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ABSTRACT

Part 1:

Within the recent literature, the isotopic heterogeneity of ocean island basalts (OIB)

is generally ascribed to mixing between any two or more of four isotopically distinct mantle
end-member components - DMM, HIMU, EMI and EMU - the origin and precise location of

which are still the subject of much debate. An attempt is made here to constrain the

geochemical characteristics of these end-member components using literature-derived end-
member OIB data. This has confirmed the presence of consistent trace element differences

and also suggested certain major element distinctions, which are interpreted to reflect

diverse end-member mantle source compositions rather than differences in the pressure

and temperature of melting involved in OIB production.

EMI basalts, which extend to the lowest '̂̂ Nd/"''̂ ^Nd values of all OIB, were found

to possess the most distinctive major element characteristics, the latter evident as higher
Si02 and lower FeO*, CaO, 1102, P2O5 and K2O values than both HIMU and EMU OIB.

However, EMI basalts have the least well defined trace element systematics. In contrast,

HIMU and EMU basalts, previously characterised by the highest Pb isotope ratios and the

highest ®^Sr/®®Sr values respectively, were found to have overlapping major element

abundances butquitedistinctive trace element systematics. HIMU basalts, have the highest

CaO and generally lower LILE/HFSE and LREE/HFSE abundance ratios, intermediate Th/La

and Th/Nb, lower Zr/Nb and higher Nb/Pb and Ce/Pb values than either of the EM

components. EMU basalts extend to the highest K2O and Ti02 values and are characterised

by lower Ba/Th, higher Th/La and higher Th/Nb values than EMI OIB.

Previous workers have recognised a regional HIMU radiogenic isotope and trace

element signature within Cretaceous to Recent volcanics scattered throughout the

dispersed continental fragments of eastern Gondwana and dredged from the TasmanSea -

southwest Pacific Ocean seafloor. This study has ascribed the HIMU nature of continental

volcanism in Tasmania, the South Island and offshore islands of New Zealand, and Marie

Byrd Land and the McMurdo Volcanic Group of West Antarctica to localised and intermittent

periods of tectonically-induced decompression and melting of underplated HIMU material

emplaced at the base of the lithosphere by one or more upwelling plume heads prior to or

coincident with the onset of continental break-up in this region. Ocean floor HIMU volcanism

in the southern Tasman Sea and southwest Pacific Ocean has been attributed to

lithospheric plate movement over the persisting plume conduits.

Previous plate-tectonic reconstructions have ascribed a 4000 km long cun/ed chain

of seamounts and islands, extending from the western flank of Lord Howe Rise to the

Balleny Islands close to the Ross Sea region of the southwest Pacific Ocean, to movement

of the Indian-Australian and Antarctic Plates over the Balleny Plume with progressive



continental rifting from -70 Ma to the present. Scott Island, located further east but at a

similar latitude to the Balleny Islands, has an homologous isotopic and trace element

signature and therefore appears to be the product of a second and parallel HIMU plume

trace, here termed the Scott Plume. The latter is also held responsible for the enriched

geochemical features of some Macquarie Island basalts. The Balleny and Scott Plumes

appear to have been temporarily trapped by, and to have contaminated the eruptives of, the

Southeast Indian and Pacific-Antarctic spreading ridges respectively. This has resuKed in the

<28 Ma (between AS and the active spreading ridges) seafloor in this region bearing an E-

MORB to HIMU-DMM isotopic signature. The fact that samples dredged from virtually zero-

age oceanic crust on the southern flank of the SEIR and northwest of the Balleny Islands,

also bear this distinctive isotopic and trace element signature implies that the supply of HIMU

material to this region of the SEIR has continued until very recently.

Significant contamination of Balleny Plume HIMU volcanics by DMM material,

particularly evident in Pb-Pb isotopic space, suggests that the Balleny Plume is a relatively

weak plume which entrained large amounts of depleted upper mantle during upwelling.

Progressive temporal dilution of the HIMU plume component by DMM material may imply

either increasing amounts of upper mantle entrainment, suggesting a gradual weakening of

the plume with time, or progressive preferential melting of entrained material within a

heterogeneous plume. The Balleny Plume also appears to have slightly higher time-

integrated Th/U than other known HIMU sources, resulting in the most radiogenic Balleny

Plume samples plotting above the HIMU field in 206pb/204pb.208pb/204pb space, and

thereby potentially expanding the known range of HIMU isotopic values.

Part 2:

The Southern Ocean between the southern margin of Australia and Wilkes Land in

Antarctica hosts an important section of the global mid-ocean ridge system. Other

researchers have concluded that the Southeast Indian Ridge (SEIR) in this region

experienced a dramatic change in spreading rate at -44.5 Ma, coincident with a major period

of global plate reorganisation. Comparative studies, within the recent literature, of individual

fast and slow spreading ridges have revealed distinct morphological and geochemical

parameters which have been attributed to different underlying magma chamber processes.

An attempt is made here to discern if the geochemical parameters correlated with spreading

rate in the literature are also evident with a change in spreading rate along a single segment

of mid-ocean ridge. This effort has been concentrated on the chemistry of basalts collected

from four Southern Ocean dredge sites north of the SEIR. Two of these sites were located

on oceanic crust formed during a period of relatively slow seafloor spreading prior to 49 Ma,

whereas the other two correspond to a period of more rapid seafloor spreading after 44.5

Ma. The lack of recognisable and systematic geochemical differences between the SEIR

slow and intermediate spreading rate eruptives suggests that the change in spreading rate
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at -44.5 Ma, and the inferred change in underlying mantle processes, may not have been

great enough to result in the significant geochemical variations cited in the literature.
Alternatively, the off-axis Southern Ocean basalt database may be insufficient to enable the
detection of such differences.

The Southern Ocean south of the Great Australian Bight is also host to a globally

anomalous region of mid-ocean ridge, known as the Australian-Antarctic Discordance (AAD).
In addition to its recognised morphological and geophysical anomalies, the AAD represents

the current on-axis location of a proposed isotopic boundary between Indian and Pacific

Ocean upper mantle convective regimes, previously defined from analyses of <4 Ma MORB
dredged from within and adjacent to the AAD. An investigation is undertaken here into the
off-axis location of this isotopic boundary, concentrating on radiogenic Pb, Sr and Nd

isotope data for -36-66 Ma seafloor dredged from either side of the northward extrapolation
of the AAD. The results show that >36 Ma seafloor east of the AAD has an Indian Ocean

MORB isotopic signature, thereby implying that the proposed Indian-Pacific Ocean isotopic
boundary does not extend directly north of the ridge towards the southern margin of
Australia. Progressive westward migration of an arcuate-shaped front of Pacific Ocean upper

mantle therefore appears to be a consequence of Australian-Antarctic rifting and Southern

Ocean opening, favouring models of active mantle flow outlined in the recent literature such
as Pacific Ocean basin shrinkage, convergence of hotspot-driven along-axis asthenospheric

flow and/or direct Indian and Pacific Ocean upper mantle convergence.

Part 3:

The Vestfold Hills, one of several Archaean cratonic blocks within the East Antarctic

Shield, comprises a high-grade metamorphic basement complex intruded by at least nine

generations of Early to Middle Proterozoic mafic dykes. Extensive U-Pb ion microprobe
(SHRIMP) analyses of zircons, derived predominantly from late-stage felsic differentiates of

the mafic dykes, provide precise crystallisation ages for several dyke generations. These
new ages enable constraints to be placed on both the history of mafic magmatism in the

Vestfold Hills and the timing of the various interspersed, and already documented,

Proterozoic deformation events. In addition to demonstrating the utility of zircons derived

from felsic late-stage differentiates for the dating of co-genetic mafic dykes, this study also

places doubt on previous whole-rock Rb-Sr dating of mafic dyke suites in this and other

areas of East Antarctica.

207pb/206pb zircon ages of 2241 ±4 Ma and 2238±7 Ma for the Homogeneous and

Mottled Norites, respectively, provide a younger emplacement age for associated Group 2

High-Mg tholeiite dykes than the whole-rock Rb-Sr date (2424172 Ma) originally interpreted

as the age of all high-Mg intrusives in the Vestfold Hills. Zircon ages of 1754116 Ma and
1832172 Ma confirm the previously defined Rb-Sr age ofthe Group 2 Fe-rich tholeiites. Two

later dyke generations, the Group 3 and 4 Fe-rich tholeiites, distinguished on the basis of
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field orientations and cross-cutting relationships, yield zircon emplacement ages of 1380±7

Maand 1241±5 Ma, which also defineminimum ages fortwo suites of lamprophyre dykes.

Xenocrystic zircons within both felsic segregations and mafic dykes yield zircon ages

of 2478±5 Ma to -2740 Ma, indicating the presence of Archaeancrustal source rocks of this

antiquity beneath the Vestfold Hills.
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PREAMBLE

This thesis is divided into three parts. The first two parts pertain to the evolution of

mantle reservoirs associated with the rifting of Australia, Antarctica and New Zealand during

the break-up of eastern Gondwana. Part 1 introduces the concept of four isotopicalty distinct

mantle end-member components being involved in the generation of ocean island basalts

(OIB) (Chapter 1), and attempts to constrain the major and trace element characteristics of

HIMU, EMI and EMU end-member basalts (Chapter 2). Chapters 3, 4 and 5 concentrate on

the use of radiogenic isotopes and trace element abundances to trace the widespread

influence of at least two HIMU mantle plumes, the Balleny and Scott Plumes, on intraplate

oceanic and continental volcanism in the Tasman Sea - southwest Pacific Ocean region. The

results of Part 1 are summarised in Chapter 6.

Part 2 is concerned with the composition of -36 to 66 Ma seafloor dredged from the

Great Australian Bight region of the Southern Ocean. A comparison of the geochemistry of

mid-ocean ridge basalts (MORB) erupted along the Southeast Indian Ridge (SEIR) during a

slow spreading regime, with that produced after the dramatic change in spreading rate at

-44.5 Ma, is designed to test if the geochemical variations which have been correlated with

different spreading rates along different mid-ocean ridge systems can be applied to a

change in spreading rate along a single ridge system (Chapter 7). These same Southern

Ocean MORB samples are used to examine the off-axis relationship between the

morphologically and geophysically anomalous Australian-Antarctic Discordance (AAD) region

of the SEIR and a proposed isotopic boundary between Pacific and Indian Ocean upper

mantle convective regimes whose current on-axis location coincides with the eastern AAD

(Chapter 8).

The third, and more minor, part of this thesis involves a study of the applicability of

the U-Pb zircon (SHRIMP) dating technique to the problem of mafic dyke geochronology

(Chapter 9). The successful dating of magmatic zircons derived from late-stage felsic

differentiates within mafic dykes has enabled further constraints to be placed on the

Proterozoic history of the Vestfold Hills, East Antarctica. .

All acronyms and abbreviations used within the main text of this thesis are listed and

defined in Appendix 7.
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PART 1

MANTLE RESERVOIRS AND MAFIC MAGMATISM

ASSOCIATED WITH THE BREAK-UP OF

GONDWANA - THE BALLENY PLUME
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CHAPTER 1

The Isotopic Heterogeneity of

Ocean Island Basalts

1.1 INTRODUCTION:

Studies of ocean island basalts (OIB), generally considered to be the products of

fixed mantle plumes (Morgan, 1971; 1972), provide an opportunity to constrain the

evolution, structure and composition of the Earth's deep mantle. In general terms, OIB

possess certain geochemical and isotopic characteristics, including incompatible trace

element enrichments (e.g. Sun, 1980; Wood et el., 1981), lower gnd higher

®^Sr/®®Sr values (e.g. DePaolo and Wasserburg, 1976; Duncan and Compston, 1976;

Tatsumoto, 1978), which distinguish them from mid-ocean ridge basalts (MORB). The

characteristic features of OIB suggest that they share a common evolutionary history which is

distinct from that of other ocean floor basalts. OIB Pb isotope ratios, forming an

approximately linear array which extends to the right of the geochron, are generally

consistent with the occurrence of one or more ancient (1-2 Ga) mantle differentiation event/s

which increased the U/Pb and Th/Pb contents of their mantle reservoirs to values greater

than that of bulk Earth (Chase, 1981; Hart, 1984; Zindlerand Hart, 1986; Gariepy and Dupre,

1991; McCulloch, 1993). In contrast, the Pb isotope compositions of N-MORB (normal

depleted MORB), erupted away from the influence of near-ridge hotspots such as Iceland

and the Azores, are far less radiogenic and plot near, or to the left of, the geochron (e.g.

