the mineral separates (2905).

4. Results

4.1. Whole-rock data

Chemical and isotopic results for whole-rock
samples are reported in Table 2. The whole-rock
data shows extremely large variation in Sr and Nd
isotopic compositions for spinel-bearing lherzolite
and harzburgite xenoliths from a given basalt field
(Fig. 1). Three samples fr)m Mt. Gambier alone
display nearly as large 2 range in isotopic com-
positions as found in al of the xenoliths. Com-
bined with earlier isotope data [14] the Mt. Leura
peridotites show an enormous variation in Nd
isotope composition from ey, = +10.6 to —7.5.
These observations indicate large isotopic hetero-
geneities in the continental lithospheric mantle
beneath southeastern Australia. Moreover, these
heterogeneous regions occur even within xenoliths
from a single vent and document extreme isotopic

MAT-261 MSZ mass A
mass spectrometer spectrometer
Nd standards '9Nd /1 4Nd n NG /14 Nd n
BCR-1 0.512653+5 6 0.512608 +10 7 +45
BHVO-1 0.512999+ 5 1 0.512967+ 17 7 +32
La Jolla 0.511873+5 17 0511841+ 7 4 +32
avg. +37
Sr standards 87Sr/ 50Sr n 87sr s 80sr n
BCR-1 0704960 + 10 3 0.704988 + 40 6 —28
E&A 0.707966 + 15 6 0.708001 + 12 14 —34
NBS 987 0.710197+ 4 67 0.710253 £ 25 35 —56
avg. —47

A = [(isotope ratio)yat — (isotope ratio)ysz ] x 108 Uncertainties reported are +20,, of the ratios, where n = number of analyses.
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TABLE 2

Chemical and isotopic composition of southeast Australian peridotite xenoliths

Locality Sample Rb Sr 87Rb 87gp Sm Nd 147gm 143N 4 €ng Tom
Anakies 2604 0.144 1275 0.033 0.70453+ 7 0.139 0848  0.099 0.512654+26 0.1 610
Porndon 84402 0.063 6298 0.029 0.70464+ 5 0119 0455 0.158 0.512569+62 —1.6 1340
0.045 5762  0.023 070463+ 4 0125 0467 0.162 0.512568+24 —1.6 1430

Leura 2640 0.053 5054 0030 0.70482+ 4 0.104 0420 0.150 0.512788 + 40 2.7 760
Leura 2642 0.042 8.588  0.041 070366 +£20 0.175 0425 0.249 0.513187+ 34 10.5 170
0.051 8.348  0.018 0.70356+ 5 0.156 0.386 0.245 0.513176 +28 10.3 120

Leura 2769 0232 11.58 0.058 070412+ 5 0203 0.774 0.159 0.512831 +18 35 760
Leura 85168 0.156  10.73 0042 0.70383+ 3 0239 0.870 0.166 0.512844 +22 3.8 820
Bullenm’ BM134 1854 5346 0100  0.70521+ 3 0.701  3.959 0.107 0.512649 +20 0.0 660
Noorat 2700 0.371  41.86 0.026 0.70384+ 7 0.339 1805 0.114 0.512686 + 24 0.7 650
Noorat 84413 36.32 88.61 1.183 0.70546+ 3 1.011 5321 0.119 0.512558+26 —1.8 870
2817  90.20 0.903 070553+ 5 0975 4992 0.118 0.512588+24 —-12 820

31.84  88.88 1.034 070551+ 4 1.069 5493 0.118 0.512560+26  —1.7 850

Shadwell 2669 0.110  23.90 0.013 0.70554+ 4 0.282 1.823 0.094 0.512314+24  —6.5 980
Shadwell 84438 2246  92.30 0.703 0.70505+ 3 1.211 5364 0137 0.512704 +-24 1.2 790
Gambier 2728 0.071 7877 0.026 0.70353+10 0.152 0441 0.209 0.513118 +40 9.2 400

8.189 0.70334+ 4 0.544 0.513099 + 64 8.8

0.066 7.652  0.025 0.70338+ 4 0.143 0424 0.204 0.513108 + 50 9.0 380

Gambier 2730 0.393 3.373  0.336 0.70834+ 4 0.087 0.385 0.136 0512473438 —34 1180
0.385 3366 0330  0.70830+ 4 0072 0313  0.140 0.512482+32 —3.2 1210

Gambier 2736 0.201 2.810  0.207 0.70709+ 9 0.076 0.331 0.139 0.512426 +44 —4.3 1300
’ 0.205 2.836 0.218 070704+ 4 0.070 029  0.143 0.512418+24 —45 1380

Elemental concentrations are given in ppm and have analytical uncertainties of < +0.5%. Uncertainties in isotope ratios are +20,,
and represent intra-run statistics. All measurements were done on the MSZ mass spectrometer but have been adjusted to be
equivalent to those measured on the MAT-261. See Table 1 for information on isotopic standards analyses. €4 notation as reported
in [6] but with €)y4(0) = 0.512650. Ty = (1/A) In{("*Nd /1 Nd e0s — P Nd/ Ny )/CYSm/ MM NG s — 197Sm/ * Nd pay) ),
where " Nd /1% Nd py; = 0.51316 and "7Sm /1% Nd ), = 0.225; see [29].

