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The origins of ultrapotassic rocks as inferred from Sr, Nd and Pb isotopes
DAVID

R. NELSON?, MALCOLM T. McCuLLocHt

and SHEN-SU SUH*

tResearch School of Barth Sciences, Australian National University, GPO Box 4, Canberra, ACT, 2601
*Division of Petrology and Geochemistry, Bureau of Mineral Resources, GPO Box 378, Canberra, ACT, 2601
(Received March 7, 1985; accepted in revisedform November 4, 1985)
Abstract-Pb, Nd and Sr isotopic compositions are reported for ultrapotassic rocks from a variety of tectonic
settings. Olivine leucitites located within the Palaeozoic Lachlan Fold Belt of southeastern Australia have a
range in initial a’Sr/‘%r of from 0.7042 to 0.7056, end values of + 1.5 to -4.1 and zo7Pb/204Pbof 15.55 to
15.60. These isotopic characteristics overlap with those of contemporaneous alkali basalts and suggest derivation of the leucitites from sources which have heen variably contaminated by either the hotspot which
initiated volcanism or during earlier enrichment events. Lamproites from the West Kimherley region of
Western Australia and leucitites from Gaussberg intrude stabilised Precambrian continental crust and have
low 2wPb/204Pb(~17.86 and ~17.60 respectively) and high 20’Pb/2MPb(>15.69 and 115.65). Pb isotope
correlations displayed by the Western Australian lamproites are consistent with the mixing of an ancient
(~2.1 byr old) high 207Pb/2e’Pb,low 206Pb/zMPbcomponent with more typical mantle Pb. These ancient
components probably evolved within the subcontinental lithosphere. Lamproites from southeastern Spain,
which have geochemical features (i.e. negative Ti- and Nb-anomalies) suggesting a subduction-related origin,
possess isotopic compositions (87Sr/B6Sr= 0.7173 to 0.7207, 206Pb/2MPb= 18.66 to 18.8 1, “‘Pbfre’Pb
= 15.67 to 15.74 and tNd = - I 1.2 to - 12.6) and isotope. correlations consistent with contamination of their
sources by a component resembling modem oceanic sediments. This component is isotopically similar to
that previously identified in the potassic rocks of Italy. A leucitite from a back-arc setting in the Sea of Japan
has Pb isotopic composition similar to some ocean islands such as Kerguelen. The available isotopic data
from this and other studies implicate enrichment processes frequently involving ancient, isotopically evolved
components in the generation of continental potassic magmatism. These components are probably polygenetic
with possible sources including subducted sediments, “megaliths” of recycled crust or the subcontinental
lithosphere.
INTRODUCTION
A VARIETY OF mechanisms have been proposed to explain the unusual and diverse chemistry of representatives of the ultrapotassic
rock suite, yet no single
mechanism has so far proved entirely satisfactory. Although many examples of ultrapotassic
volcanism
possess geochemical features consistent with a mantle
origin, it is also apparent that the characteristic feature
of ultrapotassic rocks, their high K/Na ratios, is unlikely
to result from the direct partial melting of unmodified
or ‘primitive’ mantle peridotite. Experimental
work
(e.g., ECCLER, 1978; WENDLANDT, 1984; FOLEY et al.,
1986) has demonstrated that melts of peridotite formed
in the presence of COz at pressures -27 kb would be
carbonatitic, while the presence of Hz0 or F may enhance the stability of phlogopite. These studies suggest
that small degrees of partial melting of phlogopitebearing peridotite at depths below the level of amphibole stability and in the presence of CO* might produce
a high KzO liquid with high Mg/Ca. The prerequisite
modification
(i.e. by the addition of volatiles) of the
mantle sources of ultrapotassic rocks has commonly
been attributed to me&somatic
processes, often considered to be associated with either intraplate rifting
or subduction (e.g. CUNDARI, 1979; EDGAR, 1980).
A number of recent studies of ultrapotassic
rocks
(VOLLMER and NORRY, 1983; MCCULLOCH et al.,
1983; COLLERSON and MCCULLOCH, 1983; VOLLMER
et al., 1984, FRASER et al., 1985) have found Sr and
Nd isotopic compositions
indicating long histories of

high Rb/Sr and Nd/Sm. As the generally very high
abundances
of trace elements (including Sr, Nd and
Pb) of ultrapotassic lavas make them insensitive to bulk
crustal contamination
processes, these isotopic signatures have been interpreted
as indicating derivation
from ancient incompatible
element enriched mantle.
For example, diamond-bearing
lamproites from Westem Australia have Sr and Nd isotopic compositions
indicating enrichment in Rb/Sr and Nd/Sm for at least
= 1 byrs (MCCULLOCH et al., 1983), yet their major
and trace element geochemistry
argues against substantial assimilation or anatexis of continental
crust.
Most occurrences
of highly potassic volcanism with
these unusual isotopic features are found in old continental regions, suggesting that enriched components
may exist within some regions of subcontinental
lithosphere. The discovery of isotopic compositions
indicating ancient enrichment
in sub-calcic garnet inclusions in diamonds from African kimberlites led RICHARDSON et al. (1984) to propose that a harzburgitic
subcontinental
lithosphere, stabilised to depths within
the diamond stability field since the Archaean, is the
source of diamonds
and by implication,
diamondbearing kimberlites and lamproites themselves. The
low velocity zone, defined by the attenuation of s-wave
velocity and where the geothermal gradient approaches
or intersects the melting curve, may contain small
amounts of melt which are likely to be highly enriched
in incompatible
elements (e.g. GREEN, 1976). Cooling
of the lithosphere may result in the incorporation
of
such incompatible
element enriched material within
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the base of the subcontinental

lithosphere, allowing its
long term storage and eventually producing isotopically
evolved, “enriched’ mantle.
Several authors (CHASE, 198 1; HOFMANN and
WHITE, 1982; RINGWOOD, 1982) have suggested that
ancient mantle en~chments such as those identified
by isotopic studies of some ocean island basalts may
be the result of the recycling of oceanic crust and sediments into the mantle via subduction. Highly incompatible element enriched partial melts of the subducted
“megalith” generated as it attains thermal equilibrium
with the su~ounding mantle are envisaged to rise as
magma diapirs, contaminating the overlying mantle
and producing the alkali basaltic volcanism of ocean
islands (RINGWOOD, 1982). Such plumes could conceivably also be the sources of ultrapotassic magmas,
providing an explanation for the radiogenic Sr and Pb
and unradiogenic Nd isotopic signatures found in some
ultrapotassic suites.
Apart from models invoking origins from mantle
reservoirs enriched in incompatible elements, it is also
apparent from isotopic studies that members of the
ultrapotassic suite may be derived from primitive or
even originally in~m~tible
element depleted mantle.
As ultrapotassic magmas are believed to originate from
considerable depths (as evidenced by the presence of
diamonds in lamproites from Western Australia), they
provide a direct means of sampling the deep subcontinental lithosphere. The origins of enriched mantle
components are of particular interest because of their
implications for both the Earth’s trace element and
isotopic budget and recent proposals of crustal recycling
via subduction. In the following study, we present isotopic analyses of ultrapotassic rocks from a variety of
tectonic settings in an attempt to investigate these
models.
SAMPLES
Samples have been selected from a variety of tectonic settings, including both relatively young fold-belt terrains and
stable cratons. The southeast Australian olivine leucitites occur
as minor flow remnants along a north-south trending line
extending from central New South Wales to Cosgrove in Victoria (Fig. I). The geochemistry and minerafogy of the New
South Wales occurrences have been described by CUNDARI
(1973) and the Cosgrove occurrence by BIRCH (1978). The
leucitites are located within the Lachlan Fold Belt, which consists of Palaeozoic geosynclinal sediments and granites and is
possibly underlain by Precambrian basement. Leucitite outcrop distribution was noted by WARI
(1973) to conform
to regional Noah-Ruth structural trends, character&d by
bl~k-fauIting and regionai uplift. Potassic volcanism is temporally and spatially closely associated with alkali basahs,
which several studies (e.g. WASS and ROGERS,1980;OXEILLY
and GRIFFIN, 1984) have shown to have been derived from
metasomatised mantle. WELLMANand MCDOUGALL(1974)
demonstrated a prominent southward temporal migration of
Cainozoic igneous activity, a feature also displayed by the
leucitites, and attributed it to the northward migration of the
eastern part of the Austmlian continent over several hotspots.
SUTHERLAND(1983) proposed that the southerly migration
of volcanism may have been related to movement of the continent over former sites of sea-floor spreading.
A vitrophyric analcimite occurrence at Inglewocd in south-

l

Ofivinelamproite or kimbdte

) Tertiary-Recent alkali basaltlc volcanism

FIG. I. General&d geology of the Kimberley region (upper
diagram), northwest Australia, showing localities of the Ellendale (E), Calwynyardah (C) and Noonkanbah (N) fields,
and the di~~bution of Ieucitite volcanism in southeast Australia (lower diagram) relative to Tertiary-Recent aIk& basahic
volcanism. H-Harden analcimite (Early Jurassic age). Inset:
BH-Begargo Hill, BU-Burgooney,
BY-Bygalore, COCondobolin, FH-Flagstaff Hill, GH-German
Hill, LCLake Cargellico, TL-Tulhbigeal.