Gariepy and Dupre, 1991), indicating time-integrated U/Pb and Th/Pb source contents less

than or equal to bulk Earth.

Despite their distinctive characteristics, as compared to other oceanic basalts, it is

now well established that OIB are themselves isotopically and geochemically diverse,

possibly constituting evidence for large-scale heterogeneities within the mantle (Sun, 1980;

Hart, 1984; Hart et al., 1986; Zindler and Hart, 1986). Multiple mantle end-member

components have been proposed in order to explain the isotopic heterogeneity of OIB

(Zindler et al., 1982; Allegre and Turcotte, 1985; White, 1985; Zindler and Hart,1986; Dupuy

et al., 1987); however, the minimum number of components needed, their relative locations

within the mantle, and the source of each, are still uncertain. Most of the recent literature



which proposes the existence of these isotopic end-members is in general agreement that

mixing between four components, DMM, HIMU, EMI and EMM, can produce the observed

spectrum of OIB isotopic and trace element variation (Zindler and Hart, 1986; Hart, 1988;

Weaver, 1991) and explain the recurrence of distinctive isotopic patterns at different

geographical locations (Gariepy and Dupre, 1991). Although these end-member

components possess the extreme Sr, Nd and Pb isotopic compositions necessary to

circumscribe the range of observed OIB variations, they do not necessarily reflect physical

mantle reservoirs; the latter may actually have intermediate isotopic compositions (Barling

and Goldstein, 1990).

This chapter examines the four proposed end-member components on the basis of

the radiogenic isotope data available in the literature, with emphasis on the HIMU, EMI and

EMM end-members in particular. The ultimate aim is to constrain the isotopic features which

distinguish the HIMU component as an introduction to the study of one such HIMU mantle

plume, the Balleny Plume (Chapter 3).

1.2 THE ORIGIN OF MANTLE PLUMES:

Much debate still surrounds the subject of mantle plume sources. Plume buoyancy,

relative to the surrounding mantle, has been variously attributed to thermal and/or

compositional effects, and numerous hypotheses exist as to their spatial origin.

Many researchers now believe that plumes originate from one of two possible

thermal boundary layers - the core-mantle boundary, or the 670 km discontinuity. The

former, supported by many geophysical observations, suggests that mantle plumes may

control heat loss from the core, arising from a thin velocity boundary layer (D") within the

thermal boundary layer at the base of a viscously-stratified but wholly convecting mantle

(Loperand Stacey, 1983; Davies, 1990; Davies and Richards, 1992). However, the 670 km

discontinuity, thought by some to comprise a thermal and convective (mesosphere)

boundary layer between upper, depleted, and lower, less-depleted mantle (e.g. Ringwood,

1982; White, 1985), may precipitate the formation of buoyant thermal instabilities, resulting

in the upwelling of plumes, due to conductive heating from below (Allegre and Turcotte,

1985; Allegre et al., 1987). A variation on the theme of plumes originating from the 670 km

discontinuity proposes that the accumulation and partial melting of subducted lithosphere

within the transition zone results in enrichment of the adjacent refractory harzburgite layer

(Ringwood, 1982; Ringwood and Irifune, 1988). According to this model, subsequent

heating from below, due to rising lower mantle convection currents, results in upper

'fertilised' regions of the boundary layer becoming buoyant and rising into the upper mantle.

Other ideas about plume sources are consistent with models of decoupled mantle

convection and plume buoyancy due to compositional anomalies relative to the overlying

mantle. These include plume derivation from regions of primitive or relatively undepleted



lower mantle (e.g. Sunand Hanson, 1975a: Dupre and Allegre, 1983), orfrom small degrees

of melting of upper mantle comprising regions of undepleted, less refractory material

embedded in a depleted MORB matrix, variously termed "plum-pudding" or "marble-cake"

mantle (Morris and Hart, 1983; Allegre and Turcotte, 1986). Anderson (1979; 1982)

suggested that plumes derive from partial melting of an upper mantle eclogite layer

produced by the accumulation offormer oceanic crust between 220 and670 km depth.

1.3 DEFINITION OF THE MANTLE END-MEMBER COMPONENTS:

Observed variations in the isotopic ratios of oceanic basalts (Figure 1.1), a function

of the type and timing of parent/daughter element fractionation processes as well as mixing

between these different mantle components, imply that oceanic basalt sources have not

evolvedas closed systems until the present day. It is, in fact, necessary to invoke ancient (1

to 2 Ga) fractionation events, such as mantle differentiation and continental crust formation,

in order to explain the obsen/ed isotopic variability of oceanic basalts (e.g. Gariepy and

Dupre, 1991).

1.3.1 DMM - Depleted MORB mantle:

•MM or depleted MORB mantle is the best defined of the four end-members. It is

generally thought to occupy the uppermost mantle and to represent the depleted residueof

the mantle fractionation processes responsible the formation of the Earth's crust (e.g.

Hofmann et al., 1986; Zindler and Hart, 1986; Saunders et al., 1988; Gariepy and Dupre,

1991).

There are two alternative isotopic definrtions for the DMM end-member. If the shallow

mantle is considered to have primary heterogeneities as a result of multiple fractionation

events of varying extent (Hart, 1988), DMM can be defined by an 'average' composition (N-

MORB), as erupted along bathymetrically 'normal' segments of mid-ocean ridgedistant from

hotspot activity (Zindler and Hart, 1986; Saunders et al., 1988). In this case, DMM would be

characterised by relatively high unradiogenic ®7Sr/®®Sr and 206pb/204pb

values, and incompatible trace element depletions. Alternatively, if the shallow mantle is

homogeneous and highly depleted, DMM would be best represented by the most extreme

MORB sample/s available, characterised by the lowest ®^Sr/®®Sr (-0.7022), highest
i43Nd/i44Nd (-0.5133) and most unradiogenic 206pb/204pb (~17.3) values (Hart, 1988),

and would plotto the left of the geochron (Figure 1.lb). The latterdictates that MORB which

deviate from this extreme composition, including the majority of N-MORB, are the result of

subsequent contamination of the DMM end-member component (Zindler and Hart, 1986;

Hart, 1988), and that pristine DMM has U/Pb, Th/Pb and Th/U ratios lower than bulk Earth

(e.g. Gariepy and Dupre, 1991).
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Figure 1.1; Radiogenic isotope plots using data from the following sources; Cook-Austral
Islands (Mangaia, Rimatara, Rurutu and Tubuai) - Vidal et al. (1984), Palacz and Saunders (1986),
Nakamura and Tatsumoto (1988), McDonough and Chauvel (1991), Chauvel et al. (1992) and Hauriand
Hart (1993); Koolau Volcano, Hawaii- Stille et al. (1983), Roden et al. (1984), Hart (1988) and Roden et
al. (in press); Marquesas Islands (Hatutu, Hiva Oa, Nuku Hiva, Tahuata and Ua Huka) • Vidal et.al.
(1984), Dupuy et al. (1987) and Woodhead.(1992); MORB - Cohen et al. (1980), Dupre and Allegre
(1980), Sun (1980), Cohen and O'Nions (1982), White and Hofmann (1982), Dupre and Allegre (1983),
Hamelin et al. (1984), Hamelin and Allegre (1985), Hamelin et al. (1986), Macdougall and Lugmair
(1986), Michard et al. (1986), Price et al. (1986), Ito et al. (1987), Shirey et al. (1987), White et al.
(1987), Dosso et al. (1988) and Mahoney et al. (1989); Pitcairn Island/Seamounts (Tedside
Volcanics,Volcano 2 and Volcano 5) - Woodhead and McCulloch (1989) and Woodhead and Devey
(1993); Samoan Islands (Manu'a, Tutuila and Upolu) - White and Hofmann (1982), Newsom et al.
(1986), Palacz and Saunders (1986) and Wright and White (1987); Society slands/Seamounts
(Mehetia, Rocard, Tahaa, and Teahitia) - White and Hofmann (1982), Deveyet al. (1990) and Hauri and
Hart (1993); St. Helena - Sun (1980), Cohen and O'Nions (1982), White and Hofmann (1982), Newsom
et al. (1986) and Chaffey et al. (1989); Walvis Ridge - Richardson et al. (1982). All ®^Sr/®®Sr data are
normalised to ®®Sr/®®Sr = 0.1194 and are quoted relative toa value of ®^Sr/®®Sr = 0.710209 for the
NBS 987 standard (the mean value measured during the course of this study; Appendix 2) where
possible, or relative to a value of ®^Sr/®®Sr =0.7080 for the Eimer and Amend SrCOa standard where
NBS 987 standard data are not presented. All '̂̂ ^Nd/ '̂̂ '̂ Nd datafrom the literature are normalised to

'̂̂ ^Nd/^ '̂ '̂ Nd = 0.7219 and are quoted relative to a value of '̂̂ ^Nd/^ '̂ '̂ Nd = 0.511897 for the La Jolla
standard (the mean value measured during the course of this study; Appendix 2) where possible, or
relative to a value of '̂̂ Nd/ '̂̂ '̂ Nd = 0.51265 for the BCR-1 international rockstandard where LaJolla
standard data are not presented. Bulk Earth (BE) values are '̂̂ ^Nd/ '̂̂ '̂ Nd =0.51265 and ®^Sr/®®Sr =
0.70450; values for the extreme DMI^, EMI, EMM and HIMU end-members are from Table 1.1; NHRL
calculations are from Hart (1984): 207pb/204pb ^ o.1084(206pb/204pb) + 13.491; 208pb/204pb ^
1.2090(20®Pb/2®'̂ Pb) + 15.627. The geochron (the 4.55 Ga isochron in 207pb/204pb.206pb/204pb
space which defines the evolution of the Earth as a closed chemical system since its formation) is
plotted using 4.55 Ga as the initial age of the Earth and the primordial meteoritic (Canyon Diablo) Pb
values of Chen and Wasserburg (1983) as the initial Pb isotope ratios for the Earth. LoNd and No-EM
mixing arrays (Hart, et al., 1986; Hart, 1988) in d) and e) are as discussed in the text; approximate
location of FOZO from Hart et al. (1992).



Table 1.1: The extreme mantle end-member isotope values used In Figure 1.1 are from the
following sources: All ®^Sr/®®Sr, '''̂ Nd/'''*'*Nd and 206pb/204pb values are from Hart et al. (1992);
EMI and EMM 207p|3/204p|3 g^d ^OSpb/SO^pj, values are from Weaver (1991); HIMU 207p|3/204p|3
and 208pt,/204p|3 values are the most radiogenic values for Mangaia from the data set used for Figure
1.1; DMM 207pb/204pb comprises the least radiogenic value from the dataset used in Figure 1.1 and
DMM 208pj3/204ptj jg from Gariepy and Dupre (1991).

87sr/®®Sr 143Nd/144Nd 206pb/204p|, 207pb/204pb 208pb/204pf,

DMM 0.70220 0.51330 17.30 15.42 37.20

HIMU 0.70285 0.51285 21.80 15.84 40.73

EMI 0.70530 0.51236 17.40 15.46 38.00

EMM 0.70780 0.51258 19.00 15.70 39.50

1.3.2 HIMU - High-n:

The HIMU or high-p (where = 238u/204pb) end-member is a relatively uniform

component characterised by radiogenic 206pb/204pb (>20.5), low ®^Sr/®®Sr (-0.7028; less

than bulk Earth) and high 143^^/144|vjd (_o.51285; greater than bulk Earth) relative to the

EM components (Hart, 1988) (Figure 1.1). Its apparent uniformity is based on the limited

ranges of ®^Sr/®®Sr, '̂̂ ^Nd/ '̂̂ ^Nd and 208pb/204pt) observed in OIB with 206pb/204pb
values greater than 20.5, and the consequent decrease in isotopic data dispersion as this

HIMU field is approached (Hart, 1988). The HIMU component is best represented by the

island of St. Helena in the southeast Atlantic Ocean, and the Cook-Austral islands of

Mangaia, Tubuaii, Rurutu and Rimatara in the south Pacific Ocean (Hart, 1988) (Figure 1.2).