15
. Southeast Australian Spinel Lherzolites and Harzburgites

- &3 host basalts

0r

QOceanic Mantle
Sr Array

Nd

Bulk "
Earth

L A .

" s "
0.703 0.704 0.705 0.707 0.708

87 86,
Srl Sr

-10
0.702 0.706 0.709

Fig. 1. %Sr/%Sr versus eny values for whole rock spinel
peridotite xenoliths from southeast Australia. The Sr and Nd
isotope composition of the clinopyroxene separate from sample
2905 is plotted here since there was no measured whole rock
value. The limits of the oceanic mantle array include ocean
islands and MORB [45]. The uncertainty estimate represents a
typical 2¢ m value. The field of Sr and Nd isotopic composi-
tions for the Newer basalts includes tholeiitic and alkalic
basalts {6].

diversity over a restricted vertical section of ~
40-70 km depth (i.e., the spinel lherzolite field,).
The Sr and Nd isotopic compositions of these
penidotites generally plot along the oceanic mantie
array (Fig. 1). The large variation in their Sr and
Nd isotope compositions is in marked contrast to
the limited range in isotope composition of the
host alkalic basalts [6]. The spread in isotopic
compositions of these peridotites is therefore a
feature that cannot be attributed to host basalt
contamination. If present, contamination by the
host basalts would only reduce the total isotopic
variation and thus, the present spread would rep-
resent a minimum for the xenolith source region.
The two amphibole-bearing and three phlogopite-
bearing peridotites have, in general, higher
87Sr /¥ Sr ratios for a given €y, value compared to
the other samples, whereas, the single apatite-



bearing lherzolite plots on the lower left side of
the oceanic mantle array.

There is no simple correlation between the Sr
and Nd isotopic composition and the presence of
a foliated fabric, although two of the four foliated
specimens (from Mt. Gambier) have the highest
87Sr /#8r ratios. The high 8Sr/36Sr ratios in these
two samples are not attributed to secondary
surface alteration effects. These samples have high
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Fig. 2. (a) ¥'Sr/®¢Sr versus 3 Rb /%6Sr whole rock variation for
southeast Australian peridotites. The 1100 Ma reference iso-
chron is shown for the three Mt. Gambier peridotites. Symbols
used are, open squares for samples from Mt. Gambier, open
circles for samples from Mt. Leura and filled squares for other
samples. (b) '*Nd /' Nd versus '¥’Sm/1*Nd whole rock
variation for southeast Australian peridotites. The 1500 Ma
reference isochron is shown for the three Mt. Gambier peri-
dotites, and the 610 Ma reference isochron is shown for the
four Mt. Leura peridotites, however these ages have no geologi-
cal significance, see text. The diagram is divided in quadrants
based on LREE-depleted versus LREE-enriched patterns and
+eng values versus — ey, values using primitive mantle
values. Symbols as in (a).
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8Rb/%Sr and *’Sr/®*Sr and low '“’Sm/'*Nd
and negative €4 values, thus reflecting a long-
term history of Rb and LREE-enrichment. Both
peridotites contain heterogeneously distributed
melt pockets which have been interpreted as re-
placing pre-existing hydrous phases [2]; this in-
terpretation is consistent with their incompatible
element enriched character. The Sr and Nd iso-
topic composition of the foliated Mt. Leura
lherzolite, 85168, is not distinct from those of
other Mt. Leura peridotites, and is similar to the
host alkali basalt isotopic composition. However,
it is unlikely that this peridotite has been affected
by host basalt contamination since it has very low
concentrations of Rb, Sr and the REE compared
with the host and has significantly different Rb /Sr
and Sm/Nd ratios.

Nine out of the fourteen whole rocks studied
have positive €, values, consistent with a long-
term LREE-depleted history (Fig. 2b). However,
seven of these nine are LREE-enriched (samples
in the upper left quadrant Fig. 2b). This feature
has been observed in other peridotite xenolith
suites [15-17). The long-term, LREE-depleted Nd
isotopic character is consistent with the peridotite’s
major and trace element geochemistry which re-
flect a previous basaltic melt depletion event. Such
depleted peridotites were referred to as compo-
nent A by Frey and Green [2]. Peridotites with
LREE-enriched patterns and positive ey, values
must have experienced a recent LREE-enrichment
event, although depleted mantle model ages allow
this enrichment event to have occurred up to 800
Ma ago (Table 1). This added, LREE-enriched
component was called component B by Frey and
Green [2] and is present in only some of the
depleted peridotites. For example, the Mt.
Gambier peridotite (2728) has a near-chondritic
REE pattern and a large, positive ey, value, re-
quiring that at sometime in the past this sample
possessed a more LREE-depleted pattern. In con-
trast, the Mt. Leura peridotite (2642) has a
LREE-depleted pattern and a positive e,y value.
It is possible that the amphibole in this sample
may be the result of H,O addition which occurred
without significantly changing the bulk rock REE
pattern and major element composition.