eastern Queensland (see Fig. If wasdescribed by WIL~N~N
( 1977), who considered the analcime to be an alteration product of leucite. The analcimite is believed to be of Cainozoic
age (probably Late Oligocene-Early Miocene) and is posibly
related to the extensive Cainozoic alkali basaltic volcanism
of southeastern Queensland.
The Harden olivine anakimite, located x200 km southeast
of the New South Wales leucitite occurrences (see Fii. I), is
of Early Jurassic age (WELLMANd af., 1970). Major and trace
element analyses reported by CUNDARI(1973; analysis HAR
II) suggest affinities with nephehne-bearing mid-Mesozoic intrusions and minor flows which occur throughout the southeastern highlands region of New South Wales.
The location, geochemistry and mineralogy of the ultrapotassic rocks &OmSOUtheastern
spi&I iSgiveiIin VE-!
er af. (1984). The tectonic evolution of the region is controversial, but most models invoke recent subduction processes.
ARANA and VEGAS (1974)proposed that the increasing K
content of talc-alkaline volcanism from south to north indicates that a northward-dipping subduction zone was active
during the Lower Miocene. The ultrapotassic rocks were re-

Origin of ultrapotassic rocks
garded as the most northerly and therefore deepest expression
ofarc volcanism resulting from the subduction of the African
plate under the Jberian plate. A possible association between
potassic volcanism and post-Nappe block faulting during the
Pliocene was suggested by NIXON efnl.(1984).
Ullungdo (Utsuryoto) Island is located in the western part
of the Sea of Japan, 130 km off the eastern coast of Korea.
Petrological studies by TSU~OI( 1920) mcognised several stages
of volcanism, commencing with predominantly basaltic volcanism followed by trachytic and phonolitic flows and pyroclastica. Leucite-bearing lavas were described from an intmcaldera dome at Arpong Hill, and were interpreted by TSULIOI
(1920) to be the products of the final stage of volcanism on
the island.
The early Miocene Western Australian lamproites consist
of some = 100 bodies intruding the Precambrian to Mesozoic
rocks of the King Leopold Mobile Zone, the Lennard Shelf
and the Fitzroy Trough, immediately south of the southwestern margin of the Precambrian Kimberley Block (ATKINSON ef al..1984, see Fig 1). Many of the intrusions are
localised along deep west northwest-trending tensional faults
and fractures with long histories of activity. Details of the
geochemistry and mineralogy of the lamproites can be found
in JAQUES ernl.(1984a). The samples analysed for Pb isotopic
composition in this study are the same as those analysed by
M&ULLCXX et al. ( 1983) for Nd and Sr isotopic composition.
Gaussberg is an isolated volcano located on the eastern
margin of the Antarctic continent. Gaussberg leucitites are
characterised by extreme KzO (up to I2 wt%) and incompatible
element contents, high TiOz (averaging 3.4 ~1%) and Mg/
(Mg + Fe) values ~0.70 (SHERATON and CUNDARI, 1980).
Attempts have been made to relate Gaussberg volcanism to
hotspot activity (DUNCAN, 1981) but, as emphasised by
SHWUT0N and CUNDARI( 1980). there. is no evidence relating
the volcanism to any other area of Cainozoic volcanic activity.
Isotopic analyses of granitic crustal xenoliths indicate their
derivation from early Proterozoic or late Archaean crust
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(COLLERSONand McCUL~,
1983), suggesting that
Gaussberg is sited on stable continental basement.
The trace element geochemistry of the suites investigated
in this study is summarised and compared to average kimberlite values in Fig 2. Complete trace element data are not
available for the southeast Australian suite or Ulhmgdo Bland
leucitites. The available data indicate that New South Wales
leucitites have overall abundances of the highly incompatible
elements Pb, Rb and Ba (average 90,230 and 260 times primitive mantle valuef respectively) intermediate between average
kimberlite values and those of Spanish and Western Austmhan
lamproites and Gaussberg leucitites. Noteworthy is the remarkable similarity in the trace element characteristics of leucitites from Gaussberg and those of the Western Australian
lamproites. Isotopic studies of Gaussberg (COLLIXSONand
MCCULL,OCH,1983) and of the Western Australian lamp&es
(MCCULLOCHef a/.. 1983) indicates that the suites also have
similar Nd and Sr isotopic character. The patterns display
extremely high abundances of ah trace elements with pro
nounced positive barium spikes. The patterns of the Spanish
lamproites are characterised by similar overall abundances
but with negative anomalies of niobium and titanium-features commonly observed in island arc lavas. NIXON et al.
( 1984) contrasted the chemistry of the Western Australian
and Spanish lamproites, noting the higher KzO/AlzO, , TiOr
and incompatible elements Ba, Sr, and Nb of the Wesmm
Australian lavas. The Spanish lavas also have lower abundances of the LREE, negative Eu anomalies and higher abundances of the HREE, leading NIXON et01.(1984) to propose
that they were derived from shallower depths than the Western
Australian suite.
ANALYTICAL PROCEDURE
Approximately 500 mg of sample chips or powder was dis
solved using hydrofluoric and petchloric acids in teflon bombs
at 200°C for at least 48 hours. The resulting solution was

SparJshlanprdtea

Q-g
average kmberlite

FIG. 2. Averaged trace element abundances in lamproites from Western Australia and SE Spain and
kucitites from Gaussbe.rg, normal&d to estimated primitive mantle abundances (shown in ppm). Normahsed
trace element abundances in “average” kimberlite shown for comparison. Data sources: Spanish lamproites,
VENTURELLIel a/. (1984).NIXON ef al. ( 1984). this study; Western Australian lamproites, JAQUESd al.
( I984a). MCCULLOCHef ul. ( 1983), this study; Gaussberg leucitites, SHERATONand CUNDARI( 1980) COLLERSONand MCCULLOCH(I 983); “average” kimberhte, WEDEPOHLand MURAMATXI(I 979).
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converted to chloride form using hydrochloric acid and split
into 3 aliquots, one of which was spiked with both mixed
85Rb-84Srand ‘47Sm-‘5tid spikes, the second with z35U-208Pb
spike and the third aliquot used for Pb isotopic composition.
The remaining procedure for Rb-Sr and Sm-Nd analysis follows that of MCCULLOCHand CHAPPELL(1982). Mineral
separates were leached in 6 N HCI for 10 minutes to remove
surface contamination. Pb was isolated from the spiked and
unspiked aliquots by 2 passes through 2 gm Dowex- 1 anion
exchange columns using HBr-HCl for the first pass and HCI
only for the second pass. About one microgram of Pb was
then loaded onto an outgassed single rhenium filament and
analysed using the silica-gel/phosphoric acid technique. A
correction factor, determined by comparison of multiple
analyses of NBS-982 with the corrected values of CATANZARO
ef al. ( 1968), was applied to the raw measurements to correct
for mass fractionation. The correction factor averaged 0.15%
mu-‘. The total processing blank was < 10 ng for whole-rock
samples and =3 ng for mineral separates and is insignificant
for all samples analysed. As analytical precision for each run
was typically better than kO.008 (2a_) for 207Pb/zMPb,the
main source of analytical error is due to variable mass fractionation. In order to obtain a meaningful estimate of the
total error, 30 of the total of 40 Pb analyses listed in Table 2
were performed in duplicate. For duplicated analyses, quoted
ratios refer to means of both analyses. Two way analysis of
variance indicates that duplicate analyses of samples agree
within the following errors at the 1c level; 206Pb/ZMPberror
+O.Ol I, mPb/zMPb error kO.014, 208Pb/M4Pberror aO.033.
The values obtained for NBS98 1 common Pb standard during
this study (average of 7 analyses, error 2u,,) are 206Pb/zo4Pb
= 16.927 f 0.009, 207Ph/204Pb= 15.486 +- 0.0 13, 208Pb/Z04Pb
= 36.668 f 0.044.
RESULTS
SE Australian leucitites
The results of Rb/Sr, Sm/Nd and U/Pb concentration and
isotopic analysis are presented in Tables 1 and 2 and compared
with other relevant data in Figs. 3, 4 and 5. K/Ar dating of

TABLE

strontium

1.

and Neodymium

ISOtoplC

the suite gave ages ranging from IO-16 myrs for the New
South Wales representatives and 6 myrs for the Cosgrove occurrence (WELLMANet al., 1970; WELLMAN, 1974; SUTHERLAND,1983). Where necessary, quoted ages have been recalculated using the constants of STEIGERand JAGER, 1977.
The correction for radiogenic decay since emplacement is
within or just outside analytical uncertainty for Sr and Nd
isotope systems and for most of the Pb analyses. Nd/Sm ranges
from 5.4 to 7. I (chondritic z 3), indicating that the leucitites
are highly LREE-enriched. Nd and Sr isotopic compositions
lie within the mantle array (Fig. 3), extending from the “depleted” quadrant for the most southerly occurrence, the Cosgrove leucitite (tNd = + I S, “‘Sr/“Sr = 0.7042), into the “enriched” quadrant for the most northerly New South Wales
occurrence at El Capitan (tNd = -4. I, 87Sr/86Sr= 0.7057). As
thorium concentrations were not determined for the southeast
Australian rocks, the small age corrections to m8Pb/204Pbwere
made assuming Th/U = 4. The Condobolin leucitite (GA3476) has high U/Pb and the age correction to 2osPb/mPb
and 208Pb/204Pb
is significant compared to the analytical error.
Age corrected Pb isotopic compositions show little variation,
with the exception of the Cosgrove sample which has significantly lower 207Pb/Z”‘Pbthan the other members of the suite,
and El Capitan which has slightly lower 206Pb/mPb. The Pb
isotopic compositions of the New South Wales leucitites are
character&d by relatively high 207Pb/2MPband 2csPb/2MPb
compared to those of MORB but are similar to those determined by COOPERand GREEN (1969) for contemporaneous
Tertiary-Recent continental alkali basalts from western Victoria.
The Cosgrove leucitite is chemically and petrographically
distinct from the New South Wales leucitites, being poorer in
olivine and leucite and richer in clinopyroxene (BIRCH,1978),
reflected in its lower Mg, K, Rb, Ni, and higher in Ca, Fe,
Na, and possibly Ti contents and lower LREE/HREE. These
features imply derivation of the Cosgrove leucitite from a more
depleted source than the New South Wales leucitites, consistent
with the isotopic data (i.e. the lower 207Pb/z~Pb and 8’Sr/s?Sr
and higher “‘Nd/‘“Nd of the Cosgrove leucitite). The Cosgrove leucitite has Pb, Sr and Nd isotope compositions within
the range determined for the southeast Australian Tertiary-
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15 . 687
15 : 733
IS . 736
15 . 724
15 . 729
15 . 716
15 . 729
15 . 694
l f j . 764
15 . 741
15 . 758
15 . 705
15 . 730
15 . 796