As Rurutu also contains young lavas with intermediate HIMU-EM isotopic compositions

(Chauvel et al., 1992), only data from this island which have HIMU systematics have been

used in Figure 1.1. This includes the ®^Sr/®®Sr and "•'̂ ^Nd/ '̂̂ '̂ Nd data of Palacz and

Saunders (1986) and the corresponding Pb isotope ratios measured, for the same samples,

by McDonough and Chauvel (1991).

The paradox of a mantle reservoir with time-integrated high U/Pb values relative to

bulk Earth, but low Rb/Sr and Nd/Sm values, appears to be at its most extreme in the HIMU

end-member, which has MORB-like ®^Sr/®®Sr but the most radiogenic Pb isotope values

known. This is generally known as the "Pb-paradox" and is based on the premise that U,

being more incompatible than Pb, should be relatively depleted during mantle differentiation

processes, resulting, with time, in unradiogenic Pb isotope ratios which would plot to the left

of the geochron (e.g. Newsom et al., 1986). The location of HIMU OIB, far to the right of the

geochron in 206p5/204pb.207ptj/204pb space (Figure 1.1b), indicates that the U/Pb content

of their mantle source regions was increased at some time in the past. However, as observed

by Hart (1988), their position below the projected extension of the oceanic basalt array in

206pb/204pb-208pb/204pb space (Figure 1.1c) implies that HIMU reservoirs possess time-

integrated ThAJ values less than that of MORB and other OIBsources (Palacz and Saunders,

1986; Chauvel et al., 1992; Vidal, 1992). Although this suggests some degree of U
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enrichment relative to Th (e.g. Chauvel et a!., 1992), it is still not known whether the actual

high-^i signature is a result of Uenrichment (e.g. Hart, 1988), Pb depletion (e.g. Vollmer,

1977; Chauvel et al., 1992; Vidal, 1992), or both (e.g. Palacz and Saunders, 1986).

The isotopic decoupling, low ®7sr/86sr, high ^^^Nd/'l'̂ ^Nd and high Pb isotope

ratios, relative to bulk Earth, displayed by many oceanic basalts have stimulated the

development of several models for the origin of oceanic basalts in general, and the HIMU

source in particular. Most of the current literature proposes long-term isolation of a HIMU

source following incorporation into the deep mantle of ancient (1.5-2 Ga) oceaniccrust (e.g.

Chase, 1981; Hofmann and White, 1982). This recycled oceanic crust may have been

subjected to seafloor alteration or hydrothermal processes, increasing its U(e.g. Barnes and

Cochran, 1990) or decreasing its Pb content respectively (Chase, 1981; Hofmann and

White, 1982; Michard and Albarede, 1985; Palacz and Saunders, 1986), and/or subduction-

related processes (Chauvel et al., 1992; Hauri and Hart, 1993) including dehydration

(Weaver, 1991; Vidal, 1992) and/or magma extraction (Dupuy et al., 1987).

Recent Re-Os studies of HIMU basalts are compatible with an origin involving crustal

recyljng. The high i87os/i860s values measured for Mangaia, Tubuai and Rurutu, relative to

other oceanic basalts and estimates for the bulk Earth, necessitate a source region with time-

integrated high Re/Os, which, along with the other radiogenic isotope characteristics, is

consistent with the incorporation of ancient oceanic crust (Hauri and Hart, 1993). Helium

isotope (^He/'̂ He) measurements, expressed here relative to the atmospheric ®He/'̂ He ratio

(Ra) for samples from Tubuai (7.1 Ra) and St. Helena (4.3-5.9 Ra) are lower than MORB

values (DMM = 8±1 Ra), and are thought to also be consistent with a recycled origin for HIMU

basalts, whereby the recycled material increases the (U+Th)/®He ratio ofthe source but hasa

relatively short storage time inthe mantle (<1 Ga) (Graham et al., 1992).

Other ideas have also been proposed for the origin of the HIMU isotopic signature.

Lead extraction from the deep mantle into the core via the removal of a sulphide phase after

core accretion ('core pumping') (Vollmer, 1977; Vidal and Dosso, 1978; Allegre, 1982) is

now largely discredited as a viable option. Alack ofsystematic variation inthe abundances of

similarly incompatible chalcophile and siderophile elements relative to Ijthophile elements

(e.g. Mo/Pr and W/Ba, both Mo and Wbeing more siderophile than Pb, and Ce/Pb) over the

observed range of Pb isotopic compositions for oceanic basalts (Newsom et al., 1986)

argues against continuous core formation, which would be expected to produce correlated

mantle depletions in both chalcophile and siderophile elements. Mantle Pb extraction into

the core also fails to explain the relative source depletion in Rb necessary to produce the

lower than bulk Earth ®7Sr/®®Sr values of HIMU basalts (e.g. Palacz and Saunders, 1986).

Various types of mantle metasomatism have also been invoked to explain the HIMU

isotope systematics. Suggested metasomatic origins for HIMU sources include the fluid-

related removal of Rb, and possibly Pb, from a portion of the mantle (Hart et al., 1986; Zindler

and Hart, 1986; Hart, 1988); the interaction of cartwnatitic fluids, enriched in U and Sr and

slightly enriched in rare earth elements (REE), with portions of depleted mantle (Nakamura



and Tatsumoto, 1988); and the metasomatism of lithospheric mantle, under oxidising

conditions, by carbonatite melts enriched in Nb, Ta and U (as proposed for HIMU-like

Christmas Island volcanics; Falloon et al., in prep.). In their study of peridotite xenoliths from

Tubuai, Hauri et al. (1993) conclude that the HIMU Pb-Sr-Nd isotopic signature of these

rocks is a result of metasomatism of the lithospheric mantle beneath Tubuai by carttonatitic

fluids derived from, and bearing the isotopic signature of, the plume itself. They consider the

plume to be a product of mixing between peridotite and subducted, volatile-bearing, oceanic

crust, thereby invoking a combined recycling/metasomatic origin for the HIMU signature of

these xenoliths.

Other proposals for HIMU source production include delamination and reinjection

into the mantle of subcontinental lithosphere (McKenzie and O'Nions, 1983); time-

integrated U/Pbfractionation between silicate minerals and melt during melt migration in the

upper mantle (Halliday et al., 1990); and preferential retention in the mantle of U relative to

Pb, primarily in clinopyroxene (Meijer et al., 1990).

A further complication to the HIMU story stems from the suggestion by Vidal (1992)

that more than one group of HIMU basalts may exist. Whereas the islands of St. Helena,

Mangaia and Tubuai constitute his Group I HIMU basalts. Group II comprises the New

England seamounts, the Canary Islands, the Azores and Cape Verde hotspots, Guadalupe,

Ua Pou (Marquesas), Muraroa and Fangataufa (Gamblers) and possiblythe Pribilof Islands of

Alaska. Compared to Group I HIMU basalts, Vidal (1992) proposes that the Group II basalts

have lower Pb isotope ratios, although still greater than most other oceanic basalts, are more

enriched in the high field strength elements (HFSE) Nb and Ta, and are more depleted in Pb

(higher Ce/Pb values). These differences are interpreted to represent a more recent

increase (within the last few hundred m.y.) in the p ratios of Group II source regions due to

relatively modern recycling of subducted lithosphere. In contrast, Vidal (1992) interprets

Group I HIMU basalts to be the products of a similarlithospheric recycling process during the

early to middle Precambrian, entailing substantially higher mantle and lithospheric

temperatures, which resulted in some degree of slab melting.

1.3.3 EMI - Enriched Mantle 1:

EMI OIB are characterised by the lowest '̂̂ 3|vj(j/144|vjq values of all oceanic basalts

(0.5124-0.5125), moderate ®^Sr/®®Sr (0.7050-0.7055) and very unradiogenic 206pb/204pb

(-17.6-17.7) (Hart, 1988). Although EMI is the closest of the four mantle end-members to

bulk Earth composition, its isotopic characteristics require a source with time-integrated lower

Sm/Nd and U/Pb, slightly lower Th/Pb and higher Rb/Sr values than bulk Earth (Hart, 1988),

implying ancient enrichment in Nd/Sm, Rb/Sr and Pb/U (Richardson et al., 1982). Higher

Th/U in the EMI source, relative to MORB, is indicated by the location of extreme EMI

compositions above the oceanic basalt array in 206p5/204pb.208pb/204pb space (Figure

1.1c), defining what some consider to be the most diagnostic feature of the EMI end-

member - high 208ptj/204pb at low 206pb/204pb (j.D. Woodhead, pers. comm., 1993).
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Basalts from the aseismic Walvis Ridge in the southeast Atlantic Ocean (Figure 1.2),

thought to represent an early trace of the Tristan da Cunha hotspot (e.g. Thompson and
Humphris, 1984), areconsidered characteristic of the EMI end-member. Samples recovered

from three Walvis Ridge drillholes define two groups (hole 525A basalts versus hole 527and

528 samples), and possibly represent variable mixes of the EMI component with more
depleted mantle (Thompson and Humphris, 1984).

As Walvis Ridge samples are often altered and dataare limited, it issomewhat difficult

to assess the uniformity and exact isotopic location of the extreme EMI end-member on the

basis of Walvis Ridge basalts alone (Hart, 1988). Other GIB with notable EMI isotopic

characteristics include the Koolau tholeiites (Loa group) from the island of Oahu, Hawaii (e.g.

Hart, 1988), and volcanics from the Pitcairn Island/Seamount chain (Woodhead and

McCulloch, 1989; Woodhead and Devey, 1993) (Figure 1.2). Despite their slightly higher

l43Nci/l'̂ ^Nd values compared to Walvis Ridge basalts, the Koolau tholeiites define a mixing

array with an enriched mantle component (EMI) representing one end-member (Roden et al.,

1984; Hart, 1988). This is not evident, however, in Pb-Pb space (Figures 1.1band c), which

may be due to poor definition of the EMI 207pt,/204pb and 208pb/204pb parameters, based
only on the most unradiogenic Walvis Ridge data. The shield-building Tedside Volcanics of

Pitcairn Island (Woodhead and McCulloch, 1989) and the younger Pitcairn Seamounts

(Woodhead and Devey, 1993) are also considered to represent a mixing array between an

EMI plume and a more isotopically depleted component. Of the Pitcairn Seamounts,

samples from Volcanoes 2 and 5 possess the most extreme EMI isotopic composition

(Woodhead and Devey, 1993) and are therefore included here along with the Koolau and

Tedside Volcanics to assist in defining the EMI mantle end-member.

Although the origin of the EMI mantle component is still unresolved, a likely scenario

involves subduction and isolation in the mantle of ancient (1.5-2 Ga) oceanic crust

accompanied bysmall amounts (<5 %: Weaver, 1991; <1 %: Chauvel et al., 1992) ofpelagic

sediment (Weaver et al., 1986; Weaver et al., 1987; Woodhead and McCulloch, 1989) which

has been modified by elemental fractionation (preferential removal of Rb, Sm, and U relative

to Sr, Nd and Pb) during subduction (Woodhead and Devey, 1993).

EMI ''87os/''86os characteristics are not yet known (Hauri and Hart, 1993). However,

a recent oxygen isotope study of the Pitcairn Seamounts has revealed 5^80 values greater
than MORB and indicative of the involvement of a small proportion (up to 9 %) of ancient

recycled crustal oxygen in their EMI mantle source (Woodhead et al , 1993). Although
Graham et al. (1992) consider the ^He/'̂ He values of -4-6 Ra obtained for Tristan da Cunha

and Gough Islandsamples to at least partly reflect an EMI signature, data for seven samples

from the Pitcairn Seamounts reveal a greater range of ^He/'̂ He (1.9-9.3 Ra; M. Honda, pers.

comm., 1993) which overlap with, butextend to lower values than MORB. The range of EMI

He isotope values also overlaps with that of the HIMU samples measured by Graham et ah

(1992), the latter reflecting increased (U-(-Th)/8He source contents as a possible
consequence of crustal recycling.
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Figure 1.2: Maps showing locations discussed in the text.