Fig. 2 gives Rb-Sr(a) and Sm-Nd(b) isochron
diagrams for the peridotites. The data plot along
highly scattered, positive trends in both diagrams.
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The Rb-Sr data for the Mt. Leura samples define
a horizontal line with a very large uncertainty. A
reference isochron for the Rb-Sr system for the
Mt. Gambier peridotites is shown in Fig. 2a and
was derived by using the 3 Mt. Gambier samples.
The data suggested an age of 1117 + 69 Ma and
an initial 8’Sr /36Sr of 0.7032. Reference isochrons
for the Sm-Nd system are shown for the Mt.
Leura and Mt. Gambier peridotites (Fig. 2b).
These were generated from a regression for the 4
Mt. Leura peridotites which yielded a 613 + 96
Ma age with an initial €yy value of +6.5 and 3
Mt. Gambier peridotites which yielded a 1510 +
525 Ma age with an initial ey, value of +7.4. The
different ages determined from the Sr and Nd
isotope systems together with the large uncertain-
ties suggest these ages do not have geologic signifi-
cant.

Differences in absolute concentrations of Sr,
Sm and Nd of up to 15% were measured during
replicate whole-rock analyses. These differences
are attributed to the heterogeneous distribution of
clinopyroxene, phlogopite or glass in each aliquot
of powder dissolved. This is plausible considering
that clinopyroxene, the dominant host for Sr and
the REE, commonly constitutes less than 10% by
volume of the total rock. The '*’Sm /!*Nd ratios
agree at or within +1% for replicate analyses,
although the absolute concentrations differ be-

TABLE 3

tween each dissolution. Variations in Rb con-
centrations between replicate analyses may be due
to an irregular distribution of Rb along grain
boundaries and /or in fluid inclusions [12,18], ex-
cept in the phlogopite-bearing samples where Rb
concentrations will be a function of the amount of
phlogopite present in each powder aliquot. Evi-
dence for a grain boundary distribution of Rb can
be found by comparing unleached and HF-HCI
leached clinopyroxene separates (Table 3). The
data show a substantial reduction in the Rb con-
tents and ¥Rb/®Sr ratios, but no difference in
the Sm/Nd ratios or the Sr and Nd isotopic
compositions. Chen and Frey [19] also demon-
strated that the alkalis are readily removed from
acid washed clinopyroxenes in a suite of Mt. Leura
peridotite xenoliths, but that the REE and Sr
abundances and *Sr/%Sr ratio were unaffected
by acid washing. Similarly, in a study of peridotite
xenoliths from the southwest United States,
Menzies et al. [17] showed that the Sr and Nd
isotopic compositions of clinopyroxene separates
were within analytical uncertainties before and
after HCl leaching experiments.

4.2. Mineral data

The Sr and Nd isotopic compositions of clino-
pyroxene, orthopyroxene and phlogopite separates
are reported in Table 3 together with data for

Chemical and isotopic compositions of pyroxene and phlogepite separates

Sample  Mineral Rb Sr 87Rb 87gp Sm Nd 1479m 143Nd €Ng Tom
segr gy NG NG
2604 CPX 0.248 4985 0.0014  0.70448+3 5406 33.13 0.099 0.5126124+20 —-0.7 660
CPX-r 0299 5144 0.0017 0.70444+3 6.100 38.00 0.097 0.512644+22 0.1 620
84402 CPX 0.087 159.0 0.0016 0.70464+5 3.098 11.36 0.165 0.512639+14 —0.2 1320
CPX-L 0.059 1473 00012 0.70460+2 2.356 8.620 0.165 0.512688+ 7 0.7 1200
BM-134 CPX 0.116 2720 0.0012 070501 +4 1.853 11.55 0.097 0.512625+16 0.5 640
84413 CPX 1.019 336.1 0.0086 0.70706 +4 6.672 32.37 0.125 0.512450+20 -39 1080
CPX-L 0.018 2695 0.00019 0.70721+2 4.900 24.03 0.123 0512443+ 5 —40 1070
phlogopite  200.8 197.3 29381 0.70494+4  0.018 0111 0.096 0.512545+£32 20 730
84438 CPX 0.855 2140 0.0115 0.70530+5 5418 22.70 0.144 0.512654 +20 0.1 950
CPX-L 0.127 1946 0.0019  0.70506+2 4502 1882 0.145 0512691+ 7 0.8 890
2730 CPX 0.348 61.2 0.0164 0.70775+3 1.364 5.813  0.142 0.512598+34 —1.0 1030
2905 CPX-L 0.099  79.72 0.0036 0.70248 £1  2.460 5.896 0.252 0.513303+ 6 12.7 810
OPX-L 0.0064  0.2383 0.0777 0.70314+1 0.0157 0.0264 0.357 0.513303+20 12.7 170

CPX = clinopyroxene, OPX = orthopyroxene, r = repeat dissolution, L = optically pure and HF-HCIl washed separates. CPX-L and
OPX-L and phlogopite measured using the MAT 261, all others were done on the MSZ mass spectrometer; see Table 1 for
comparison of isotopic standards analyses. Element concentrations are in ppm. See Table 2 for additional details.



leached and unleached mineral separates. In gen-
eral, the leached and unleached clinopyroxene
separates have identical Sr and Nd isotopic com-
positions, considering uncertainties and dif-
ferences in machine bias (see Table 1 and discus-
sion in section 3), although in both phlogopite-
bearing xenoliths there are relatively small dif-
ferences in the Sr isotopic compositions which are
beyond analytical uncertainties. The ®Sr/%6Sr
ratios of the leached samples are most likely to
provide the best estimate of the indigenous clino-
pyroxene value.