38 . 414
38 . 043
38 . 194
38 . 167
38 . 079
37 . 919
37 . 797
38 . 096
38 . 046
38 . 466
38 . 593
38 . 140
38 . 300
38 . 369
38 . 572

18 . 083
17 . 602
17 . 500

15 . 721
15 . 674
15 . 649

41 . 364
30 . 478
38 . 402

12 . 33
2.2

14 . 4

a9.9
21 . 5

_

SiiNISH LAWPROITES
_
_
SP-034 Allorra
SP-039 zeneta
(85)
21 . 9
SP-044 eor tuna
SP-049 FoP tUna
20 . 3
(89)
SP-055 J l rm l l l a
15 . 4
(105)
SP-067 Canc(rr l x
15 . 9
(128)
SP-077 ca1aspdrra
(112)
SP-081 Puebl a de Hu l a 29 . 0
(123)
ULWNG-DO
ISLAND
5th stage leucltlte
WsST i RN AUSTRALIAN LAWPROXIES
YAK-2L
Ht Nor th
(7)
(54)
YAK-6L
Oscar P l ug
(20
YAK-1OL Ut Percy
(68)
dlloPoolte
YAK-1 l L i , oon i &b~h
YAK-13L ' P ' Hill c,,x
YAK-14L F i shery H i l l
(i ,
(20
YAK-25L YelSldee
Hill
(3)
(25)
YAK-30L YslSidee
Hill
(2)
(30)
((0
YAK-151 : Ellendale
(59)
YAK-16K Ellendale
3.23
(18)
YAK-17L Ellendale
2.10
(14)
YAK-2OK Ellendale
(4)
(60)
YAK-2 l K Ellendale
(2)
(63)
YAK-27L Ellendale
(2)
(31)
GAUSSBERG
82-24 austel
reno l l th 82-27 leucltlte
82-30 leucltlte
-
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. nd Pb l ao top i c Data

Pb "I" , ' O ' Pb

_
-

rocks

105
64 . 4
67 . 0
117

15 . 4
23.4
17.1

74 . 0

28.7

64 . 6
(46)
104

10 . 0

(7.8)
(12.5)
(5.5)

(371
(51)
(46)
I: : ;
(22)
(50)
(47)
(53)
41 . 3

(1.4)
(4.7)
(6.2)
((2.2)
(6.6)
(7.2)
(6.1)
(2.7)
(3.5)

(18 . 19) '
(18 . 20
(18 . 09)
(18 . 05)
(18 . 25)
(18 . 27)

30 . 644
38 . 333
38 . 202
38 . 135
38 . 346
38 . 295
38 . 532
38 . 270
38 . 408
38 . 193
38 . 125

(38 . 16) '
(38 . 09)
(38 . 30)
(38 . 27)
(38 . 30)

(38 . 07)

(39 . 18)
(39 . 03)
(39 . 10)
(39 . 05)
(39 . 02)

(38 . 35)
(38 . 01)
(38 . 15)

(37 . 77)
(38 . 06)
(37 . 95)
(38 . 33)
(38 . 53)
(38 . 12)
(38 . 20
(38 . 28)
(38 . 52)

’ U and Pb concentrations
detemlned
by isotope
dllutlon
mess speotrcuetry;
values
In
brackets
determined
by XRB enalysls:
Thorium for Spanish
laws
frown Venture111 -et al
(1984).
’ Errors
(based on two "ay analysis
of variance
of duplicate
analyses)
at the lr
level
"*Pb / " ' Pb
t 0 . 011 , rorPb / ' e ' Pb
f 0 . 014 . "*Pb / "*Pb
f 0 . 033 .
The va l ues
obta l ned for NBS-981 dw l ng
th i s study (average of 7 ana l yses) are ;
' 0 ' Pbl ' L ' Pb-16 . 926t i . 009 .
' 0 ' Pb / ' o ' Pb-15 . 4&16f0 . 013 ,
' 0 ' Pb / " ' Pb . 36 . 668 i D . 044 .
' Corrected
for " ' IJ and " ' Th
decay s i nce emplaceHtnt. using ogea fro* references
cited in Table 1 and 20 myrs for Wendtern Australian
lamproltes.
Uhere Th data 1s
not available,
the correct i on has been made assum i ng Th / U . 4 .
The age correct i on
to " ' Pb / "‘ Pb
i s l nel gn l f l cant
compared to the analytical
ewor
for all
samples
except the Harden Analclmlte.

:

Recent

Newer alkali basalts

MCDONOUGH

et al..

(COOPER

and GREEN, 1969;

1985).

Although
the exact age of emplacement of the lnglewood
analcimite is not known, an age of 22 myrs has been assumed,
based on K/Ar studies of nearby volcanism with which the
Inglewood leucitite is associated (WELLMAN
and McDouGALL, 1974). Despite some uncertainty in the exact age of
volcanism, the age corrections to the measured Nd, Sr and
Pb isotopic ratios are within or close to the analytical error.
Initial Sr and Nd isotope ratios overlap with those of the New
South Wales olivine leucitites, but the analcimite has slightly
higher initial anPb/aocPb and substantially higher initial aMPb/
=Pb. The combined isotope data therefore indicate that the
Inglewood analcimite and the New South Wales suite were
derived from isotopically similar sources, but with the Inglewood analcimite source having higher recent U/Pb.
ARer correction for age of emplacement (determined by
WELLMAN a ul., 1970, as 198 f 3 myrs) Nd and Sr isotopic
data indicate that the Harden analcimite was derived from a
depleted source with Q.,,, = +2.4 and “Sr/%(I)
= 0.7042.
Uranium and thorium abundances have not been determined

so it is not possible to correct precisely for their radioactive
decay since emplacement. Assuming reasonable values for F
(?J/mPb)
of 20 and Th/U of 4 results in agecomzcted %Pb/
mPb of 18.45, “Pb/-Pb
of 15.55 and mPb/mPb of 37.65.
Although msPb/2MPb and mPb/mPb estimated in this way is
subject to considerable uncertainty, the correction to “Pb/
204Pbis small (-0.03). The Pb isotopic data therefore indicate
that the source of the Harden analcimite had “Pb/-Pb
lower
than that of the New South Wales olivine leucitite suite but
comparable to that of the Cosgrove olivine leucitite.
Spanish lamproites
Whole-rock and mineral K/Ar data on several of the Spanish
ultrapotassic rocks indicates ages of 46-8 myrs (BERN and
LETOUSEY ,
1977 ; NOBEL n al.. 1981). The h&h Rb/Sr ratios
require small but significant age corrections to be applied to
the Sr isotopic data. Initial Sr isotopic compositions show a
wide range and are highly radiogenic (0.7 17-0.720), similar
to the values reported by POWELLand BELL( 1970) for samples
from Jumilla. Nd/Sm varies from 4.8 to 5.2, suggesting mod-
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FIG. 3. Nd-Sr isotope initial ratio correlations of southeast Australian leucitites and Spanish lamproites
compared to ultrapotassic and selected kimberlite suites from other localities. Many localities display a
negative correlation between Sr and Nd isotopes consistent with mixing between two isotopically distinct
components. Additional data sources: HA-WORTH
and VOLLMER( 1979) ,MENZIESand MURTHY( 1980)
COLLERSONand MCCULLOCH(1983) MCCULLOCHet al. (1983), SMITH (1983) VOLLMERand NORRY
( 1983) ,VOLLMERet al. ( 1984) .

erate LREE-emichment. Nd isotopic compositions are unradiogenic and fall within the narrow range of end of from
~11.2 to -12.6, indicating that the sources of these rocks
have had long-term LREE-enrichment (> 1 byrs). These isotopic features are like those of the Western Australian lamproites (MCCULLOCHet al., 1983) and the micaceous South
African kimberlites (SMITH, 1983; see Fig. 3). The measured
Pb isotopic compositions are within the range zosPb/mPb of
18.66 to 18.81, “Pblzo4Pb of 15.67 to 15.74 and 2osPb/zMPb
of 39.0 to 39.2. Of present-day reservoirs, the Pb isotopic
compositions of the Spanish ultrapotassic rocks most closely
resemble that of pelagic oceanic sediments (e.g. SUN, 1980).
Ullung-do Island leucitite
The Ullungdo Island leucitite has 206Pb/204Pbwithin the
range observed for MORB (Fig. 4) but has slightly higher
207Pb/mPb and significantly higher msPb/204Pbthan is found
in MORB. olottine within the Kemuelen field. The high xkY’b/
aD”Pbsuggests a mantle source resembling that of ocean islands
rather than that of MORB. Several other Pb isotopic studies
of alkali basalts from the southwestern Japan region (KURASAWA, 1968; TATSUMOTOand KNIGHT, 1969; ALLBGRE
et al., 1979) have found Pb isotopic compositions comparable
to some ocean islands. The relatively unradiogenic 207Pb/20*Pb
of the leucitite implies that its source was not substantially
contaminated by Pb derived from subducted sediments.
Western Australian lamproites
The correction for radiogenic decay since emplacement of
the Fitzroy lamproites during the Early Miocene (WELLMAN,
1973; JAQUE~et al., 1984b) is small for 206Pb/2MPb(- -0.04
for the highest U/Pb sample analysed, WAK-6L) and insignificant for the other Pb isotope ratios. The lamproites have