As with HIMU, a metasomatic origin for the EMI end-member has also been

proposed. This may involve slight modification of a primitive or bulk Earth mantle by small
volume melts and C02-rich fluids, whereby EMI and HIMU represent the low U/Pb infiltrate

and the high U/Pb residue, respectively, of the same metasomatic process (Hart et al., 1986;

Zindlerand Hart, 1986; Hart, 1988); or partial melting of an enriched (E-type) MORB source

with small-scale heterogeneities due to the introduction of small-volume melts and

metasomatic fluids (Richardson et al., 1982).

12



Recent isotopic analyses of MORB dredged from between 39° and 41 °E along the

Southwest Indian Ridge (SWIR) have revealed unusually low 206ptj/204pb values (16.867-

17.449), accompanied by low 143Nd/l44Nd (0.51244-0.51281) (Mahoney et al.. 1992).

Whereas this isotopic signature is considered to be unique for MORB, with 206pb/204pb
values even lower than that of the proposed EMI GIB end-member (Table 1.1), no evidence

has been found for influence from a near-ridge hotspot in this region. Therefore, Mahoney

et al. (1992) have ascribed this isotopic signature to the possible incorporation into the

shallow asthenosphere of a portion of Madagascan lithosphere prior to the break-up of

Madagascar and Greater India. Recycled lower continental crust or lithosphere have also

been suggested as possible EMI sources by Hawkesworth et al. (1984) and Zindler and Hart

(1986).

1.3.4 EMM - Enriched Mantle 2:

EMU GIB extend to the highest ®7Sr/®®Sr (>0.7065) values of all oceanic basalts,

with ^^^Nd/^^^Nd (-0.51255) and Pb isotopic ratios intermediate to those of the EMI and

HIMU end-members (Hart, 1988; Weaver, 1991). Relativeto bulk Earth, the EMM source has

higher time-integrated Rb/Sr, U/Pb and Th/Pb, but lower Sm/Nd. The location of the EMM

end-member above the NHRL (Northern Hemisphere reference line of Hart (1984) - Section

1.4) indicatesa greater Th/U value in its source than inthe MGRB source.

EMM is the least well-defined isotopically, and possibly the least uniform, of the four

mantle end-members. It is the dominant component in Samoa, the Society Islands and the

Marquesas archipelago (Hart, 1988). As other mantle components are also represented in

these locations, care has been taken to select only those samples with EMM isotopic affinities

from these island groups. In the Marquesas for instance, the post-shield alkali volcanics are

dominated by an EMM signature whereas the shield-building tholeiites, intermediate

between EMM and DMM, have been interpreted to reflect substantial plume contamination by

oceanic lithosphere (Woodhead, 1992). Accordingly, Marquesan basalts containing

normative hypersthene have been avoided unless stated in the literature to be products of

post-shield volcanism. Samples from the island of Ua Pou inthe Marquesas have also been

excluded due to their HIMU-like isotopic characteristics (Duncan et al., 1986; Dupuy et al.,

1987). In contrast, Samoan shield lavas derive from a plume source similar to that of the

Society and Marquesan post-shield volcanics, whereas Samoan post-erosional volcanism,

superimposed on the shield volcanoes as a consequence of Pacific plate flexure into the

Tonga Trench, is derived from mixtures of the EMM shield source and a post-erosional

source, the latter interpreted to be the ambient lithosphere or asthenosphere beneath

Samoa and characterised by high 207pi3/204pb and ®^Sr/®®Sr and low 206ptj/204pb and
143nc|/144fgd (Hofmann and White, 1982; Wright and White, 1987). As no central shield

volcano has been formally identified on the Samoan island of Savaii (Wright and White,

1987), no data from this location have been used. Samples excluded from the Society

Island/Seamount chain include the evolved trachy-phonolites from Rocard Seannount and all

13



data from Moua Pihaa; the latter appears to derive from a different (non-EM) source tfian the

rest of the Society chain (Devey et a!., 1990).

The linear trends of the plume-derived Marquesan, Society and Samoan samples

towards the extreme EMU isotopic composition (Weaver, 1991) are particularly evident on

diagranrs which show the range of variation in ®^Sr/®®Srand '̂̂ Nd/ '̂̂ '̂ Nd (Figures 1.1a, d

and e). As noted by Hart (1988), these colinear isotopic fields appear to project towards a

component interrnediate between DMM and HIMU, and located within the MORB field, on all

plots in Figure 1.1, rather than toward any of the other recognised erid-member

components.

The currently popular hypothesis regarding the origin of the EMU mantle end-

member proposes subduction and long-term isolation in the deep mantle of ancient (1.5-2

Ga) oceanic crust overlain by a small amount (-5 %; Weaver, 1991) of continentaj-derived

(terrigenous) sediment (White and Hofmann, 1982; Dupuy et al., 1987), possibly

accompanied by pelagic sediment (Chauvel et al., 1992). Subsequent remixing with the

subducted harzburgitic lithosphere layer has been proposed by Dupuy et al. (1989).

Hauri and Hart (1993) have interpreted their ^®7os/i86os data for Samoan and

Society Island lavas to be similar to peridotite values, and therefore indicative of little, if any,

sediment involvement in the EMU source. However, the low Os content of the continental

crust, as compared to the mantle (Shirey, 1991), suggests that the incorporation of

terrigenous sediment in the mantle could be expected to have little effect on ''®7os/"'86os

sourcevalues. The high 5^®0 values obtained for Society seamount lavas, relative to MORB,

implythe involvement of recycled crustal oxygen in the EMU mantle source (Woodhead et al.,

1993), and thereby support the subducted sediment hypothesis. Society Seamount

samples from Mehetia and Teahitia generally have '̂ He/®He values of -64,000 (-11 Ra;

where Ra = 1.39 x 10"®: Kurz, 1991) and -90,000 (-8 Ra) respectively (Staudacher and

Allegre, 1989), the latter overlapping with MORB values (DMM = 8±1 Ra: Graham et al.,

1992). Staudacher and Allegre (1989) interpret the low Mehetia '*He/®He values to reflect

mixing between upper and lower, relatively undegassed, mantle, whereas high '̂ He/^He in

four of their Teahitia samples (142,500-202,000 = 3.5-5 Ra) may be attributed to the

presence of subducted material in the source. Graham et al. (1992) propose that EMU basalts

may generally have low ®He/'*He (-3.5-5 Ra) values, based on analyses of Sao Miguel and

Shimada Seamount (Graham et al., 1988) samples, consistent with an origin involving the

recycling of either sediments with modern day compositions, or upper continental crust.

Other ideas concerning the origin of the EMU end-member include mantle

metasomatic enrichment by H20-rich fluids, enriched in Rb and U and possibly crustally

derived during subduction (Zindler and Hart, 1986); recent (<1.7 Ga) incorporation of

subcontinental lithosphere into the suboceanic mantle (Palacz and Saunders, 1986); and

short-term storage in the mantle of subducted, recycled continental sediments (Hart, 1988).
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1.4 ISOTOPiC MIXING ARRAYS:

Several isotopic mixing arrays have been proposed in an attempt to constrain which

of the four mantle end-members are involved in the production of the various OIB suites that

do not correspond to the extreme end-member isotopic compositions. The first of these, a

planar mantle array in Sr-Nd-Pb (three-dimensional) isotopicspace, defined variation among

oceanic basalts in terms of mixing between three chemically independent mantle

components (Zindler et al., 1982). This concept is now considered to be too simplistic due to

the discovery that many EM OIB, including those from Samoa and the Society Islands (White

and Hofmann, 1982), Walvis Ridge (Richardson et al., 1982) and Koolau (Stille et al., 1983),

plot either above or below the proposed planar mantle array.

Suggested linear mixing arrays include a LoNd array (Hart et al., 1986) and a No-EM

array (Hart, 1988), the former reflecting mixing between the EMI and HIMU end-members,

and the latter formed by mixing between DMM and HIMU. The No-EM array is considered to

lie in the so-called 'reference mantle plane' (Hart, 1988), a two-dimensional projection which

parallels the planar mantle an-ayof Zindleret al. (1982) and thereby confirms that the latter did

not take either of the EM end-members into account. If the end-member mixing arrays are

indeed linear, they imply that the DMM, HIMU and EMI mantle end-members must have

similar relative concentrations of Sr, Nd and Pb, resulting in similar values of Sr/Nd, Sr/Pb and

Nd/Pb for example (Hart et al., 1986; Hart, 1988). These proposed linear mixing arrays also

implythat the EMM end-member is failing to mixwith the HIMU and EMI components arxJ may

therefore be somewhat physically isolated within the mantle. However, Staudigel et al.

(1991), in their study of the oceanic islands and seamounts representing the South Pacific

Isotopic and Thermal Anomaly (SOPITA), concluded that the observed isotope systematics

of this region are dominated by HIMU-EMII mixing.

Many OIB suites display linear arrays extending from one end-member in isotopic

space towards a region intermediate between two other end-member components. The

Samoan, Society and Marquesan samples provide a good example, their extreme isotopic

ratios define the EMM end-member isotopic composition but their overall arrays extend

towards a DMM - HIMU mixing line (Figure 1.1). Zindler and Hart (1986) originally included a

fifth mantle end-member component, entitled prevalent mantle (PREMA), which they

defined as being isotopically intermediate between HIMU and DMM, but slightly displaced

towards EMM. Hart et al. (1992) have redefined this intermediate component or 'missing

parent species' as the focal zone (FOZO), characterised by ®^Sr/®®Sr <0.7025, 4̂3|sjcj/144fyj(j

>0.5131, high 206ptj/204pb (191 . 19 7) maybe high ®He/^He values. They consider

this focal zone to be a possible lower mantle component, incorporated in a great many

upwelling mantle plumes (particularly EMM plumes) but rarely, if ever, sampled in a pure form.

However, the isotopic overlap between this focal zone and MORB (Figure l.ld and e)

suggests that the former could simply be a product of heterogeneous upper mantle,

possibly best defined as E-MORB (enriched MORB contaminated by hotspot emanations
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close to ridgecrests). The fact that the most extreme EMI! end-member basalts known are all

located in a similar region of the Pacific Ocean could indicate that their linear isotopic arrays

are extending between a pure EMU plume component and an ambient upper mantle in this

region which has higher ®7sr/86sr, lower and higher Pb isotopic ratios thanthe

most extreme DMM composition and the majority of sampled MORB. Alternatively, as

suggested by Woodhead (1992) forthe Marquesan basalts, incorporation of an intermediate

isotopic component by EMM plumes may be due to lithospheric melting rather than

asthenospheric entrainment.

The suggestion that upwelling plumes can melt and incorporate lithospheric material

(e.g. Woodhead, 1992) questions the statement by Hart (1988) that the linear LoNd and No-

EM arrays are the products of mixing between separate mantle reservoirs, rather than mixing

between melts derived therefrom. This may not necessarily be true if plume-derived melts

can incorporate DMM material during thermal erosion of MORB lithosphere.

Debate has surrounded the significance of the apparent colinearity of all oceanic

basalt data on Pb-Pb plots. Hart (1984) defined a Northern Hemisphere reference line

(NHRL) in Pb-Pb space as the line of best fit through data for MORB (both N-MORB and E-

MORB), and OIB from Hawaii, Iceland, Azores, Canaries, Cape Verde and the north-east

Pacific seamounts. If all oceanic Pb isotope values are the product of a common evolutionary

history, this reference line may be interpreted as a secondary isochron in 206p|3/204p|3.
207pb/204p|3 space, whose slope corresponds to an age of -1.77 Ga (Zindler and Hart,

1986), and would be attributable to a mantle differentiation event which variably increased

the U/Pb values of OIB mantle sources (e.g. Chase, 1981) at this time.