There are slight differences in the Sr and Nd
isotopic compositions between clinopyroxene and
whole rock analyses for the peridotite 2730, which
contains small glass pockets (see [1, fig. 3]). Since
no evidence was found for host basalt infiltration
[2] we attribute these differences to the influence
of the glass phase. These glass pockets are in-
terpreted to be the breakdown products of hy-
drous phases during decompression in the volcanic
pipe [1,2]. Thus, in samples that do not have
modal hydrous phases, but do have melt pockets
that replace preexisting hydrous phases, the iso-
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Fig. 3. ¥Sr/%Sr versus €,q values for whole rock, clinopy-
roxene, orthopyroxene and phlogopite mineral separates for
peridotite xenoliths from southeast Australia. Orthopyroxene
and clinopyroxene for sample 2905 are in equilibrium for Nd
but show Sr isotope disequilibrium. The phlogopite and clino-
pyroxene show both Nd and Sr isotope disequilibrium. The
field shown for the 5 host basalts is from McDonough et al. [6].
The error bar indicates the typical 20, uncertainty.
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topic analyses of clinopyroxene separates alone
cannot fully characterize the peridotite xenoliths.

The mineral phases in the phlogopite lherzolite
84413 show both Nd and Sr isotopic disequi-
librium. The *3*Nd/!*Nd ratio of the phlogopite
(0.51254 + 3) is indistinguishable from the whole-
rock value (0.51256 + 3) but higher than the
clinopyroxene (0.51244 4+ 1). This indicates that
the Nd in the phlogopite may have equilibrated
with the whole-rock whereas the clinopyroxene
has maintained a lower '¥*Nd/!Nd ratio. The
87Sr /#8r ratio of the phlogopite is much lower
(0.70498) than that of the clinopyroxene
(0.70710-unleached versus 0.70721-leached). The
whole-rock has an intermediate ®Sr/%6Sr value
(0.70553). The low %'Sr/®Sr of the phlogopite
together with its high 8’Rb /% Sr ratio (2.938) indi-
cates a recent addition of a low ¥’Sr/3¢Sr compo-
nent to this rock. For example, it would take
about 60 Ma for the phlogopite to evolve to its
present ¥’Sr/%Sr value if it was derived from a
depleted mantle source (i.e., 3'Sr/%Sr = 0.7025).
If the component was derived from a less depleted
mantle having a higher ¥'Sr/%Sr ratio, then the
age of the phlogopite would be less than 60 Ma.
Therefore, phlogopite generation occurred some-
time during the Cenozoic, consistent with the
presence of the Pliocene to Recent basaltic mag-
matism in the region. In both phlogopite-bearing
samples, the clinoyroxenes have higher #’Sr/%6Sr
ratios than the whole rocks. The balance of the Sr
is contained in the phlogopite, which has low
87Sr /%88r, thus explaining the differences between
clinopyroxene and whole rock values. Phlogopite-
bearing peridotites from south Africa have similar
isotopic characteristics [20]. Clinopyroxenes in
both phlogopite-bearing samples have lower €,y
values than the whole rock, which, in contrast
with the Sr system, cannot be explained by the
presence of phlogopite since it has both low REE
concentrations (less than 0.2 ppm Nd, Table 2)
and in the case of sample 84413 an e,y value
which is not distinguishable from the whole-rock
value. These differences must be due to the pres-
ence of another component. For the phlogite-
bearing lherzolite 84413, it is conceiveable that
this component represents infiltration by the host
basalt, although there is no petrographic evidence
for this (see also [2]). Regardless of the explana-
tion, differences in both the Nd and Sr systems
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between hydrous and anhydrous phases is indica-
tive of isotopic disequilibrium and suggests recent
introduction of a component (e.g., component B
of Frey and Green [2]). Additional examples of
isotopic disequilibrium have been reported
elsewhere (e.g. [15-21,39)).

The clinopyroxene and orthopyroxene sep-
arates in sample 2905 have identical Nd isotopic
compositions despite differences in 4’Sm /*Nd
ratios, indicating that this peridotite is in Nd
isotopic equilibrium. However, considering ana-
lytical uncertainties, the maximum age at which
this peridotite could have closed to diffusive ex-
change is 38 Ma ago. This peridotite has a two
pyroxene equilibration temperature of about
1030°C, in agreement with other anhydrous peri-
dotites from the region [2], suggesting it resided at
temperatures above Nd closure temperature. In
contrast, the Sr isotopic compositions of these
coexisting minerals are not the same; the orthopy-
roxene has a higher ¥’Sr /%Sr ratio (0.70314) than
the clinopyroxene (0.70248). This discrepancy be-
tween the Sr and Nd isotope systems have been
observed before [12,22] and has been attributed to
contamination. Dasch and Green [1] found that
this sample (2905) preserved a Sr isochron age of
about 700 Ma. Interestingly, the Sr isotope data
for the clinopyroxene-orthopyroxene pair anal-
ysed in this study also yields a 625 Ma age,
although the orthopyroxene analysed in this study
has a significantly lower 8’Sr/%¢Sr ratio than that
reported by Dasch and Green (0.70314 compared
0.7060). This suggests that the agreement between
the ages may be fortuitous. The apparent Sr age
can be attributed to either (1) the ¥’Sr /¢St com-
position of the orthopyroxene having been af-
fected by Rb on the grain boundaries, (2) prefer-
ential uptake of 3’Sr in orthopyroxene versus clin-
opyroxene, or (3) possibly incomplete purification
of mineral separates and/or chemical processing
blanks as previously suggested [12,22]. The essen-
tially zero Sm-Nd age also argues against the
Rb-Sr age having geologic significance but this
may be due to a lower closure temperature for the
Nd system compared to Sr. Further studies are
necessary in order to better understand the effec-
tive grain size of these minerals under mantle
conditions and the relative diffusion coefficients
of Sr and Nd in natural orthopyroxenes and clino-
pyroxenes.