relatively low 206Pb/204Pbof from 17.24 to 17.88, extremely
high and variable m’Pb/uuPb values ranging from 15.69 to
15.80 and 2r’sPb/zo4Pbof 37.80 to 38.59. Acid washed clinopyroxene separated from the ‘P’ Hill lamproitic intrusion
(WAK-13L) has Pb isotopic composition within the range
displayed by the Western Australian lamproitic suite. In addition, acid-washed phlogopite separated from the Mt. Percy
lamproite (WAK-IOL) has Pb isotopic composition within
analytical error of the host lava. These mineral isotope data
indicate that the unusual Pb isotopic compositions of the
Western Australian lamproites represent magmatic compositions and are unlikely to have been significantly affected by
post-emplacement alteration. A distinctive feature of the Pb
compositions is their unusual position to the left of the zero
age geochron (Fig. 4).
Gaussberg leucitites
Fission track data and geomorphological studies suggest
that Gaussberg volcanism is of Late Pleistocene-Recent age
(SHERATONand CUNDARI, 1980) so corrections to the Pb
isotopic data for age of emplacement are unnecessary. Leucitites from Gaussberg have similar Pb isotopic signatures to
those displayed by the Western Australian lamproites, but
with slightly lower 207Pb/ZMPb(Fig. 4). Nd and Sr isotopic
characteristics (COLLERSONand MCCULLOCH, 1985) of
Gaussberg leucitites are also similar to those of the Western
Australian suite except for the slightly lower *‘Sr/%r (0.7097,
compared to 0.7 10-0.720; MCCULLOCHet al., 1983) .A crustal
xenolith (82-24) has Pb isotopic composition distinct from
the host leucitite, with significantly higher 208Pb/““Pb. The
very high zosPb/ac”Pbof the xenolith indicates that it is unlikely
that the Pb isotopic compositions of the leucitites have been
substantially modified by assimilation of cmstal material like
that of the xenolith.
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PIG. 4. Pb-Pb isotope variation of southeast Australian, Ullungdo Island and Gaussberg leucitites and
Western Australian and Spanish lamproites compared to MORB (from DuPRE and ALLBGRE, 1980; COHEN
and O’NIONS, 1982a), Victorian Newer basalta (COOPERand GREEN, 1969; MCIXNOUGH ef al., 1985),
Kerguelen (Dosso et al., 1979) and scme other Ocean islands (SUN, 1980; COHEN and O’NIONS, 1982b).

DISCUSSION

SE. Australian leucitites
Although the evolved isotopic characteristics
of the
New South Wales leucitites may be attributed to contamination by continental crust, there is no compelling
evidence for the assimilation of crustal material in the
major and trace element characteristics
of the lavas.
The suite has high Ni (average =375 ppm), Cr (a400
ppm), MgO (12.4 w-t%), Mg/(Mg + Fe’+) (excluding
some of the fractionated
Begargo Hill samples, averaging ~0.7 1 recalculated assuming Fe3+/(Fe2+ + Fe’+)
= 0.15), combined with low Si02 (44.3 wt%) and Al203
(8.7 wt%) (CUNDARI, 1973), consistent with their derivation from the mantle. In addition, while the El Capitan leucitite (GA-3479) has the most radiogenic Sr
and least radiogenic Nd and is therefore the most likely
candidate to have been contaminated
by continental

crust, there is no evidence of this in its major and trace
element chemistry. TAYLOR et al. (1984) analysed the
same samples used in this study for ‘sO/‘6O, and found
that the whole-rock and leucite phases are enriched in
I80 but that the clinopyroxenes
have 6180 of = +6.5,
considered to represent primary magmatic values. They
attributed the high I80 of the leucites to interaction
with late-stage K-rich magmatic fluid with high aI80
(= +S), although they did not discount the possibility
of the involvement of small amounts of meteoric water
which had isotopically equilibrated
with magmatic
fluid. The primary 6180 values estimated from the clinopyroxenes are similar to the values of alkali basalts
and argue against the assimilation of upper crustal material. It is unlikely that the possible involvement
of
small amounts of meteoric water could have significantly alfected the Sr, Nd and Pb isotopic compositions.
The variation in isotopic characteristics
of the New

238

D. R. Nelson, M. T. McCulloch and S.-S. Sun

P,etre

Serra

Slerra

Nevadan

Nevadan

I’-

Nere

basaits

omma-Vesuws

ktmberhtes

FIG. 5. Pb-Pb isotope characteristics of ultrapotassic rocks. A notable feature is the generally high and
variable m7Pb/zMPb accompanied by comparatively unradiogenic 206Pb/mPb of many examples compared
to those of MORB and ocean islands. Additional data sources: VOLLMER (1976,1977);
VOLLMER and
HAWKE~WORTH(~~~~);VANKOOTEN(~~~I);SMITH(~~~~);VOLLMER~~~NORRY(~~~~).

South Wales leucitites may therefore be the result of
either: a) contamination of their sources by a component having radiogenic 87Sr/86Sr, unradiogenic &d
and 207Pb/zo4Pb2 15.6; or b) derivation from variably
enriched mantle sources which have evolved the observed isotopic compositions since the enrichment
events. The latter alternative is considered less likely
as a period of at least = 300 myrs is required to produce
the observed range in Nd isotopic compositions of 4 t
units from closed system decay within source regions
which have undergone varying degrees of incompatible
element enrichment (i.e. increase in Nd/Sm and Rb/
Sr accompanied by a decrease in U/Pb), assuming a
source Sm/Nd like that of the leucitites themselves. As
the source Sm/Nd is likely to be considerably higher
than that of the leucitite melt, this time estimate is
probably greatly underestimated. The El Capitan leucitite has the highest measured Rb/Sr and Nd/Sm ratios
and significantly more radiogenic Sr and less radiogenic