However, Chase (1981) also suggested three other possibilities for the origin of the

linear array defined by oceanic basalts in Pb-Pb space. One suggestion involves mixing

between radiogenic and less radiogenic Pb components, whereby the slope of the line

defines the age of their last isotopic equilibration event. Another possibility is that the linear

arrays produced in Pb-Pb space by individual islands or island groups may each represent a

secondary isochron resulting from a series of secondary enrichment events of a

homogeneous primary mantle reservoir after -1.5 Ga. A third explanation is that the

apparent Pb-Pb colinearity displayed by oceanic basalts has no particular age significance

and is a result of continuous mantle evolution with changing U/Pb ratios.

1.5 POSSIBLE LARGE-SCALE MANTLE ISOTOPE HETEROGENEITIES:

Hart (1984) proposed the existence of an almost globe-encircling isotopic anomaly

in the Southern Hemisphere between the equator and 60°S. As this was based on the

original observation of Dupre and Allegre (1983) that Indian Ocean crust constituted a

distinct isotopic domain. Hart (1984) coined the term 'Dupal anomaly' to describe the

geographical distribution of oceanic regions characterised by high ®7Sr/®®Sr (>0.7035), and
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anomalously high 207pb/204pij and 208pb/204pb at a given 206pb/204pb value, the latter
expressed as deviations from the NHRL (A8/4> +60; Hart, 1988). In terms of OIB, this

proposed isotopic anomaly pertains to the EM components, precluding them from higher

latitudes in the southem hemisphere. Although the apparent absence of EM OIB at high

latitudes (Hart, 1988) seems to validate this idea, this may simply be a function of limited

sampling inthese areas. It is also notable that, in both the Atlantic and Pacific Oceans, HIMU

islands may be closely associated with EMI (St. Helena - Walvis Ridge) or intermediate EMI-

EMII (Mangaia - Raratonga) components (Hart, 1988). Therefore, the various mantle end-

members may in fact be closely relatedspatially in these areas, repudiating a more distinct

and widespread pattern of geographical distribution. It is also notable that EMI OIB are found

within the Northern Hemisphere (e.g. Hawaii), and are therefore not restricted to the region

between 0° and 60°S.

1.6 ALTERNATIVE EXPLANATIONS FOR OIB HETEROGENEITIES:

Although this chapter has concentrated on the mantle end-member component

hypothesis as a possible explanation for the origin of OIB isotopic heterogeneity, not all of

the recent literature is in agreement with this idea. For example, studies of Hawaiian basalts

by McKenzie and O'Nions (1991) and Watson (1993) suggest that, contrary to the belief that

their geochemical variability is a product of several different mantle reservoirs, the degree of

melting and processes involved in the transport of the melt may actually be responsible.

Watson (1993) claims that only two mantle sources, a primitive source associated with a

chemical plume and a depleted source associated with the surrounding thermal plume, plus

small variations in the parameters controlling the percolation processes beneath the

volcanoes are necessary for the generation of the observed range of intra- and inter-volcano

isotopic variations in Hawaii. Despite their corresponding belief that the isotopic

compositions of OIB are strongly affected by melt percolation processes, McKenzie and

O'Nions (1991) do state that Pb isotopes can still be used for the purposes of defining

different mantle reservoirs, due to the fact that all Pb isotopes will be transported by the melt

at the same velocity. Therefore, mixing between different reservoirs will produce simple

linear mixing relationships in Pb-Pb space (such as that discussed for the Balleny Plume

volcanics in Chapter 3), although percolation processes will affect the observed Sr and Nd

isotopic ratios.

In their study of the Ninetyeast Ridge hotspot track. Class et al. (1993) argue against

the ancient fractionation events and long (1-3 Ga) isolation times required by other

researchers to produce the isotopically distinct end-member mantle reservoirs discussed

above. They suggest instead that the sources of most plumes are young (<1.2 Ga and

probably even <1 Ga) and short-lived (less than a few hundred billion years) due to relatively

rapid remixing into the convecting mantle. The isotopic characteristics of their proposed
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short-lived plume are a product of a few hundred million year old recycled continental
lithosphere, with progressive radioactive decay resulting in a temporal increase in the initial
isotopic ratios ofsamples collected from along the hotspot track.

1.7 SUMMARY:

Recent literature concerning OIB generally explains their isotopic heterogeneity in

terms of mixing between four mantle end-member components, DMM (lowest ®7sr/86sr,
highest i'̂ Nd/''̂ '*Nd), HIMU (highest Pb isotopic ratios), EMI (lowest 4̂3Nd/'''̂ Nd) and EMU
(highest 87sr/86sr). The processes responsible for the formation of these regions of
heterogeneous mantle are still poorly understood. DMM is generally considered to

represent a depleted component, located in the uppermost mantle and sampled by both
active spreading centres and upwelling mantle plumes. However, both the location and
origin of the HIMU, EMI and EMU components involved in the production of OIB are still under
debate, with subduction-related and/or mantle metasomatic processes currently the most

favoured hypotheses regarding their origin.

These end-member components may not actually reside within physically separate

mantle reservoirs (e.g. Barling and Goldstein, 1990). Whereas DMM is usually equated with

the upper mantle, Staudigel et al. (1991) and Chauvel et al. (1992), in their studies of South

Pacific OIB, suggest that three ofthe end-member components, HIMU, EMI and EMM may be

spatially related within the mantle. Chauvel et al. (1992) favour the idea ofa single process

producing the observed compositional ranges of oceanic basalts, rather than the proposed

end-members representing isolatedand independently generated mantle reservoirs.

It is important to be aware that a range of mantle processes of varying extent and

timing may be involved in the production of these mantle heterogeneities. As stated by Sun

and McDonough (1989), the fact that observed OIB radiogenic isotope variations are a

function of parent/daughter ratios and isolation times in the mantle means that the same

mantle process/es occurring at different times and resulting in different degrees of elemental

fractionation will produce variable but coherent Pb, Sr and Nd isotopic compositions. Their

conclusion, that the mantle end-member components should not be expected to possess

fixed isotopic compositions, is in accordance, for instance, with the suggestion by Vidal

(1992) that nvDre than one group of HIMU basalts may exist.
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CHAPTER 2

THE Major and Trace Element

Heterogeneity of Ocean Island Basalts

2.1 INTRODUCTION:

The DMM, HIMU, EMI and EMI! mantle end-members were originally defined in terms

of their Sr, Nd and Pb isotopic compositions (Chapter 1), although subsequent research has

also revealed the presence of some trace element distinctions (Palacz and Saunders, 1986;

Dupuy et al., 1988; Hart, 1988; Dupuy et al., 1989; Sun and McDonough, 1989; Weaver,

1991; Chauvel et al., 1992; Vidal, 1992). Compared to the numerous published studies of

OIB isotopicand trace element systematics, however, the examination and interpretation of

major element differences between the various OIB end-members remains relatively

neglected. Although there is abundant literature pertaining to the major element systematics

of MORB (e.g. Klein and Langmuir, 1987; 1989; Niu and Batiza, 1991), derived from the

DMM component, no attempt has yet been made to compare the major element

compositions of the HIMU, EMI and EMU mantle end-members.

This chapter will examine and compare the major and trace element systematics of

HIMU, EMI and EMU end-member basalts with the aim of gaining a better understanding of

the petrogenetic conditions involved in their formation. However, it must be kept in mind

that, compared to MORB glasses, there are inherent problems associated with attempting a

major element comparison of whole-rock OIB samples, including the fact that they are not

aphyric, commonly containing phenocrysts and maybe even xenocrysts, and may be altered

to varying degrees. This latter point is often particularly difficult to assess when dealing with

literature-derived geochemical data, with no opportunity to view the actual rock samples.

2.2 SAMPLE SELECTION:

In attempting to discover consistent major and trace element differences between

the HIMU, EMI and EMU mantle end-members, only samples from those localities used to

isotopically define each of these components in Chapter 1 will be considered here.
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In order to compare the trace element characteristics of magmas derived from the

proposed mantle end-members (Section 2.3) and to avoid late-stage fractionation effects,

samples from each location which have <5 wt % MgO have been excluded from further

consideration. In addition, certain samples with anomalous chemical features compared to

other samples from the same locality, are also excluded. These omissions are discussed in

more detail throughout this section.

Data for HIMU islands (Mangaia, Tubuai, Rurutu and St. Helena), plotted in Rgure

2.1, indicate that olivine and clinopyroxene fractionation were dominant factors in controlling

whole rock major element chemistry in these basalts down to ~5 wt % MgO. This is

suggested by the decrease in Ni and Cr and the relatively constant CaO which accompanies

the decrease in MgO content. The steady increase in AI2O3 with decreasing MgO indicates

that plagioclase fractionation was not involved. Decreasing CaO, Ti02, FeO* (where FeO* =

(0.9 XFe203) + FeO) and P2O5 at MgO contents of <5 wt %, consistent with late-stage

fractionation of clinopyroxene, Fe-Ti oxides and apatite, is particularly evident in samples

from St. Helena. Excluded HIMU data include St. Helena samples 151 (Chaffey et al., 1989),

which has lower FeO*, Ni, P2O5, Ti02 and CaO and higherSi02, AI2O3, K2O and Na20 than

all other St. Helena samples, and 140 (Chaffey et al., 1989) which has anomalous trace

element contents compared to the other St. Helena samples; and Tubuai samples TBA 11

(Chauvel et al., 1992) and 7282 (Dupuy et al., 1989) which have anomalously low CaO

contents.

EMI major element data for Walvis Ridge, Koolau Volcano, Pitcaim Island (Tedside

Volcanics) and Pitcairn Seamounts (Volcanoes 2 and 5) are plotted in Figure 2.2. Koolau

data, in particular, are indicative of a major role for olivine and clinopyroxene fractionation.

Excluded Walvis Ridge samples comprise plagioclase cumulates (sample 42.2: Richardson

et al., 1984) and altered samples with either anomalously high K2O contents due to

smectite formation (samples 41-2 and 42-1: Humphris and Thompson, 1983 and Richardson

et al., 1984 respectively) or very low Rb contents (sample 557-1; Richardson et al., 1984).

Compared to other EMI samples, Walvis Ridge basalts are distinguished by a greater range of

CaO, P2O5 and Ti02 at a given MgO content. Samples from Volcano 5 of the Pitcairn

Seamount chain all have trachytic compositions (Woodhead and Devey, 1993) and are

therefore too evolved to be considered further. Koolau samples with very low Rb contents

(samples 15, 16, 27, K0050, K0052, K0054 and OH25; Frey et al., in press), possibly due

to alteration, have also been excluded from further consideration.

Figure 2.3 shows a series of major element plots for EMU (Marquesas Islands,

Samoan Islands and Society Islands/Seamounts) OIB. The observed chemical variations are

consistent with olivine and clinopyroxene fractionation, along with an insignificant role for

plagioclase fractionation.

For the purposes of examining and comparing the HIMU, EMI and EMM end-

members, only those samples with high MgO contents (9.5-12.5 wt %), close to primary

compositions, have been used (Section 2.4). Adopting this criterion has meant that no
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Walvis Ridge or Pitcaim data can be included, and discussions of EMI major element data

refer exclusively to the Koolau volcanics.

2.3 TRACE ELEMENT SYSTEMATICS OF THE MANTLE END-MEMBER

COMPONENTS:

The trace element systematics of various GIB suites have been previously examined

in a comparative fashion by a number of researchers (e.g. Palacz and Saunders, 1986;

Dupuy et al., 1988; Hart, 1988; Dupuy et al., 1989; Sun and McDonough, 1989; Weaver,

1991; Chauvel et al., 1992; Vidal, 1992), often with conflicting resuKs. Therefore, despite a

wealth of studies which attempt to couple GIB radiogenic isotope and geochemical data, the

trace element characteristics of the HIMU, EMI and EMM end-member components remain

relatively ill-defined.

Studies of GIB trace element systematics have generally assumed that the

abundance ratios of highly incompatible elements, which have similar mineral/melt partition

coefficients (Kd) with respect to the major high pressure peridotite phases (olivine, pyroxene

and garnet), will remain unfractionated during partial melting and fractional crystallisation, and

will therefore be representative of source chemistry (e.g. Sun and McDonough, 1989).

However, as recently demonstrated by Hoernle and Schmincke (1993) for the island of Gran

Canaria, some incompatible elements may be retained by residual accessory mineral phases,

such as apatite, zircon, ilmenite and phlogopite, at relatively low degrees of partial melting.