5. Discussion

5.1. The nature of the LREE-enriched component

Frey and Green [2] and Nickel and Green [3]
suggested that the major and compatible minor
element characteristics of these peridotites (their
component A) resulted from the extraction of a
basaltic melt. This melting event produced resid-
ual peridotites which possessed variable depletions
in incompatible elements, depending upon the de-
gree of melt extracted. They further suggested that
the incompatible minor and trace element com-
positions of these residual peridotites were in-
creased by the subsequent addition of an added
component (their component B), which +as en-
riched in these elements. They argued that compo-
nent B is genetically unrelated to component A,
and represents a liquid derived by a small degree
(<5%) of melting in equilibrium with garnet [2).
This melt was possibly derived from the low veloc-
ity zone (LVZ) and interacted with the overlying
lithosphere [2]. The nature and origin of this ad-
ded component has been of considerable interest
in recent years [17,28] and is commonly referred
to as a metasomatic component. The data pre-
sented here allows us to place further constraints
on the nature and origin of this component.

The Sr and Nd concentrations in these peri-
dotites are positively correlated (Fig. 4); for n = 14,
this correlation (r=0.985) corresponds to a >
99.99% level of significance, with an average whole
rock Sr/Nd ratio of 14.9 + 4.0 (10). A similar well
defined Sr-Nd correlation and relatively constant
Sr/Nd ratio (14.5 £ 5.0) is found in clinopyroxene
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Fig. 4. Sr (ppm) versus Nd (ppm) concentrations for whole
rock and their clinopyroxene mineral separates for peridotite
xenoliths from southeast Australia. A single phlogopite mineral
separate clearly shows a markedly different Sr/Nd ratio.



separates from these peridotites (Fig. 4). In marked
contrast, the Sr/Nd ratio of a phlogopite separate
is nearly 1800 (Fig. 4), although the Sr/Nd ratios
in the phlogopite-bearing peridotites are 17.3. The
data indicate an overall control by clinopyroxene
on the whole-rock Sr and Nd chemistry, even in
the presence of other phases. The average Sr/Nd
ratio of these peridotites is similar to the bulk
earth Sr/Nd ratio of 17.1 (based on the value for
C1 chondrites [23]). In contrast, the Sr/Nd ratio
of primitive basalts is dependent upon their
tectonic setting. A compilation of Sr and Nd data
for relatively unfractionated basalts (e.g., Ni and
Cr > 100 ppm, with no evidence of plagioclase
fractionation) shows that, in general, MORBs have
a low Sr/Nd ratio of 10 to 15, oceanic and
continental intraplate basalts have intermediate
Sr/Nd ratios of 15 to 20 and island arc basalts
have much higher Sr/Nd ratios of 30 to 35 [23-25].
The host Newer basalts have a typical intraplate
Sr/Nd ratio of 19.5 [6].

As many of the lherzolites show incompatible
element enrichments (e.g. LREE enrichments), it
is likely that a significant proportion of the Sr and
Nd in the Victorian peridotites was contributed
during the enrichment event. If this is true, the
Sr/Nd ratios in these peridotites also reflects that
of the added component, since none of the modal
minerals (except phlogopite) have fractionated Nd
from Sr, as evidenced by the similar Sr/Nd ratios
between whole rocks and clinopyroxene separates.
Thus this enriched component had a Sr/Nd ratio
most similar to that of MORB and/or intraplate
basalts and is unlike basalts from convergent plate
margins or what might be predicted for a fluid
flux associated with subduction zone magmatism.
The overall incompatible element enrichment pro-
duced by the addition of this component suggests
it was of an intraplate, rather than MORB char-
acter, although a melt component derived by low
degrees (< 2%) of melting of the MORB source
(i.e., Frey and Green’s [2] LVZ source) would have
the necessary chemical characteristics. Finally, be-
cause the isotopic composition of these peridotites
are distinct from their host basalts, the introduced
melt component is probably unrelated to this re-
cent intraplate magmatic event.