Nd compared to the other New South Wales leucitites,
consistent with greater contribution of an incompatible
element enriched, high *‘Sr/%r, low CNdcomponent
to its source, but also has identical 207Pb/204Pbto the
other New South Wales leucitite occurrences. This
suggests that either the Pb isotopic compositions of the
leucitites arc dominated by that of the added component, or that the added component and the invaded
mantle had similar zo7Pb/2”‘Pb. The less radiogenic
2MPb/204Pbof the El Capitan leucitite compared to the
other New South Wales occurrences may be due to
some variation in the timing or degree of enrichment
in the leucitite sources, or may indicate differences in
the 2MPb/204Pbof the added components involved at
El Cap&an and the other occurrences.
The geochemical and isotopic data are therefore
consistent with the derivation of the New South Wales
leucitites from mantle which has been contaminated
by a component with s7Sr/86Sr2 0.7057, tNd5 -4 and
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207Pb/204Pbx 15.6. Compared to the Tertiary-Recent
Victorian Newer alkali basalts (MCDONOUGH et al.,
1985), the Cosgrove leucitite has similar Sr, Nd and
Pb isotopic compositions whereas the New South Wales
leucitites have higher “Sr/%r and lower ‘43Nd/‘44Nd,
forming an extension of the array displayed by the
Newer basalts into the enriched quadrant on the “Sr/
86Sr-‘43Nd/‘“Nd diagram. The New South Wales leucitites have similar zo7Pb/2”“Pband 208Pb/2~Pb but have
lower *06Pb/‘04Pbthan the Newer basalts (COOPERand
GREEN, 1969; Fig. 4). Although these features may
simply reflect regional isotopic heterogeneity within
the subcontinental lithosphere beneath southeastern
Australia, they may also be interpreted as mixing
trends, with the addition of a component having isotopic characteristics like those of the New South Wales
leucitites to the sources of the Newer basalts responsible
for their isotopic variation. WELLMANand McDouGALL(1974) and SUTHERLAND(1983) showed that the
locations and eruption ages of the southeast Australian
leucitites and Newer basalts are consistent with the
initiation of volcanism by the passage of the Australian
continent over a hotspot. As the isotope variation found
in the Newer basalts was attributed by MCDONOUGH
et al. ( 1985) to mixing between a component derived
from the hotspot plume component and the subcontinental lithosphere, it is conceivable that the hotspot
plume represents the enriched, low 206Pb/204Pbendmember component. Further Pb isotope analyses of
the Newer basalts are required in order to assess this
possibility.
A number of studies of Cainozoic alkali basaltic volcanism and incorporated xenoliths from the eastern
margin of New South Wales (e.g. KEsSON, 1973; WASS
and ROGERS,1980; O'REILLY and GRIFFIN, 1984) have
argued that the mantle from which the products of
volcanism were derived was chemically and isotopically
heterogeneous. The widespread occurrence of amphibole + mica + apatite-bearing mantle xenoliths has
been interpreted as evidence for the operation of metasomatic processes in the source regions ofthe host lavas.
O’REILLYand GRIFFIN (1984) found a range of Sr isotope compositions of from 0.7031 to 0.7054 for New
South Wales alkali basalts, and attributed the isotope
variation to the metasomatic addition of varying
amounts of radiogenic Sr to their sources. Much of the
New South Wales alkali basaltic volcanism considered
by O’REILLYand GRIFFIN ( 1984) and others to be derived from metasomatised subcontinental lithosphere
predates, and is therefore unrelated to, the passage of
the hotspot responsible for the leucitite volcanism. Although leucitite volcanism was probably activated by
the hotspot, metasomatism of the leucitite sources may
have been related to that of the sources of the New
South Wales alkali basalts and may have occurred prior
to the passage of the hotspot.
Spanish lamproites
The large range in 207Pb/204Pb displayed by the
Spanish lamproites is notable, especially as it is ac-
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companied by a relatively limited range in 206Pb/2wPb
(Fig. 4). Such a correlation is unlikely to have resulted
directly from closed system decay of uranium, as the
range in 207Pb/204Pbrequires the existence of long term
variation in U/Pb, which would result in large variation
in *06Pbfzo4Pb.The correlation is most readily explained
by the mixing of highly radiogenic Pb with that of a
source with low 207Pb/2wPb, such as the depleted mantle source of MORB. An origin of the Spanish suite
involving mixing is consistent with trace element relations (VENTURELLIet al., 1984).
Comparison between Pb and Sr isotopes of ultrapotassic rocks from this and other studies are displayed
in Fig. 6. Lavas from Spain and Western Australia resemble those from the Virungan volcanic field described by VOLLMERand NORRY ( 1983) in possessing
large ranges in Sr isotopic compositions but limited
variation in Pb compositions, particularly 206Pb/204Pb,
and very high 207Pb/204Pb.An interesting aspect of the
Spanish lamproite isotopic data is that it lies on an
extension of the Sr-Pb isotopic correlations displayed
by ultrapotassic rocks from Italy (Fig. 6). The Pb iso
topic compositions of the Spanish lavas are identical
to those of the Vito-Vulsini-Sabatini region, which has
among the most radiogenic Sr and unradiogenic Nd
of the Italian lavas (i.e. most like the Spanish lamproites). This may indicate that the metasomatic component invoked to explain the isotopic correlations of
lavas from the southern region of Italy (HAWKESWORTH and VOLLMER, 1979) is similar to that identified in the Spanish lamproites. This component has
the Sr, Nd and Pb isotopic characteristics of continental
crust or sediments derived from continental crust.
Ullung-do Island leucitite
NAKAMURAet al. (1985) found that the island arc
character, indicated by enrichment in K, Ba, Sr and
Rb and depletion of Ta and Ti, of alkali basalts across
the Japanese island arc to Korea and Eastern China
becomes progressively weaker, and that the trace element patterns of islands from the Sea of Japan show
no evidence of the influence of subduction processes.
The relatively unradiogenic Pb isotopic composition
of the Ullung-do Island leucitite limits the possible involvement of subducted oceanic crust and sediments
as a source of their high potassium, as has been proposed to explain the well-documented relationship between potassium and depth to Benioff zone evident in
some island arcs (cJ: DICKINSON and HATHERTON,
1967). Geochemical and isotopic studies of lavas from
the west Sunda arc, Indonesia, (WHITFORD, 1975;
WHITFORD et al., 198 1) demonstrated that although
tholeiitic and talc-alkaline lavas display evidence of
contamination
by a component derived from sub
ducted lithosphere, the leucite-bearing lavas of Mt.
Muriah, situated ~300 km above the Benioff zone,
manifest least evidence of such contamination. However, leucite-normative lavas from the cast Sunda arc
region have radiogenic Sr compared to talc-alkaline
lavas from the same region (WHITFORD et al., 1978),
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PIG. 6. Fields of initial isotopic compositions of *osPb/zo4Pbagainst s’Sr/*6Sr for ultrapotassic suites and
some kimberlites. In many cases the mnge of s’Sr/86Sris large while 206Pb/ao4Pb
variation is limited, suggesting
that one component has dominated the Pb isotope character. As the field for the Italian lavas extends towards
that of the Spanish lamproites (also the case for 20’Pb/mPb and 2”sPb/2MPbvs. *‘Sr/%r), the metasomatic
components in both cases may be the same. Additional data sources as in Figs. 3 and 5.
suggesting that they may have been more strongly contaminated by a component derived from the subducted
slab. It is therefore evident that the direct chemical
influence of the subducted lithosphere on leucite-bearing lavas located in or near subduction zones, such as
those of Ullung-do Island and the west and east Sunda
arcs, varies considerably.
In contrast with most continental
potassic volcanism, leucitites from island arcs frequently have low
TiOz, Nb and Zr, characteristics
in common with arc
volcanism. Although the source of the potassium in
high-K island arc volcanism is controversial, a number
of studies (e.g. NICHOLLS and WHITFORD, 1978;
FODEN and VARNE, 1980) favour the derivation of
high-K arc lavas from mantle which has been modified
by the addition of a LIL-rich component to their source
regions. It seems likely that melts or fluids derived from
the subducted slab are involved, but that in some cases
these may not be isotopic&y distinguishable
from the
invaded mantle. LLOYD and BAILEY (1975) attributed
the scarcity of highly potassic volcanism in oceanic
settings to the effects of generally steeper geotherms in
ocean basins compared to the continental geotherm,
reducing the depths to which phlogopite persists without amphibole also being stable.
Western Australian lamproites and
Gaussberg leucitites
The distinctive Pb isotopic signature of the Western
Australian lamproites and Gaussberg leucitites is indicative of an extremely ancient component which had
high U/Pb early in its history, followed by a lowering

of U/Pb more recently, relative to the observed array
displayed by oceanic islands and MORB. This is in
contrast to the sources of most MORB and many ocean
islands, which have undergone (either progressively or
episodically) an increase in their U/Pb ratios. As with
the Spanish suite, the Western Australian lamproites
display little variation in 206Pb/204Pb for the correspondingly large variation in 207Pb/z@‘Pb.MCCULLOCH
et al. (1983) modelled the correlation between Nd and
Sr isotopes displayed by the Western Australian lamproites by mixing of enriched and depleted components. This is consistent with the Pb isotope variation,
which is most readily explained by mixing. However,
rather than trending towards the present-day MORB
field on the 206Pb/204Pb-207Pb/2WPb diagram (Fig. 4) as
in the case of the Spanish lamproites,
the Western
Australian lamproite array (excluding WAK- 16L) appears to extend to more primitive 206Pb/204Pb values.
The array may result from the mixing, at some time
in the past, of a high 207Pb/2a“Pb component
with a
MORB component
(i.e., when the MORB reservoir
had 207Pb/204Pb = 15.5 like the presentday
value but
206Pb/2WPb less than = 17.00). A primitive or (more
probably) depleted mantle component
which dominates the major elements can account for the high
MgO. Ni, Cr and low Al, Ca and Na contents, while
a “metasomatic”
component enriched in incompatible
elements and which dominates the isotopic characteristics can account for the trace element contents
(JAQUES et al., 1984a). If produced at depth, the metasomatic component may pass through isotopically different regions of the mantle and subcontinental
lithosphere, resulting in the observed isotopic correlations.

Origin of ultrapotassic rocks
Origins of the high 207PbfwPb, low
206Pbfzo*Pbcomponent
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proites allows the ranges of possible values of pl and
p2 and minimum age for t, , the time of differentiation
of the component from the mantle, to be determined.
That ultrapotassic rocks from Gaussberg and WestFigure 7 shows, for selected values of t, , the range of
em Australia possess similar unusual isotopic compossible values for p, and p2 plotted against t2, the
positions is strong evidence for their generation by a
time at which the U/Pb ratio was lowered. The modcommon process. Although their Sr, Nd and 207Pb/
elling uses the Pb composition of the Western Austra““Pb isotopic characteristics are more like those of the
lian lamproite having the highest zo7Pb/zMPb and relupper continental crust, many aspects of their major
atively low 2wPb/204Pb (WAK-27L), regarded as the
and trace element characteristics, such as their high
least contaminated by Pb from other sources. In the
Mg/(Mg + Fe) and Ni and Cr contents, and in the case
case of an evolution involving two stages (where tl
of the Western Australian lamproites, the presence of
= to),the range of possible values for pI and ~2 is given
mantle xenocrysts and diamonds, are more consistent
by the t, = 4.5 byr curves. For decreasing values of tz,
with a mantle origin. In the following modelling of the
p, approaches 8.6 while p2 approaches zero, until at tz
isotope data, some general inferences about the long
a 0.5 byrs, w2becomes negative and it is not possible
term histories of the sources of the Western Australian
to generate the measured Pb composition of WAKlavas are made.
27L. Because a two stage model requires the existence
The unusual Pb isotopic compositions of the Westof an extremely ancient, moderately high U/Pb resem Australian and Gaussberg leucitites require an
ervoir, perhaps the only instance where a two stage
evolution involving at least two stages. A general model
model could be applied is when the first stage reservoir
of the evolution of their Pb is shown in Fig. 7. Modis known to be very ancient sialic crust.
elling of the high 207Pb/204Pb, low 206Pb/204PbcomA more general and geologically plausible three stage
ponent recognised in the Western Australian lammodel differs from the two stage case in having an
earlier period prior to the high U/Pb stage during which
the Pb evolves in the “normal” mantle reservoir with
h = 8.0. It can be seen from Fii 7 that younger values
28 oft, require higher p, and lower 112,until at tl = 2.1
byrs
p2 < 0 and it becomes impossible to produce the
26 Pb isotopic composition of WAK-27L. A first stage h
24 = 8.0 has been used, based on ore Pb isotope data
from Archaean greenstone belts (TILTON, 1983; ROD
22 DICK, 1984; DuPRB~~ al., 1984; BREVART~~al., 1986)
20 although the three stage modelling is not particularly
Isensitive to the value of h. For example, no solutions
are possible for t, < 2.1 byrs using the CUMMINGand
RICHARDS (1975) Model 3 growth curve based on
conformable ores, which is considered to provide a
reasonable upper limit of the value of time integrated
h evolution for the mantle (as ores are likely to contain
3.5
4.0
some Pb derived from the crust), while using values of
t, - 4.5 byrs h < 8.0 will tend to increase the minimum allowable
values oft, .
The three stage modelling establishes that the Pb
component identified in the Western Australian lamproites cannot have differentiated from primitive
mantle at times less than 2.1 byrs ago. From Fig. 7 it
3.0
1.0
0
2.0
4.0
r, byrs
is apparent that for older values oft, , lower and more
geologically reasonable values of p, are possible.
FIG.
7. Three stage evolution of the sources of Pb in the
Younger values of t, require higher values for pl or
Western Australian lamproiks. At time t, , the components
differentiate from the mantle reservoirwith higher 23*U/2acPb longer periods between the events t, and t2.
b,) and at time t2an event lowers the U/Pb (al) of the comAdditional information about the source history of
ponents. The initial Pb compositions at b are those of Canyon the Western Australian lamproites is provided by their
Diablo troilite (TATXJMOTO,
1973).A mantle reservoir h of Nd isotopic systematics. For example, ZINDLERet al.
8.0 and the end Pb isotopic composition of WAK-27L have
been used. Solutions are given for pI (upper curves) and p2 (1984) estimated that during low degrees of modal
(lower curves) for selected values oft, (in byrs), plotted against melting (c < 1%) of a garnet lherzolite source, the Sm/
t2 on the lower axis, for two and three stage models. The t, Nd ratio of the melt will be at least one half that of the
= 4.5 byr curves give the range of possible values of p, and source. The measured Sm/Nd values of the Western
p2 for a model involving only two stages. For a three stage
model, younger values oft, require higher values of p, and Australian lamproites are relatively constant at -0.11
lower values of fiz until at t, R 2.1 byrs, values of p2 become (MCCULLOCHet al., 1983), implying a source Sm/Nd
negative.
of at least 0.22. A minimum period of 2.1 byrs is re-
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quired for a source with Sm/Nd ratio equal to or greater
than this value to evolve the Nd isotopic compositions
observed in the Western Australian lamproites from
an initially depleted mantle source. As the Pb isotope
data indicates a more complex history, probably involving at least two stages. the calculated Nd depleted
mantle model source ages should be regarded as an
estimate of the minimum age of first differentiation
of
the lamproite
sources from primitive
mantle (CT/I
MCCUI.LOCH et al.. 1983). The minimum estimate of
~2.1 byrs for the differentiation
event is in accord
with the value determined from the Pb systematics.