Although this observed inter-element fractionation places some doubt on the potential of

incompatible element ratios to be used as source tracers in a similar fashion to radiogenic

isotope ratios, it is still possible to distinguish some systematic trace element differences

between the GIB suites examined here, particularly in terms of the HIMU and EMU end-

member basalts.

2.3.1 HIMU Trace Element Compositions:

Examination of the trace element data for basalts from the islands of Tubuai, Rurutu,

Mangaia and St. Helena reveals certain distinctive HIMU trace element characteristics. The

narrow range and relative consistency of trace element abundance ratios between the

various HIMU oceanic islands (Table 2.1; Figure 2.4) also suggests that HIMU mantle sources

have more uniform compositions than either of the enriched mantle (EM) sources (Hart,

1988; Weaver, 1991).

In accord with the results of previous studies (e.g. Palacz and Saunders, 1986;

Dupuy et al., 1988; Hart, 1988; Dupuy et al., 1989; Sun and McDonough, 1989; Weaver,

1991; Chauvel et al., 1992; Vidal, 1992), the predominant HIMU trace element

characteristics (Table 2.1, Figure 2.4) include low LILE/HFSE and LREE/HFSE values,

compared to both EMI and EMU basalts. This is most evident in terms of their generally lower
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Table 2.1: Trace element abundance ratios for HIMU, EMI and EMU OIB presented as ranges underlain by the mean value ± la error for each locality (numbers in bold
type are the most well constrained: o/mean ^~10 %); numbers in parentheses indicate the number of analyses used (n) to calculate both the ratio ranges and the mean values.
Data sources include: HIMU- Palacz and Saunders (1986), Weaver et al. (1987), Dupuy et al. (1988), Chaffey et al. (1989), Dupuy et al. (1989) and Chauvel et al. (1992); EMI-
Humphris and Thompson (1983), Richardson et al. (1984), Roden et al. (1984), Thompson and Humphris (1984), Budahn and Schmitt (1985), Woodhead and McCulloch (1989),
Woodhead and Devey (1993), Frey et al. (in press) and J.D. Woodhead (unpublished data); EMU- Dostal et al. (1982), Liotard et al. (1986), Palaczand Saunders(1986), Dupuy et
al. (1989), Devey et al. (1990) and Woodhead (1992).

Rb/Nb Ba/Rb Ba/Th Ba/Nb Ba/La Th/U Th/Nb Th/La

HIMU

Mangala 0.24-0.48 (18)
0.38f0.05

9.62-22.00(17)
15.7412.70

55-85(16)
6617

4.63-7.24(17)
5.8810.64

6.67-9.22 (16)
7.6410.76

3.39-3.97 (3)
3.6010.32

0.081-0.101 (17)
0.09110.005

0.103-0.131 (17)
0.11610.008

Rurutu 0.14-0.39 (3)
0.27±0.13

13.16-50.50 (3)
29.84118.99

63-90 (3)
78114

5.07-6.97 (3)
6.3011.07

6.76-8.89 (3)
8.1311.19 .

0.078-0.084 (3)
0.08110.003

0.097-0.109 (3)
0.10410.006

Tubual . 0.15-0.45(19)
0.32±0.09

10.72-30.60 (19)
14.8614.78

20-83(11)
52119

1.74-5.23(19)
4.5111.01

2.37-9.34(18)
6.3711.64

3.62-4.46 (11)
4.0310.31

0.059-0.124(11)
0.08410.018

0.073-0.167(10)
0.12110.029

St. Helena 0.01-0.39 (22)
0.28±0.11

1.67-67.00 (22)
18.05111.91

64-151 (11)
86126

4.51-10.24 (22)
5.4211.35

6.80-15.36 (19)
8.4511.95

2.58-9.59 (10)
4.6512.38

0.007-0.082 (11)
0.06510.025

0.093-0.118(11)
0.10710.006

EMI

Walvla Ridge 0.15-1.08(37)
0.57±0.24

14.08-100.59 (37)
32.04124.47

- 10.23-17.60 (38)
13.7512.10

14.33-19.11 (6)
16.2211.93

- - -

Koolau 0.14-1.61 (63)
0.62±0.26

6.67-64.55 (63)
20.30111.21

108-475(53)
216170

5.35-23.33 (71)
10.2012.60

2.92-14.20 (57)
8.3812.10

0.33-1.67 (3)
1.0710.68

0.020-0.095 (49)
0.05210.013

0.018-0.062 (53)
0.04010.010

PItcaIrn 0.46-0.58 (5)
0.52±0.05

12.84-16.77 (5)
14.8211.40

65-84 (5)
7217

7.10-8.20 (5)
7.6010.40

8.93-9.59 (5)
9.2610.24

3.78-9.57 (5)
6.0912.27

0.085-0.120 (5)
0.10710.014

0.110-0.140(5)
0.13110.012

EMM
Samoa 0.58-0.63 (3)

0.61±0.04
11.09-13.52 (3)
12.5411.28

57-67(3)
6215

6.42-8.75 (3)
7.6311.17

7.33-8.59 (3)
8.0110.64

- 0.112-0.139 (3)
0.12210.015

0.116-0.142 (3)
0.12910.013

Society 0.31-1.24(36)
0.93±0.19

8.76-30.45(36)
13.1014.54

63-80 (9)
7117

8.20-15.57 (36)
11.5111.87

8.77-19.62 (30)
12.4312.87

3.94-5.13 (4)
4.6610.51

0.117-0.168 (9)
0.14510.017

0.131-0.183(9)
0.15110.020

Marquesas 0.35-1.64 (9)
1.01 ±0.36

7.76-30.75 (10)
12:0416.74

68-119(6)
91119

8.62-12.87 (9)
10.7411.32

10.02-12.18(6)
11.3910.80

- 0.072-0.159 (6)
0.12310.032

0.084-0.179 (6)
0.13110.033
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Tabia 2.1: (continued)

Nb/U Nb/Pb K/Nb La/Nb Ce/Rb Ce/Pb Zr/Nb

HIMU
Mangala 37-42 (3)

3g±3

16.9-18.8 (2)
17.9±1.3

75-292(18)
141445

0.72-0.85(17)
0.7^.03

3.76-6.66(17)
4.4740.70

27.3-30.2 (2)
28.842.1

3.82-5.49 (18)
4.7740.50

Rurutu - 10.4-20.8(2)
15.647.4

97-157 (3)
119433

0.75-0.80 (3)
0.7740.03

4.30-12.10(3)
7.6744.01

17.3-34.5 (2)
25.9412.2

4.11-5.07 (3)
4.6540.49

Tubual 33-76(11)
50±12

22.3-40.2 (7)
27.547.5

25-124(19)
81428

0.53-0.80 (18)
0.7140.07

3.31-10.04(19)
5.0542.30

30.9-54.2 (7)
38.4410.3

2.67-3.66 (19)
3.1040.31

St. Helena 38-143(8)
69±37

13-266 (22)
136459

0.07-0.75 (19)
0.5940.18

0.50-5.27 (19)
4.0540.99

- 0.36-4.75 (22)
3.6341.24

ElUH

Watvis Ridge - - 172-438 (38)
300474

0.85-0.97 (6)
0.9040.05

1.69-4.08 (6)
2.9440.78

- 5.87-11.53(38)
8.0541.83

Koolau - - 77-709(71)
3644142

1.08-2.00(53)
1.2840.15

1.79-20.4 (49)
16.4344.03

- 13.75-18.57 (71)
16.1941.05

PItcaIrn 44-80(5)
56±15

11.41-12.22 (5)
11.840.4

89-270 (5)
127480

0.78-0.88 (5)
0.8240.04

2.96-3.70 (5)
3.3840.29

19.4-21.0(5)
20.440.6

5.80-6.16(5)
5.9940.13

EMI!

Samoa - 10.53-13.26 (3)
12.0741.40

351-404(3)
369431

0.79-1.19(3)
0.9640.21

3.30-3.95 (3)
3.5540.35

20.7-31.8 (3)
26.245.6

4.63-7.13(3)
6.2141.37

Society 26-41 (4)
3347

4.50-11.33(13)
7.4541.78

125-684 (36)
368494

0.72-1.12(30)
0.9440.10

1.65-7.25(34)
2.5941.18

10.7-25.1 (12)
16.644.7

5.39-8.68 (36)
7.2140.81

Marqueaae 32-48 (4)
38±7

9.25-10.40 (3)
9.8840.58

189-526 (10)
322490

0.86-1.04 (6)
0.9440.06

1.39-5.40 (6)
2.6041.42

- 5.52-8.52 (9)
7.0441.08
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Figure 2.4: Trace element abundance ratio plots for HIMU (filled circles), EMI (crosses) and EMM (open circles) OIB; data sources as for Table 2.1. Note that EMI
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Figure 2.5: Primitive mantle-normalised incompatible element diagrams illustrating the data
ranges for the HIMU oceanic islands of Mangaia, Rurutu, Tubuai and St. Helena; data sources are as
for Table 2.1. Normalising values are from Sun and McDonough (1989).
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Ba/Nb, Rb/Nb (particularly with respect to EMU basalts), K/Nb aixi La/Nb values. HIMU basalts

also have higher Ce/Pb, but no evidence has been found here for the relatively high Ce/Rb

values proposed by Vidai (1992) as being representative of HIMU basalts. Their high Nb/Pb

and Ce/Pb values, accompanied by a lack of distinction between the HIMU and EM end-

members in terms of Nb/U and Th/U, are consistent with the idea (e.g. Chauvel et al., 1992;

Vidal, 1992) of Pb depletion rather than U enrichment being responsible for the high-p

characteristics of this mantle source. Other HIMU trace element characteristics include Ba/Th

values lower than EMI but similar to EMM basalts, and Th/La and Th/Nb values less than EMM

but greater than EMI.

Although Zr/Nb may be affected by partial melting, Nb being more incompatible than

Zr, HIMU basalts appear, nevertheless, to have lower Zr/Nb values than both of the EM

components. The distinctly higher Zr/Nbvalues of the Koolau tholeiites are a result of higher

degrees of melting, but the fact that the other alkaline EM volcanics also have higher Zr/Nb

values than HIMU basalts may be consistent with the idea of relative Nb enrichment in the

HIMU source (e.g. Weaver, 1991).

It has been proposed that the incompatible element patterns of HIMU GIB are

complementary to those of island arc magmas (e.g. Dupuy et al., 1987; Hart, 1988; Dupuy et

al., 1989) and are, therefore, residues of subduction-related processes. The incompatible

trace element patterns of Tubuai, Rurutu, Mangaia and St. Helena basalts (Figure 2.5) are

characterised by pronounced negative K anomalies and progressively decreasing

normalised abundances of LILE more incompatible than Ta. Although these trace element

patterns display higher abundances of Nb and Ta with respect to the adjacent LILE, it is

debatable as to whether this constitutes a positive anomaly as suggested by Weaver (1991).

The plots of Figure 2.5 indicate that this apparent Ta-Nb anomaly is most likely a

consequence of relative depletion in the normalised abundances of the adjacent LILE.

All of the HIMU oceanic islands examined here correspond to Group I of Vidal (1992);

no attempt has been made to study the characteristics of his proposed Group II HIMU basalts.

2.3.2 EMI Trace Element Compositions:

In terms of their trace element contents, EMI GIB are generally thought to be

characterised by higher LILE/HFSE and LREE/HFSE values than other GIB, slightly lower

Ce/Pb (-20) than the average value generally assigned to oceanic basalts (Ce/Pb = 25±5;

Hofmann et al., 1986), and enrichment in Ba relative to other highly incompatible trace

elements (e.g. Weaver etal., 1987; Weaver, 1991; Chauvel etal., 1992).