The above inferences on the tectonic setting
and nature of peridotite modification provides an
interesting contrast with the tectonic history re-
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corded in the overlying crustal rocks. In this part
of southeast Australia there has been an extensive
amount of granite genesis in the Paleozoic (~ 400
Ma ago [26]), and a greenstone belt, containing
boninites and low-Ti andesites [27], was formed
during the Cambrian. Nevertheless, the presence
of a subduction zone environment in this region is
not recorded in these peridotites.

5.2. Timing of the LREE depletion and enrich-
ment events

The chemical and isotopic compositions of these
spinel-bearing lherzolite and harzburgite xenoliths
allow formulation of the following model of litho-
sphere formation and modification. An initially
primitive or pyrolitic mantle source underwent
partial melting, giving rise to a basaltic melt, and a
LREE-depleted residuum. This first stage is en-
visaged as the initial stabilization of a lithospheric
mantle, in conjunction with crust formation. Fol-
lowing this depletion event the Nd isotopic com-
position of the residuum evolved over some time
interval (though not well constrained) to positive
€ng Vvalues (or a more positive €y, value if a
depleted mantle model is assumed). Later,
LREE-enriched components were introduced into
the residuum resulting in a significant decrease in
the '¥'Sm/!**Nd ratio (< 0.197), and the Nd iso-
topic composition began evolving to lower ey,
values; in some cases ultimately evolving to nega-
tive ey values. Using major and trace element
data it has been shown [1-3] that each of these
peridotites experienced different degrees of deple-
tion and enrichment. The broad range of isotopic
compositions found in these peridotites provides
additional support for this conclusion.

The considerable scatter of the data on the
Sm-Nd and Rb-Sr isochron diagrams (Fig. 2) sug-
gests that these peridotites are mixtures of at least
three components. This interpretation is consistent
with the data presented here and in previous stud-
ies [1-3]. Therefore, these whole-rock samples,
and other peridotite samples which show similar
geochemical characteristics, will not yield
meaningful age information from traditional iso-
chron diagrams. Thus, a previously reported man-
tle Sr isochron age of 650 Ma derived for a
number of peridotite xenoliths from Mt. Leura
[28] probably has no age significance, especially in
light of the fact that we have been unable to



336

reproduce these results using samples from the
same locality.

There is no unique method for determining the
147Sm /1 Nd or the *Nd/'“Nd of the source
prior to the enrichment event, nor can we de-
termine the amount and isotopic composition of
the enriched component added to the residual
peridotite. Therefore, the precise timing of the
depletion or enrichment events cannot be ob-
tained. An approximate estimate of the timing of
the LREE enrichments can, however, be made by
assuming a simple two stage model, whereby the
peridotites experienced one depletion from a
chondritic parent, and a latter enrichment event.
Estimates for this LREE enrichment event can be
calculated using T'p), model ages [29] for the most
LREE-enriched samples. Such a calculation is
justified since these peridotites experienced LREE
depletion as a result of basaltic melt extraction.
Although the degree of LREE depletion associ-
ated with the first event is unknown, it is assumed
to be greater than (for small amounts of melt
extracted) or equal to that (for larger amounts of
melt extracted) of the MORB source. Model ages
of LREE-enriched samples are given in Tables 2
and 3 and vary from 600 to 1370 Ma. These
models provide only a gross age estimate for the
timing of the enrichment event, as they assume
only a single-stage enrichment event. These esti-
mates can be significantly in error if the rocks
experienced multiple enrichment (or depletion)
events. In addition, if the assumed depleted man-
tle model does not reflect the depletion history of
the peridotite, then the uncertainties of these age
estimates increase. Furthermore, if these peri-
dotites have experienced multiple enrichment
events, then T, model ages for the most LREE-
enriched samples (e.g., 2604 and 2669) represent
an upper age limit for the most recent LREE
enrichment event. However, for samples 2604 and
2669, this would imply that the last LREE enrich-
ment event was no later than 600 and 970 Ma,
respectively. These ages are all significantly older
than the Paleozoic plutonism but overlap with the
Sm-Nd model ages for the source rocks of these
granitoids [13]. This suggests that there is a close
relationship between formation of the continental
crust and its associated lithospheric mantle.

Like the other samples, the phlogopite-bearing
peridotites possess geochemical and isotopic com-

positions indicating an initial melt depletion and a
later incompatible element enrichment (with model
ages of ~ 800 Ma). In addition, the low *’Sr /%S¢
measured for the phlogopite in 84413 suggests that
it has also undergone recent addition of a compo-
nent, post-dating the earlier depletion and enrich-
ment event(s). As discussed previously the Rb-Sr
isotopic systematics of the phlogopite indicate a
maximum age for its recent component of about
60 Ma consistent with the observation of intra-
plate magmatism occurred throughout this period
[30].

In principle it should also be possible to obtain
an approximate estimate of the timing of the
initial LREE depletion events. However this is
difficult as most of the samples analysed in this
study are dominated by the later superimposed
LREE enrichment events. Three samples still,
however, preserve LREE depletions. These are
2642, 2728 and 2905. The Sm-Nd isotopic analyses
of these whole-rock and clinopyroxene separates
all give ey values that are similar to present-day
MORB (€4 = 9.0 to 12.7). As a consequence they
have relatively young T, model ages of ~ 170 to
400 Ma indicating that relative to a normal MORB
source (as given by T, model evolution) only
relatively minor additional depletions have oc-
curred. The timing of the LREE depletion is not
well constrained except that it occurred prior to
the enrichment events and is therefore > 1000
Ma. It is conceivably that more extensive deple-
tions may have occurred but these have not been
preserved due to the later enrichments.