lmplicutions jiv the origins of’lhr ullrapolassic .suite
The remarkable diversity of isotopic characteristics
displayed by representatives
of the ultrapotassic suite
is apparent from Figs. 3 and 5. However, the available
geochemical
and isotopic data taken from this and
other earlier studies favour the generation of many examples of continental
potassic volcanism by the invasion of regions of the s&continental
mantle by an
isotopically
foreign incompatible
element enriched
“metasomatic”
component.
In many cases these components possess high 207Pb/Z04Pb, radiogenic Sr and
unradiogenic
Nd relative to MORB, indicating that
the sources of these components
have had long and
complex histories. The trace element and isotopic
identity of the resulting melts is strongly influenced by
that of the added component,
resulting in isotope/isotope and isotope/abundance
relations indicative of
mixing. Examples include the Spanish and Western
Australian lamproites and probably the New South
Wales leucitites. In view of their remarkable geochemical and isotopic similarity with Western Australian
lamproites, leucitites from Gaussberg may also have
been generated by a similar process. The isotopic characteristics
of the Virungan
lavas (VOLLMER and
NORRY, 1983) are also consistent with the addition to
their sources of a similar radiogenic ‘07Pb/zuaPb and
“Sr/‘%r, unradiogenic
“‘Nd/‘“Nd
component,
but
the sources of the Virungan lavas may have evolved
variable *‘Sr/%r since the mixing event. There is no
consensus about the origins of the Italian potassic lavas.
although ‘RO/‘60, Nd, Sr and Pb isotopic studies (e.g.
TAYLOR and TURI, 1976; HAWKE~WORTH and VOLI.MER, 1979; VOLLMER and HAWKESWORTH. 1980;
HOI.M and MUNKZAARD, 1982 and others) favour
the involvement
of crustal material, either by assimilation within high level magma chambers or by metasomatism of the sources of the magmas by subducted
sediments.
The metasomatic components of many potassic occurrences possess high 207Pb/2”‘Pb, radiogenic Sr and
unradiogenic
Nd, limiting the sources of these components to only a few geological reservoirs;

I. Old subcontinenral lilhosphere-the
Western
Australian, Gaussberg,
Leucite Hills and Virungan
suites are situated on stable, thick Precambrian
base-

ment which may have had the spccitic long-term history required. A major difficulty is that many ultrapotassic suites are generated at great depths; within the
diamond stability field in the case of the Western Australian lamproites. The depths to which the continental
lithosphere extends beneath old continents is unknown
but if. as speculated by RICHARDSON d (11.( 1984). it
is in some circumstances
stable to depths within the
diamond stability field, then the subcontinental
lithosphere could be an important reservoir for the storage
of ancient, isotopically evolved components.
Spanish
lamproites have geochemical
features which suggest
that they wcrc generated at shallower depths than the
Western Australian lamproites (NIXON cf al.. 1984)
but are located on relatively young Proterozoic basement which may not have had sufficient prior history
to have evolved the isotopic characteristics
required.
2. Suhdw/c,d .wdimcwr.s: The findings of this study
are consistent with the recent proposal of THOMPSON
1’1al. ( 1984) that some potassic volcanism is derived
from subducted sediments. In particular. the trace element characteristics ofthe Spanish lavas resemble those
of arc lavas and isotopic compositions
overlap with
those of modern sediments. Although Western Australian. Gaussberg and Virungan ultrapotassic volcanism cannot be obviously related to any modern subduction zone. the antiquity of the source enrichments
indicated by the isotopic data suggest that subduction
processes cannot be discounted. Isotopic mcdelling and
further discussion of the possible involvement of subducted sediments in the genesis of ultrapotassic magmatism will be published at a later date.
3. Suhductc~d “mcyy~li~hs’~Oceanic crust and sediments subducted into the mantle and having residence
times of = I byrs (HOFMANN and WHITE, 1982: RIN<;WOOD. 1982). Partial melting of the megalith may cause
incompatible element enriched diapirs to rise upward,
contaminating
the overlying regions of the mantle and
eventually manifesting as hotspots in oceanic regions
or. in the continental
environment,
as alkaline volcanism. The involvement of sedimentary
material or
the long timescales involved during storage of the
megalith in the mantle could result in isotopic characteristics indicative of long term incompatible clement
enrichment.
While many ocean islands bear little isotopic resemblance to continental potassic volcanism,
lavas from Kerguelen and Society islands have Sr and
Nd isotopic compositions
extending
into the “enriched” quadrant on the Sr-Nd isotope diagram and
have generally higher m7Pb/2wPb than MORB (WHITE.
1985). These isotope characteristics are similar to those
of the New South Wales leucitites. which may also be
products of hotspot volcanism.
It is probable that no single origin is responsible for
all of the various ancient components
identified in
rcprtwntatives
of the ultrapotassic suite. That most
isotopically evolved potassic volcanism (e.g. Western
Australian, Gaussberg, Virungan. Leucite Hills. mi-
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caceous

South African)

is confined

to old cratons

strong indirect evidence that the continental

acts as a site of long term storage of enriched
components.

In a discussion

of models

is

lithosphere
mantle

of subconti-

nental lithospheric

growth,

BROOKS et a/. ( 1976) sug-

gested that mantle

plumes

rising beneath

may underplate the subcontinental
later

reactivated,

appearing

continents

Lithosphere and are

as isotopically

evolved

alkaline magmatism.
Differences in the
time elapsed between underplating and reactivation
events might then explain the range in isotopic characteristics observed in continental alkaline lavas. Al-

continental

ternatively,

mantle plumes may be responsible

for the

enriched subcontinental
lithosphe~. In this case, the age of the su~ontinen~l
lithosphere will determine the isotopic character of
subsequent volcanism.
The Sr, Nd and Pb isotopic characteristics of Gaussreactivation

of preexisting

berg leucitites and Western
unlike any previously

Australian

identified,

plane Of ZINDLER et a/. ( 1982).
and low msPb/2wPb

contrasts

lamproites

are

lying off the mantle

Their high 207Pb/20*Pb
with the Pb isotopic

in ocean islands, which define a
linear array of positive slope extending from the unradiogenic Pb field of MORB to the high 207Pb/2MPb

compositions

found

and 206Pb/2MPb of St. Helena and Tubuai.

The ocean

array lies to the right of the geochron (on which
all present-day single stage Pb should lie, assuming an
initial Pb isotopic composition like that of Canyon
Diablo troilite lead), indicating that the sources of ocean
islands have undergone an increase in U/Pb within the
last -2.5 byrs or less. The geochemica! history of the
metasomatic components of Gaussberg leucitites and
Western Australian lamproites inferred from their Pb
isotopic characteristics differs from that inferred for
ocean islands because of the ancient fractionation
events which lowered U/Pb. Although the position of
MORB and ocean island Pb to the right ofthe geochron
has been attributed to the progressive loss of Pb from
the mantle to the Earth’s core, the existence within the
subcontinental
lithosphere of substantial reservoirs of
low 206Pb/204Pb components
with moderate to high
207Pb/2MPblike those identified in this study may also
explain the position of the ocean island array relative
to the geochron, as such low U/Pb reservoirs can also
compensate for the general increase of U/Pb in the
sources of ocean islands.
island

Acknowledgements-We
have benefitted from discussions
with and the constructive comments of Prof. A. E. Ringwood,
A. L. Jaques (B.M.R.), W. F. McDonough, W. Compston,
J. R. Richards and P. D. Kinny (RSES). Excellent reviews by
J.-G. Chilling, R. Vollmer and an anonymous reviewer are
gratefully acknowledged. B. Chappell and A. L. Jaques generously provided some of the WA lamproite U, Th and Pb
concentration data. We would also like to thank C.R.A. Exploration Pty Ltd. A. J. Crawford (Univ. of Tasmania), J. D.
Lewis (G.S.W.A.), E. Nakamura (Univ. of Toronto), K. D.
Collerwn (Univ. of Regina). A. Cundari (Univ. of Melbourne),
H. D. Hen4 (A.N.U.) and L. Sutherland (Aust. Museum)
for provision of samples. S.-S. Sun publishes with the permission of the Director, B.M.R. This work was supported by

243

a Commonwealth Government Research Scholarship to
D. R. Nelson.
Editorial handljng: J. D. Macdougall
REFERENCES
ALL&GREC. J., RICHARD P., TREUIL M. and JORON J. L.