Their generally higher Ba/Nb and La/Nb values compared to HIMU basalts (Table 2.1;

Figure 2.4), may be indicative of LILE and LREE enrichment in the EMI source. However, the

ranges of other LILE/HFSE values, such as Rb/Nb and K/Nb, although extending to higher

values, do overlap with HIMU values, and considerable overlap also exists between the

LILE/HFSE values (Rb/Nb, Ba/Nb and K/Nb) of EMI and EMU GIB. The latter point was

emphasised by Woodhead and Devey (1993). who also expressed doubt about the
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proposed Ba enrichment of EMI basalts. Despite their relatively high Ba/Th values. EMI

basalts have Ba/La values which overlap with HIMU and EMM basalts, and EMI Ba/Nb values

are similar to EMM. Therefore, their high Ba/Th may in fact be a consequence of Th depletion

in the EMI source, as evidenced by the low Th/Nb and Th/La values of the Koolau tholeiites

and the negative Th anomaly of the Koolau incompatible element plot (Figure 2.6). The

extension of EMI data to the highest Ba/Rb and Ce/Rb values, and the relative Rb depletions

on Walvis Ridge and Koolau incompatible element plots, also suggests Rb depletion in the

EMI mantle source. However, the possibilitythat Rb anomalies may be alteration-related must

also be taken into account, despite the exclusion of several Koolau samples with

anomalously low Rb contents from Table 2.1 and Rgure 2.6.

100

100

Walvis Ridge - Hole 525A

Element

Walvis Ridge-Hole 527

j I I I I I i_

CeRbBaNbTe K UCeSr PNdSmZrHfEuTITb YYbLu

Element

Walvia Ridge • Hole 528

CaRbBaNbTeK UCeSr PNdSmZrHtEuTITbVYbLu

Element

(Figure 2.6)
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Figure 2.6: Primitive mantle-normalised incompatible element diagrams illustratingthe data
ranges for EMI basalts from Walvis Ridge (Holes 525A, 527 and 528 are plotted separately for clarity),
Koolau, Pitcairn Island (Tedside Volcanics) and Volcano 2 of the Pitcairn Seamounts; data sources
are as for Table 2.1. Normalising values are from Sun and McDonough (1989).
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Although an apparent positive Ba anomaly is evident in the primitive mantle-

normalised incompatible element plots for WaK/is Ridge and Koolau (Figure 2.6), this may

represent a relative Ba enrichment as a consequence of depletions in the adjacent

incompatible elements, Rb and Th in the case of the Koolau tholeiites, Rb and Nb in the case

of the Walvis Ridge basalts, rather than the positive Ba spike considered to distinguish the

EMI end-member (e.g. Weaver, 1991), or it may be a product of seafloor alteration. Relative

Ta and Nb depletions are also evident in the Koolau tholeiites. Pitcaim samples, however,

have positive Ta and Nb anomalies and a general decrease in elements more incompatible

than Ta, features that are generally considered to distinguish the HIMU basalts. Both the

Tedside Volcanics and Volcano 2 display a positive Rb anomaly. Whether or not this Pb

anomaly is a characteristic EMI feature is not known as no Pb data are available for either

Walvis Ridge or Koolau. However, basalts from the Tasmantid Seamount chain, located in

the Tasman Sea parallel to the east coast of Australia, are considered to be derived from an

EMI mantle plume (Eggins et al., 1991) and are also characterised by positive Pb anomalies

(S.M. Eggins, pers. comm., 1993). EMI source Pb enrichment is consistent with the time-

integrated lower than bulk Earth U/Pb and Th/Pb values required to produce the

unradiogenic Pb isotope ratios of EMI basalts.

2.3.3 EMI! Trace Element Compositions:

EMU OIB are considered to have relatively poorly-defined trace element

characteristics compared to the other end-member components, as a consequence of the

sparsity of available comprehensive EMU trace element data (Weaver, 1991). However, an

examination of basalts from the Samoan, Society and Marquesas island chains indicates that

EMU basalts may actually have more distinctive trace element systematics than EMI basalts

(Table 2.1; Figure 2.4).

EMM and EMI basalts are similar in that they display LILE/HFSE and LREE/HFSE

enrichment relative to the HIMU end-member. Although they overlap wKh the EMI end-

member in terms of their K/Nb and Ba/Nb values, EMM basalts do appear to have lower La/Nb

than EMI basalts. It has been proposed that EMM basalts have both higher (Woodhead and

Devey, 1993) and lower (Weaver, 1991) Rb/Nb than EMI basalts. Although the EMM data

extend to higher Rb/Nb values than EMI basalts in Figure 2.4, it is questionable as to

whether these values are distinct enough to assist in constraining the source compositions

of the two enriched mantle end-members.

The trace element ratios which appear to best distinguish the EMI and EMM end-

members are Ba/Th, Th/La and Th/Nb, the latter two higher in EMM basalts. The fact that EMM

Ba/Th values are low, similarto HIMU, whereas Ba/La values are relatively high, suggests that

the EMM source is relatively enriched in Th with respect to the EMI source. This requires

further testing, however, as available EMI Th data are limited and dominated by the Koolau

tholeiites which appear to be Th-depleted.
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ranges for EMU basalts from Samoa, the Society Islands/Seamounts and the Marquesas archipelago;
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37



Primitive mantle-normalised incompatible element pattems for Samoa, the Society

Islands/Seamounts and the Marquesas archipelago are relatively consistent (Rgure 2.7). All

plots display slightdepletions in Sm and P relative to Nd and negative Kanomalies. Society

and Marquesan basalts also display a degree of Pb enrichment, which is not evident in the

Samoan basalts.

2.4 MAJOR ELEMENT SYSTEMATICS OF THE MANTLE END-MEMBER

COMPONENTS:

2.4.1 Comparison of 018 End-member Major Element Compositions:

A comparison of end-member major element compositions over a range of whole-

rock MgO contents is presented in Figure 2.8. Data for EMI GIB form perhaps the most

distinct array, with the highest Si02 and lowest FeO*, Ti02, K2O and P2O5 concentrations

over a range of MgO contents. The HIMU and EMU data tend to overlap with each other, but

HIMU basalts extend to the lowest Si02. and the highest CaO (particularlyat >8 wt % MgO),

MnO and FeO* values. High FeO at a given MgO value within Mangaia, Rurutu and Tubuai

lavas has previously been suggested to represent a possible HIMU geochemical feature

(Chauvel et al., 1992; Hauri and Hart, 1993). EMU basalts are distinguished by their high K2O

and Ti02 values over a range of MgO contents. No significant differences are observed

between the three mantle end-members in terms of their Na20 and AI2O3 contents. This

rriight also be concluded for their Ca0/Al203 values, but at MgO content >10 wt % the end-

member basalts display quite distinct Ca0/Al203 trends, with HIMU extending to the highest

values, EMI to the lowest and EMM intermediate to the other end-members. The trend of

decreasirig CaO/Al203 with decreasing MgO at MgO contents >10 wt %, most evident in

EMM and HIMU basalts, reflects divine and clinopyroxene fractionation. End-member

CaO/Al203 variations can be attributed to differences in bulk composition and/or high

pressure fractionation processes (e.g. Klein and Langmuir, 1987).

Although major element data for relatively primitive 018 from the regions under

examination here are sparse, these same end-member differences do appear to exist at a

limited range (9.5-12.5 wt %) of MgO contents (Figure 2.9). The most distinctive major

element correlation involves increasing values of FeO* with decreasing Si02 from EMI OIB

through EMM to HIMU basaKs. The resultant trend of decreasing Si02/Fe0* is accompanied

by increasing Ca0/Al203, due predominantly to increasing CaO rather than decreasing

AI2O3. Other distinct differences between the end-members involve the abundances of

Ti02, P2O5 srid K2O, all of which are lowest in the Koolau EMI basalts. Compared to HIMU

values, EMM basalts have similar P2O5 but higher K2O and 7102. systematic end-member

differences in the values of Na20 and AI2O3 have been found.
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2.4.2 interpretation of OIB End-Member Major Element Differences:

Many experimental and analytical studies have been undertaken involving the partial

melting of a spinel Iherzolite source to produce MORB (e.g. Fujii and Scarfe, 1985; Falloon

and Green, 1987; Klein and Langmuir 1987; Falloon et al., 1988; Niu and Batiza, 1991;

Hirose and Kushiro, 1993). However, comprehensive experiments and/or studies of garnet

Iherzolite melting at the higher pressures required to produce OIB are lacking. Although it is

possible to explain some of the major element features noted above in terms of the

conclusions drawn from the lower pressure melting studies, there are certain discrepancies

which require further investigation.

The trend of increasing FeO* with decreasing Si02 from EMI to EMM and HIMU

basalts is in keeping with the global MORB trend interpreted to reflect increasing pressures

of melting (Klein and Langmuir,1987; Niu and Batiza, 1991). Many peridotite melting studies

(e.g. Hirose and Kushiro, 1993) have shown that the Si02 content of the melt is strongly

pressure dependent, decreasing with increasing pressure, and relatively independent of

source composition or the degree of partial melting. Koolau EMI basalts, with the highest

Si02 and lowest FeO* contents, as compared to HIMU and EMM, may therefore reflect the

lowest pressures of melting. The opposite correlation in HIMU basalts, namely low Si02 and

high FeO* values, suggests melt segregationat a greater pressure than either EMI or EMU

basalts.

The trend of increasing CaO/Al203 from EMI through EMU to HIMU basalts implies

that their parental magmas have been produced by differentextents of melting (e.g. Niu and

Batiza, 1991). The general increase in CaO could be interpreted as reflecting increasing

degrees of Iherzolite melting priorto clinopyroxene exhaustion (e.g. Fujii and Scarfe, 1985;

Klein and Langmuir, 1987), with EMI sources experiencing the lowest extents of melting and

HIMU sources the highest.

If the above major element interpretations, based upon extrapolations from MORB

studies, are correct, differences between the OIB mantle end-member components may

indicate an increase in the extent and pressure of melting from EMI to EMM and HIMU basalt

production. This is consistent with the suggestion of Chauvel et al. (1992), based on

calculations of P-T melting conditions using the method of Albarede (1992), that HIMU

basalts derive from a hotter source that commenced melting deeper in the mantle than either

of the EMI or EMU sources.

However, if the HIMU basalts were produced by Iherzolite melting just prior to, or

during, the exhaustion of clinopyroxene, EM basalts could be the products of increasing,

rather than decreasing, degrees of melting of a harzburgitic residue. In this case, the slightly

lower CaO values of the EMU basalts, compared to the HIMU basalts, may be a product of

further melting, diluting the CaO content of the melt, once all of the clinopyroxene in the

source has been melted out, and the EMI basalts, with the lowest CaO values, could reflect

even greater degrees of melting and melt CaO dilution. This interpretation is also consistent

with the observed end-member differences in terms of the incompatible elements Ti02, K2O
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and P2O5, all of which are at their lowest abundances in the Koolau EMI basalts. If the low

CaO/Al203 values of EMI basalts are a product of low degrees of melting with respect to the

other OIB end-members, high abundances of incompatible elements would also be

expected. However, the distinctly low values of incompatible minor elements in the Koolau

basalts would indicate higher degrees of partial melting in the production of EMI basalts

compared to both EMM and HIMU basalts. If this is the case, the EMI basaKs reflect a

correlation between the lowest pressure of melting and the highest extent of melting relative

to the EMM and HIMU sources.

The fact that the EMM basalts have the highest values of Ti02 and K2O implies that

the EMM source may infact have experienced lowerdegrees of partial meltingthan the HIMU

source. This suggests that there is no consistent inverse relationship between pressure of

melting and extent of melting interms of the HIMU and EMM mantle sources.

Although Na20 is considered to be moderately incompatible with respect to

clinopyroxene at low to medium pressures, it has a high solubility in jadeite which is present

in both clinopyroxene and orthopyroxene at high pressures (e.g. Klein and Langmuir, 1987)

and may establish its ownequilibrium with the melt (Langmuir and Hanson, 1980). Therefore,

the lack of systematic end-member variation in the abundances of Na20 and AI2O3 suggests

that all three sources have residual gamet (Ca3Al2Si30i2 - Mg3Al2Si30i2) and jadeite

(NaAISi206), consistent with melting of garnet Iherzolite or garnet harzburgite.