5.3. Evolution of the continental lithospheric
mantle

Considerable controversy exists concerning the
growth and evolution of continental lithosphere.
Growth processes include: magmatic and tectonic
accretion during ocean plate subduction, additions
to the continental lithosphere during the in-
tracratonic volcanism, and thirdly, additions of
lithospheric mantle resulting from the conductive
cooling of the lithosphere. A conductive cooling
growth model is envisaged as a relatively passive
process involving the underplating and thickening
of the lithosphere from below as it cools; this
growth model has been successfully applied to the
oceanic lithosphere and is consistent with geo-
physical data [9,10,31]. The first two growth



processes are envisaged to be active processes
involving significant additions to the lower litho-
sphere directly from interplate or intraplate
magmatism.

The subcrustal lithosphere added to the conti-
nents during magmatic events is predicted to be
petrologically and chemically distinct from litho-
spheric mantle added during conductive cooling of
the lithosphere. Mantle accreted onto the base of
the lithosphere via conductive cooling would pre-
sumably have the petrologic, chemical and iso-
topic characteristics of the convective upper man-
tle (i.e., the asthenospheric mantle). This mantle
would still be capable of producing basaltic melts,
possibly with MORB-type compositions. In con-
trast, mantle accreted during interplate and in-
traplate magmatism would most likely be depleted
peridotite, having a petrologic and chemical com-
position similar to component A as characterized
by Frey and Green [2]. This material would be a
Mg-rich, refractory residuum, less dense than the
ambient mantle and thus, intrinsically buoyant
[8,9,32,33]. The greater the basaltic component (an
Fe-rich component) extracted from the peridotite
source, the more buoyant the residuum with re-
spect to the surrounding mantle. Such residual
peridotite bodies produced during continental
magmatism would become permanently trapped
beneath the continents and incorporated into the
continental lithosphere. In contrast, undepleted or
less-depleted peridotite accreted directly onto the
lithosphere from the asthenosphere would, be-
cause of its higher density, be gravitationally un-
stable and may sink back into the asthenosphere
upon cooling [34,35].

The data gained from the study of these xeno-
liths provide clues as to the processes involved in
the growth and evolution of the continental litho-
sphere in southeast Australia. The early partial
melting event recorded in these peridotite xeno-
liths documents the initial development and sta-
bilization of the continental lithosphere. This event
left the peridotites depleted with respect to a
basaltic component and intrinsically buoyant.
Thus, the initial growth of the continental litho-
spheric mantle probably occurred as a result of
the underplating of refractory peridotite diapirs,
during interplate or intraplate magmatism in this
region.

Determining whether the initial lithospheric
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growth occurred at a convergent plate margin,
intraplate setting or spreading plate boundary is
not straightforward. Initial lithospheric develop-
ment has often been envisaged to be in an oceanic
spreading ridge environment [1-3, and references
therein], although the evidence used to support
this is inconclusive. In this respect the constant
Sr/Nd ratio in these peridotite xenoliths is signifi-
cant. If these peridotite bodies were initially em-
placed during convergent plate magmatism, then
the Sr/Nd ratios in these rocks would reflect
those of a subduction-related environment. As
already pointed out, the Sr/Nd ratio of 15 + 4, is
consistent with initial lithospheric development in
a mid-ocean ridge spreading center (e.g. [1-3]) or
an intraplate (possibly rift-type) environment.

Available petrologic, geochemical, isotopic and
geophysical data [7-9] support a model in which
the continental lithospheric mantle grows through
the underplating of buoyancy driven refractory
diapirs onto its base. This process leads to the
stabilization and development of the continental
lithosphere. Other growth processes, such as ther-
mal accretion due to lithospheric cooling, are in-
ferred to be subordinate, and are not supported by
petrologic, seismological, thermal, and gravity data
[7-9,34,35]. The many constraints provided by
these varied approaches indicates that the con-
tinental lithospheric mantle is chemically, mecha-
nically and thermally distinct from the underlying
convecting upper mantle. Oceanic lithospheric
mantle grows over a limited time scale ( < 200 Ma)
by a combination of active underplating of de-
pleted peridotite as well as by conductive cooling
and the passive underplating of asthenosphere. In
contrast the continental lithospheric mantle grows
over significantly longer time scales by the active
underplating of depleted peridotite as well as later
enrichment events. Consequently, significant pet-
rologic, geochemical and particularly isotopic dif-
ferences are expected between the oceanic and
continental lithospheric mantles.

Finally, the chemical and isotopic compositions
of these peridotite xenoliths show no evidence for
a chemically zoned continental lithosphere, con-
trasting with earlier views [36,37]. Comparisons of
chemical and isotopic data for spinel-bearing
lherzolite and harzburgite xenoliths with gamet-
bearing peridotite xenoliths reveals that both re-
gions of the continental lithosphere are heteroge-
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neous, but there is much overlap in their range of
compositions [2,3,16,21,38,39]. The fertile, or high
temperature, deformed (sheared), garnet peri-
dotites do show chemical and isotopic characteris-
tics which are not found in spinel-bearing peri-
dotite suites, but these may reflect a more pro-
longed lithospheric history [39].