(1979) Neodymium-strontium-lead isotopes and magmatophile elements (Zr, Hf, Ta, Th, U, Ba, Cs, Rb) in eastwest Japan traverse. Consequences for island arc magmatism. (abstr.) EOS, Truns. Amer. Geophys. Union &I,41 3414.
ARANAV. and Vu;ks; R. ( 1974) Plate tectonics and volcanism
in the Gibraltar arc. T@c!onophysic.r24, 197-2 12.
ATKINSONW. J., HUGH= F. E. and Slulrrtr C. B. (1984) A
review of the kimberlitic rocks of Western Australia. In
Kimheriites and Related Rocks (ed. J. KRONPROBST),pp.
195-224.
BELLONH. and LETOUSEYJ. (1977) Voicanism Related to
Plate-Tectonics in the Western and Eastern Mediterranean
Basins. pp. 165-184. Technip, Paris.
BIRCHW. D. (I 978) Mineralogy and geochemistry of the leucitite at Cosarove. Victoria. J. Geol. Sot. Aust. 25(7). 369385.
BREVART0.. DUPR~ B. and ALL~GREC. J. (I 986) Lead-lead
age of komatiitic lavas and suiphides from Barberton,
Munro Township and Cape Smith, and the mantle growth
curve. Earth Planet. Sci. Left. (in press).
BROOKSC.. JAM= D. E. and HART S. R. (1976) Ancient
lithosphere: Its role in young continental volcanism. Science
193, 1086-1094.
CATANZAROE. J., MURPHYT. J., SHIELDSW. R. and GARNER E. L. (1968) Absolute isotopic abundance ratios of
common, equal atom, and radiogenic lead isotopic standards. J. Rex Nat. Bur. Stand. (Lf.S.) 72A, 261-267.
CHASEC. G. f I98 I ) Oceanic island Pb: Two staae histories
and mantle evolution. Earth Planet. Sci. Lett. 5% 277-284.
COHEN R. S. and O’NIONS R. K. (1982a) The lead, neodymium and strontium isotopic structure of ocean ridge basal%
J. Petrol. 23, 299-324.
COHEN R. S. and O’NIONS R. K. (1982b) ldentifi~tion of
recycled continental material from Sr, Nd and Pb isotope
investigations. Earth Planet. Sci. Lett. 61. 73-84.
COI.I.ERSONK. D. and MCCULL~CHM. T. (1983) Nd and
Sr isotope geochemistry of leucite-bearing lavas from
Gaussberg. East Antarctica. i’roc. 4th Symp. Antarctic Earth
Sci.. 676-680.
OPER J. A. and GREEN D. H. (1969) Lead isotope measurements on lherzolite inclusions and host basanites from
western Victoria, Australia. Qrth Planet. Sci. Lett. 6,6976.
C~JMMINGG. L. and RICHARDSJ. R. (1975) Ore lead isotope
ratios in a continuously changing Earth. Earth Planet. Sci.
Leff. 28,155-171.
C~JNDARIA. (1973) Petrology of the leucite-bearing lavas in
New South Wales. J. Geof Sot. Aust. 20(4), 465-492.
CUNDARIA. (1979) Petrogenesis of leucite-bearing lavas in
the Roman volcanic region. Italy. The Sabatini lavas. Contrih. Mineral. Petrol. 70, 9-2 I.
DICKINSOPJ
W. R. and HATHERTONT. (1967) Andesitic volcanism and seismic@ around the Pacific. Science 157.801803.
Doss0 L., VIDAL P., CANTAGRELJ. M., LAMEYREJ. and
MAROTS. 2. ( 1979) “Kerguelen: continental fragment or
ocean island?“: Petrology and isotopic geochemistry evidence. Earth Planet. Sci. Lett. 43,44-60.
DUNCANR. A. (1981) Hotspots in the southern oceans-an
absolute frame of reference for motion of the Gondwana
continents. Tectonophysics 74, 29-42.
DUPRBB. and ALL&GREC. J. ( 1980) Pb-Sr-Nd isotopic correlation and chemistry of North Atlantic mantle. Nature
286, 17-22.

‘44

I>. R. Nelson. M. T. McCulloch

DCPRC B.. CHALVEI. c‘. and ARNVT N. T. (IY84) Pb and Nd

isotopic study of two Archean komatiitic flows from Alexo,
Ontario. CiecKhim C’o.smochrm. .4da 48, 1965- 1972.
ELXAR A. D. (1980) Role of subduction
in the genesis of
leucite-bearing
rocks: Discussion. Conrrih Minrrcll. I+/ro/.
73,429-43
I.
ECGLER D. H. ( 1978) The effect of CO2 upon partial melting
of peridotite in the system Na20-CaO-Al203-MgO-SiO~CO2 to 34 Kb. with an analysis of melting in a peridotiteH20-CO2 system. Amer. J. Sci. 278, 305-343.
FOOEN J. D. and VARVE R. (1980) The petrology and tectonic
setting of Quarternary-Recent
volcanic centres of Lombok
and Sumbawa. Sunda arc. Chem. Geol. 30.20 l-226.
FOLEY S. F., TAYLOR W. R. and GREEN D. H. (in press) The
effects of fluorine on phase relationships in the system
KAISiQ-MgSiO,-Si02
with application
to the genesis of
ultrapotassic rocks. Contrib. Mineral. Petrol. (in press).
FKASER K. J.. HAWKTSWORTII C. J.. ERLANK A. J. and
MITCHELI. R. H. ( 1985) Sr, Nd and Pb isotope and minor
element geochemistry of lamproites and kimberlites. (abstr.)
7iwu Cognita 32-3).
275.
GREEN D. H. (1976) Experimental
petrology in Australiaa review. ,%rrh Sri Rev. 12. 99- 138.
~IAWKESWORTH C. J. and VOLLMER R. ( 1979) C‘rustal contamination
versus enriched mantle: ““Nd/lUNd
and “Sr/
“‘Sr evidence from the Italian volcanics. <‘on/rib. Mitwrui.
l’cw~l. 69, I 5 I - 165.
HO~WANN A. W. and WHIX W. M. (1982) Mantle plumes
from ancient oceanic crust. Eurfh /‘/uncut. Sci. LL’II. 57, 42 I 436.
Ho1.M P. M. and MUNKXAARD N. (‘. (1982) Evidence for
mantle metasomatism:
an oxygen and strontium
isotope
study of the Vulsinian District. Central Italy. Eurth Planer.
9.i.

1x11. 60, 376-388.

Jhyurs
A. L.. LEWIS J. D.. SMITII C. B.. GREGORY G. P..
FERGIJSON J., CIIAPPELL B. W. and MCCULLOC‘H M. I‘.
(1984a) The diamond-bearing
ultrapotassic
(lamproitic)
rocks of the West Kimberley region, Western Australia. In
Kimherlites
and R&cd
Rockr (ed. J. KRONPROBST), pp.
225-254.
JAQUES A. L.. WERR A. W.. FANNIN(i c‘. M.. BLA(‘K I.. P..
PIKXON R. T.. F~R~~JSON J., SMITI~ C. B. and GREWRY
G. I’. ( 1984h) The age of the diamond-bearing
pipes and
associated leucite lamproites of the West Kimberley region,
Western Australia. B. M.R. J. Geol. Geoph.v.s. 9, I-7.
K~FSON S. E. ( 1973) The primary geochemistry of the Monaro
alkaline volcanics. southeastern
Australia-Evidence
for
upper mantle heterogeneity.
C‘onwib. .Minerul
Pc~rol 42.
93-108.

K~JKASAWA H. (1968) Isotopic composition

of lead and concentrations of uranium. thorium. and lead in volcanic rocks
from Dogo and the Oki Islands. Japan. Gcwchem J 2. I I2x.

L.t.ovt~ I’. 1:. and BAIIIY D. K. (1975)

Light clement metasomatism of the continental
mantle: the evidence and the
consequences.
Ph!:v. C‘hcm. Earth 9. 389-4 16.
MK~JLLWH M. T. and CHAPPELL B. W. (1982) Nd isotopic
characteristics
of S- and l-type granites. Eurth Plane/. .k
IXU. 58, 5 I-64.
M&uI.I.o(‘H
M. I‘.. JAOUFS A. L.. N&SON D. R. and Ltwls
J. D. (1983) Nd and Sr isotopes in kimbcrlites and lamproites from Western Australia: an enriched mantle origin.
,Va:aruri>302, 400-403.
McDoNouGtl
W. F., McCul.l.octl
M. ‘I and SUN S.-S.
(1985) Isotopic and geochemical systematics in TertiaryRecent basahs from southeastern Australia and implications
for the evolution of the sub-continental
lithosphere. C&r
chim. Cosmochim. Acla 49. 205 I-2068.
MENZI~S M. A. and MURTHY R. (1980) Enriched mantle:
Nd and Sr isotopes in diopsides from kimberlite nodules.
Xurur~ 283, 634-636.
NAKAMIJRA E.. CAMPRFI.I I. H. and SPIN S.-S. (1985) The

and S.-S. Sun

inlluence of subduction
processes on the geochemistry
of
Japanese alkaline basahs. Nafure 316, 55-58.
NICHOUS 1. A. and WHITFORD D. J. (1978) Geochemical
ronation in the Sunda volcanic arc, and the origin of Krich lavas. Hlrll. .lus/ Sot E.~plor. Gcwphys. 9. 93-98.
NIXON P. H.. 1‘mRwAI I M. F.. BIJCKLEY F. and DAVII!S C.
J. ( 1984) Spanish and Western AUStrdkin
lamproites: aspects of whole rock geochemistry.
In Kimberlites und RF
luwd Rok
(ed. J. KRONPROEST), pp. 285-296.
NOWI. F. A.. ANDRIESSENP. A. M., HERF.DAE. H.. PWEM
H. N. A. and RONDEEI H. E. (198 I) Isotopic dating of the
post-alpine
Neogene volcanism in the Betic Cordilleras.
southern Spain. (ic,ul. .Mijnb. 60, 209-2 14.
O’R~II I Y S. Y. and GRI~~N W. 1.. (1984) Sr isotopic hcterogeneity in primitive basaltic rocks, southeastern
Australia: correlation
with mantle metasomatism.
(bnfrih.
.Ifitwrul.

Pcplrol. 87, 220-230.

Powr;~.~. J. L. and BELL K. (1970) Strontium isotopic studies
of alkalic rocks. Localities from Australia, Spain, and the
western United States. (‘on/rib
Mineral.
Pcfrol. 27, I-IO.
RI(‘HARI)SOY S. H.. G~IKNEY J. J.. ERLANK A. L. and HARRIS
J. W. (1984) Origin of diamonds in old enriched mantle.
:%‘ururc 310. 198-202.
RINC~WOOL)A. F. (1982) Phase transformations
and diff‘ercntiation in subducted lithosphere: implications for mantle
dynamics, basalt petrogenesis and crustal evolution. J. Gc~l.
90.61 l-643.
RODDICK J. C. ( 1984) Emplacement
and metamorphism
of
.Archacan malic volcanics at Kambalda,
Western Australia-geochcmical
and isotopic constraints.
Geochim.
( ‘rwzochrm.
.Acfu 48, I305- I3 18.
SH~RAION J. W. and C~INDARI A. (1980) Leucitites from
Gaussberg. Antarctica. (‘on/rib
Mitwra/.
Pelro/. 71. 417427.

C. B. ( 1983) Pb, Sr and Nd isotopic evidence for source%
of southern African Cretaceous Kimberlites.
Nature 304,
51-54.
Sr ~IGF.RR. H. and JA(;~R E. ( 1977) Subcommission
on geochronology: convention
on the use of decay constants in
gear and cosmochronology.
Eurth Plunef. Sci. Left. 36,359-

SMI rtl

362.
St;h’ S.-S.

( 1980) Lead isotopic study of young volcanics from
mid-ocean ridges, ocean islands and island arcs. Phi/. 7iuns
R(I), .Soc I.ondon A 297, 409-445.
SL:‘rt(tRI.ANI) F. L. ( 1983) Timing. trace and origin of basaltic
migration in eastern Australia. Naruw 305. l23- 126.
TATSIJMOTOM. (1973) Time differences in the formation of
mcteoritcz as determined from the ratio of lead-207 to lead206. Scienw 180, I279- 1283.
l‘4rs~:Moro
M. and KNIGH? R. J. ( 1969) Isotopic composition of lead in volcanic rocks from central Honshu- with
regard to hasalt petrogencsis. Geochem.
TA~LOK H. P. and TIJRI B. (1976) High

J. 3, 53-86.

‘“0 igneous
Italy. Contrih

rocks
from the Tuscan magmatic Province,
Mm
cm/ Pc1roi. 55. 33-54.
~.AYL.OR H. P.. TL:RI B. and C‘~!NL)AKIA. ( lY84) ‘“O/“O and
chemical relationships in K-rich volcanic rocks from hustralia. East Africa. Antarctica. and San Venanzo-Cupaello.
Italy. Ilarrh Pluncv Ser. IAW. 69, 263-276.
IHOM~~OU R. X.. MORRISON M. A.. HENDRY G. L. and
PARRY S. J. ( 1984) An assessment of the relative roles of
crust and mantle in magma genesis: an elemental approach.
I’hd 7‘run.v Roy Sot. I.ondon A 310, 549-590.
TII.ION G. R. ( 1983) Evolution of depleted mantle: the lead
perspective. Geochim. (i>.rmrxhim
.4cru 47, 1191-l 197.
TSIJBOI S. ( 1920) On a leucitc rock vulsinite vicoite from Utsuryoto Island in the sea of Japan. Gcol. SK Jupan 27.
9-103.
VAN Koort~
G. K. (IY8l) Pb and Sr systematics of uhrapotassic and basaltic rocks from central Sierra Nevada.
California. (imtrib.
Minerul. I’e~rol. 76. 378-385.
VFNI-UREI.I.IG.. CAPEDRIS.. DI BAIIWINI

G.. CRAWFORD

Origin of ultrapotassic rocks
A., KOGARKOL. N. and CELESTINIS. (1984) The ultrapotassic rocks of southeastern Spain. Liihos 7.37-54.
VOLLMERR. (1976)Rb-Sr and U-Th-Pb systematin of alkaline rocks: the alkaline rocks of Italy. Geochim. C’osmrxhim. Acra 40.283-295.

VOLLMERR. (1977)Isotopic evidence for genetic relations
between acid and alkaline rocks in Italy. Contrib. Mineral.
Pefrol. 60, IO9-

I 18.

VOI.I.MERR. and HAWKE~WORTH
C. J. (1980) Lead isotopic
composition of the potassic rocks from R~monfina
(South Italy) EararrhPlanet. Sci. Left. 47, 91-101.
VOLLMERR. and NORRY M. T. (1983) Possible origin of Krich volcanic rocks from Virunga, East Africa, by metasomatism of continental crustal material: Pb, Nd and Sr
isotopic evidence. Earth Planef. Sci. Leff. 64, 374-386.
VOLLMERR., OGDEN P., !SCHILL.INGJ.-G., KINGSLEYR. H.
and WAGGONERD. G. (1984) Nd and Sr isotopes in ultrapotassic volcanic rocks from the Leucite Hills, Wyoming.
Contrih. Mineral. Petrol. 87, 359-368.

WA% S. Y. and ROGERSN. W. (1980) Mantle metasomatism-precursor
to continental alkaline volcanism. Gee
chim. Cosmrxhim. Actu 44, 181 I-1823.

WEDEPOHLK. H. and MURAMATSUY. (1979)The chemical
composition of kimberlites compared with the average
composition ofthree basaltic magma types. In Kimberlife.s,
Dialremlzs and Diamonds (eds. BOYD F. R. and MEYER
H. 0. A.), pp. 300-312. A.G.U. Washington.
WELLMANP. (I 973) Early Miocene potassium-argon age for
the Fitzroy Lamproites of Western Australia. J. Geol. Sot.
,4us1. 19.471-474.
WELLMANP. (1974) Podium-~gon
ages on the Cainozoic
volcanic rocks of Eastern Victoria. J. Geoi. Sot. .4ttst. 21,
359-376.

245

WELLMANP. and MCDOUGALL1. ( 1974) Cainozoic igneous
activity in eastern Australia. Tecronupf?ys. 23,49-65.
WELLMANP., CUNDARIA. and MCDOUGALLI. (1970) Potassium-argon ages for leucite-bearing rocks from New
South Wales, Australia. J. Proc. Roy. Sot. N.S. W. 103,103107.
WENDLANDTR. F. (1984) An experimental and theoretical
analysis of partial melting in the system KAISiO,-CaOMgO-SiO,-COz and applications to the genesis of potassic
magmas. carbonatites and kimberhtes. in ~irnber~i~e~ and
Related Rocks (ed. J. KRONPROBST), pp. 359-369.
WHITE W. M. (1985) Sources of oceanic basatts: radiogenic
isotopic evidence. Geology 13, 1 I5- I 18.
WHITFORDD. J. ( 1975) Strontium isotopic studies of the volcanic rocks of the Sunda arc, Indonesia, and their petrogenetic implications. Geochim. Cosmochim. Acta 39, 12871302.

WHEN
D. J., FODENJ. D. and VARNER. (1978) Sr isotope
geochemistry of talc-alkaline and alkaline lavas from the
Sunda arc in Lombok and Sumbawa, Indonesia. Carnegie
Inst. Wash. Ye&. 77, 6 13-620.
WHITFORDD. J., WHITEW. M. and JEZEKP. A. (1981) Neodymium isotopic composition of Quarternary island arc
lavas from Indonesia. Geochim. Cramwhim. Acta 45,989995.

WILKINSONJ. F. K. (1977) Analcime phenoctysts in a vitrophyric analcimite-primary
or secondary? Conrrih. Minerul. Petrot. 64, I-10.
ZINDLERA.. JACX)U~‘Z
E. and GOLLXTEIN S. (1982) Nd, Sr
and Pb isotopic systematics in a three-component mantle:
a new perspective. Nature 298, 5 19-523.
ZINDL~R A., STAUDIGELH. and BATIZAR. (1984) Isotope
and trace element geochemistry of young Pacific seamounts:
implications for scale of upper mantle heterogeneity. Earth
Planer. Sci. 1,41[. 70, 175-195.