5.4. Role of the lowermost lithosphere in intra-
plate volcanism

In recent years, many workers have considered
the continental lithospheric mantle as playing an
important role in influencing the chemical and
isotopic composition of continental basalts. The
lithospheric mantle has been suggested to be the
source of continental flood basalts [37,40-44],
especially in cases where basalts have enriched
isotopic characteristics and fairly primitive chem-
ical characteristics. Additionally, recent studies of
hotspot related, intraplate oceanic and continental
basalts have proposed that melts derived from the
lithospheric mantle contribute to hotspot plume-
derived melts during basalt genesis [5,6]. In this
respect, the chemical and isotopic data gained
from the study of peridotite xenolith suites from

continental and oceanic environments provides an

important constraint on the source reservoirs of
intraplate basalts.

We have recently put forth a model for hotspot
related intraplate basalt genesis involving the in-
teraction of the lowermost lithosphere and an
upwelling hotspot mantle plume {6]. Fig. 5 il-
lustrates the major points of this model for a
continental setting. A first-order consideration in
this model is the physical consequences resulting
from the intrusion of a hot plume of peridotite
into the base of the lithosphere. It is likely that the
basalt portion of the lithosphere would undergo
melting, and that the degree of partial melting
would vary considerably over the region of the
lithosphere involved. Ultimately, the intraplate
basalts which are produced would represent mix-
tures of plume-derived and lithosphere-derived
melt components. It has been argued previously
[6] that the lithosphere-derived melt component
would dominate the isotopic composition of the
alkali basalts, whereas the isotopic composition of
the associated tholeiitic basalts would be con-
trolled by the plume-derived melt component.

The broad range of isotopic compositions in
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Group Il Peridotites
f:] Convecting Mantle

Mantle Plume
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Fig. 5. A mantle model depicting the relative role of the
continental lithospheric mantle and an ascending mantle plume
during hotspot-related intraplate basalt genesis. In this model a
hot ascending mantle plume intrudes the base of the continen-
tal lithosphere and initiates melting of the lithospheric mantle;
tapped magmas are mixtures of plume-derived and continental
lithosphere-derived melt components. Alkalic basalts are con-
sidered to be dominated by a continental lithospheric mantle-
derived component. As depicted the continental lithospheric
mantle contains a diversity of components, possibly of various
ages, which are represented by different shadings. Griffin et al.
[46] have identified a variety of ultramafic lithologies derived
from presumed upper mantle depth from the Bullenmerri and
Gnotuk centers in the region.

the southeast Australian peridotites contrasts with
the narrow range found in the host basalts [6]
indicating that either the source of the alkali
basalts is isotopically unlike that of these spinel
peridotites or that these basalts are a homoge-
neous mixture of a similar isotopically diverse
lithosphere-derived component. Assuming that the
composition of the spinel peridotites is representa-
tive of the deeper portion (i.e., the garnet stability
field) of the southeast Australian lithosphere, then
the alkali basalts could represent homogeneous
mixtures of dominantly lithosphere-derived melt
components. The homogeneous character of the
alkali basalt component is exemplified by four of
the host basanite centers, which are separated by
more than 50 km, yet have identical Sr, Nd and
Pb isotopic compositions [6}. Accordingly, the Sr
and Nd isotopic composition of the alkali basalts
dominantly reflect an average composition for the
continental lithospheric mantle of the region, as-
suming the melt components are completely ho-
mogenized prior to eruption. On this basis the
averaged isotopic composition of the lowermost
lithosphere in the central portion of the Newer



basalt field is predicted to have a *Sr/%Sr ratio
of about 0.7038 and an e,y value of about + 3.
Given all the assumptions that are involved it is
recognised that this approach provides only a
gross compositional estimate. It is noted however
that the estimated isotopic composition of this
portion of the continental lithosphere lies within
the mantle array between the bulk earth and
MORB composition, consistent with a long-term
history of constant Sr/Nd ratios and multiple
episodes of depletion and enrichment events.

Finally, we turn our attention to the possible
continental lithospheric mantle sources of con-
tinental flood basalts. The large reported range of
Sr and Nd isotopic compositions for garnet- and
spinel-bearing peridotites [21,39] allows for the
possibility that isotopically enriched fragments of
the lithospheric mantle may be the source of con-
tinental flood basalts. However it is difficult to
envision a mechanism whereby continental flood
basalts are generated solely by large scale melting
of the lithospheric mantle. To raise the litho-
spheric mantle above its solidus requires a rela-
tively large change in pressure and/or tempera-
ture. Continental flood basalts are dominantly
tholeiitic or picritic, magmas indicating that large
degrees of partial melting are required. Therefore
much high temperatures are required for the pro-
duction of continental flood basalts than alkali
basalts indicating that their source is restricted to
the hotter regions of the thermal anomaly. Given
the need for an external source for the thermal
anomaly and that refractory peridotites are com-
mon in the continental lithosphere, it is concluded
that continental flood basalts are not generated
solely from within the lithospheric mantle.
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