2.5 MELTING MODELS:

The major element systematics of the basalts examined in Section 2.4 indicate that

the main differences between the OIB end-members are the trends of decreasing

Si02/Fe0* and increasing CaO/Al203 from EMI to EMM and HIMU basalts accompanied by

the lowest abundances of the incompatible elements 7102, K2O and P2O5 in the Koolau EMI

basalts. An attempt will be made here to understand these major element differences in

terms of different pressures and temperatures of melting and source compositions, by

comparing the predicted major element systematics associated with three generalised

melting models with the observations presented in Section 2.4.

2.5.1 Model 1: Variable Lithospheric Thickness:

The first possibility (Figure 2.10a) involves variable lithospheric thicknesses

encountered by upwelling plumes of similar temperature and major element composition.

Although these plumes would intersect the mantle solidus at the same pressure and

temperature, they would intersect the lithosphere at different pressures. Therefore,

assuming that the melting columns extend from the solidus to the base of the lithosphere,

the tops of their melting columns would lie at different pressures, and the mean pressure of

melting would vary between the plumes. This model would require each of the different end-
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member products to be related to a particular lithospheric thickness and a particular mean

pressure of melting. Thinner lithosphere would result in a higher degree of melting (F) at a

lower mean pressure and could be correlated with the high Si02/Fe0* and low incompatible

element abundances of the Koolau EMI basalts. The lower Si02/Fe0* and higher Ti02, K2O

and P2O5 of the HIMU and EMU basalts may therefore equate with higher mean pressure and

lower degrees of melting at the base of a thicker lithosphere.

In considering this model of variable lithospheric thickness, it is necessary to

examine whether there is any evidence for a systematic relationship between the major

element characteristics of each of the mantle end-members and lithospheric thickness at the

time of plume intersection. In order to calculate lithospheric thickness as a function of age,

the base of the lithosphere is here defined in a thermal sense, whereby the oceanic
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lithosphere represents that region between the seafloor and the isotherm which

-corresponds to 90 % of the upper mantle potential temperature (Turcotte and Schubert,

1982). Lithospheric thicknesses were calculated according to the equation of Turcotte and

Schubert (1982): yL = 2.32 V(kt), where yL = lithospheric thickness (m), k =thermal
diffusivity (10"® m^/s"^), and t = age of lithosphere in years at the timeof plume intersection

(1 year = 3.2 x 10^s"""). Lithospheric age at the time of plume intersection (t) was calculated

by subtracting the age of the island/seamount (oldest dated volcanism) from the age of the

surrounding seafloor. Where possible, seafloor age was derived from magnetic lineation

information: Marquesas = 57 Ma, Society = 72 Ma, St. Helena = 31 Ma, and Tubuai = 71 Ma

(Reinemund, 1984), although Hawaii and Mangaia are located within the Cretaceous Quiet

Zone (> 80 Ma), and were therefore ascribed seafloor ages of 100 Ma (Monnereau and

Gazenave, 1988) and 90 Ma respectively. Ascribed island/seamount ages are: Mangaia =

19.45 Ma, Marquesas = 4.9 Ma (Hatutu), Society = 3.2 Ma (Tahaa) and Tubuai = 10.70 Ma

(Diraison, 1991); Koolau = 2.6 Ma (Doell and Dalrymple, 1973); St. Helena = 9 Ma (Chaffey et

al., 1989).

It is evident from Figure 2.11 that no systematic correlation exists between

lithospheric thickness and the major element characteristics which define the various end-

member components. Although the chemistry of the EMI basalts may appear to relate to

plume upwelling under thinner lithosphere, Koolau volcanism is in fact associated with the

thickest lithosphere. HIMU and EMM plumes encountered a similar range of lithospheric

thicknesses. Therefore, the major element characteristics of the HIMU, EMI and EMM end-

members cannot be explained by a model of variable lithospheric thickness.

2.5.2 Model 2: Variable Plume Temperature:

An alternative model (Figure 2.10b) assumes that the different end-members are the

product of upwelling plumes with similar compositions, similar pressures of lithosphere

intersection (ie. similar lithospheric thicknesses), but different temperatures. Higher

temperature plumes would intersect the solidus at greater pressures than lower temperature

plumes, resulting in a higher initial pressure of melting, a higher mean pressure of melting

(longer melting column) and a higher overall degree of partial melting. Lower temperature

plumes would encounter the solidus at a lower pressure, have a lower mean pressure of

melting, and undergo a lower degree of partial melting.

Direct geophysical measurement of plume temperature is not possible. However,

the buoyancy fluxes of various hotspots (where buoyancy flux is defined as a combination of

the source volume flux and the source temperature anomaly: Griffiths and Campbell, 1990)

have been calculated (Davies, 1988; Sleep, 1990), predominantly on the basis of seafloor

topography (swell magnitude), in an attempt to constrain global plume heat flow and provide

an indication of plume magnitude or strength. The assumption that plume buoyancy is a

function of the temperature in the originating boundary layer, whereby stronger plumes have

higher temperatures, is complicated by factors such as spreading rate and lithospheric
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thickness (Sleep, 1990), as well as the influence of ambient cooler mantle entrainment and
the greater degree of cooling that would be expected to be associated with the ascent of
weaker plumes (e.g. Griffiths and Campbell, 1991). Therefore, the lack of any systematic

correlation between plume buoyancy fluxes and end-member major element characteristics

(Figure 2.12) does not necessarily negate the possibility that end-member differences are a

function of temperature.

However, the expected resuHs in terms of major element systematics would be the

opposite to that observed here, namely high Si02/Fe0* and high abundances ofTi02, K2O

and P2O5 associated with low temperature plumes and vice versa for high temperature

plumes. The major element observations made in Section 2.4 are, therefore, incompatible

with this model.

2.5.3 Model 3: Variable Source Composition:

A third proposal involves source major element heterogeneities, producing plumes

which have similar pressure-temperature regimes, but possess compositional differences

related to their origin as isotopically heterogeneous mantle regions. If, for example, HIMU

basalts derive from a fertile and more incompatible element-enriched source, whereas the

EMI source is relatively refractory, as suggested for the origin of low 206pb/204p|3 mORB

along the central Southwest Indian Ridge (Mahoney et al., 1992) and the low 206pb/204pb
signature within the basement lavas ofthe Ontong Java Plateau (Mahoney et al., 1993), their

intersection of the mantle solidus at similar pressures and temperatures would result in

different extents of melting and different end-products. Due to its previous melting history,

and depletion in the more easily-melted components, the EMI source would melt less and

would contain less clinopyroxene than the more fertile source. Once the remaining

clinopyroxene had been melted out of this source, leaving a harzburgite residue, the

resulting EMI basalts would have low CaO/Al203 values, consistent with the obsen/ations

made in Section 2.4. The fact that jadeite would still be present in orthopyroxene at high

pressures could account for the lack of lower Na20 values in EMI basalts. The refractory

nature of this source also means that it would be relatively depleted in incompatible elements

including Ti02, K2O and P2O5, consistent with the characteristics of the Koolau basalts. The

more fertile source, however, would be relatively enriched in incompatible elements, would

have more clinopyroxene in the source and therefore higher CaO/Al203 values.

Source compositional heterogenerties may also be invoked to explain why the EMM

basalts have the highest Ti02, K2O and P2O5 values, which is difficult to explain by either of

the other models.
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2.6 SUMMARY:

This chapter has attempted to elucidate the possible major and trace element

differences between the isotopically defined HIMU, EMI and EMM mantle end-members. In

terms of the major elements, Koolau EMI OIB are the most distinct, possessing the highest

Si02 and the lowest FeO*, CaO, 1102, P2O5 and K2O values. The HIMU and EMM

components overlap somewhat in terms of their major element compositions, although EMI!

basalts extend to the highest K2O and Ti02 values and HIMU basalts have the highest CaO.

Although the EMI major element characteristics may be indicative of larger degrees of

melting at lower pressures than are involved in the production of either the EMU or HIMU

basalts, the models of variable pressure and temperature examined here have failed to

explain the observed differences. It seems likely, therefore, that these end-member

differences are best explained by variations in mantle source composition, whereby the EMI

basalts may derive from a relatively refractory source, and the HIMU basalts from a more fertile

source.

Trace element distinctions, indicative of differences in end-member source

chemistry, are often less distinct than stated in the literature. Compared to EM basalts, HIMU

basalts generally have lower LILE/HFSE and LREE/HFSE abundance ratios, intermediate

Th/La and Th/Nb values, lower Zr/Nb and higher Nb/Pb and Ce/Pb values. The latter,

accompanied by a lack of distinction between HIMU and EM Nb/U and Th/Uvalues, suggests

that Pb depletion rather than U enrichment is responsible for the high-p signature. EMI and

EMM basalts are distinguished predominantly by the lower Ba/Th, higher Th/La and higher

Th/Nb values of EMM basalts, suggesting relative Th enrichment in the EMM source. The trace

element characteristics of EMI basalts remain particularly enigmatic. Despite these observed

end-member differences, Hoernle and Schmincke (1993) suggest that the interpretation of

incompatible trace element ratios, particularly in low degree melts, should be treated with

caution.

The petrogenesis of the mantle end-member components is no doubt more

complicated than any of the models presented in this chapter. For example, the low

87sr/86Sr and high ^"^^Nd/^^^Nd values of HIMU OIB (Chapter 1) require time-integrated low

Rb/Sr and Nd/Sm source values, consistent with the relative LILE and LREE depletions

which characterise the trace element systematics of HIMU basalts. However, this long-term

incompatible element depletion is inconsistent with the proposal that the HIMU major

element systematics may be derived from a relatively fertile source as compared to the EM

source regions. The apparently contradicting major and trace element systematics of HIMU

OIB may therefore imply the involvement of other processes, such as metasomatic

enrichment in certain elements subsequent to source formation.
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CHAPTER 3

THE Balleny Plume

3.1 INTRODUCTION:

Volcanic activity associated with the Balleny Plume is believed to have formed a

chain of seamounts and oceanic islands which extend for -4000 km across the surface of

the eastern Indian-Australian and Antarctic plates, spanning a period of at least 70 m.y..

Reconnaissance radiogenic isotope studies of the alkaline volcanics of the Balleny Islands,

which represent the youngest, and the only known subaerial expression of this plume,

indicate derivation from a HIMU mantle source diluted by depleted upper mantle material

(e.g. Hart, 1988; Gill and Collerson, 1992).

This chapter comprises a study of Balleny Plume volcanism, based on the major

element, trace element and radiogenic (Pb, Sr and Nd) isotope data obtained for samples

dredged from four seamounts along the proposed plume trace and from two sites in the

immediate vicinity of the Balleny Islands. The overall aims of this study are as follows:

1. To track the surface expression of the Balleny Plume over the past -70 m.y., as produced

by movement of the Indian-Australian and Antarctic Plates over the plume tailor conduit;

2. To characterise the geochemical and isotopic compositions of the islands and seamounts

erupted along the plume trace over this -70 m.y. period;

3. To examine temporal variations in the chemical composition of the plume tail over the past

-70 m.y.; and

4. To attempt to place further constraints on the geochemical composition of the proposed

HIMU mantle end-member component.

3.2 GEOLOGICAL SETTING:

Recent volcanic activity to the northwest of the Antarctic Ross Sea has produced a

number of oceanic islands and seamounts, the most prominent of which are the Balleny

(Figure 3.1) and Scott (Chapter 5) Islands. The former reflect the current location of the

Balleny Plume (Vogt and Johnson, 1973; Vanney et al., 1981), whose activity can be traced
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back through time in a north-northwesterly direction, across the present location of the

eastemmost extension of the Southeast Indian Ridge (SEIR), to the Cascade or East

Tasman Plateau (Duncan, 1981; Duncan and McDougall, 1989). Seamounts located on the

East Tasman Plateau and the South Tasman Rise (Figure 3.1), plus other more southerly

seamounts are thought to represent earlier surface expressions of the Balleny Plume priorto

it being over-ridden by the SEIR at -20 Ma (Duncan and McDougall, 1989), or -10 Ma ,

based on the age of the magnetic lineation (A5) closest to the northernmost seamounts in

the Balleny group (Green, 1992; Jenkins et al., 1992).

A chain of seamounts extending across the southem Tasman Sea, from the East

Tasman Plateau region east ofTasmania to the westem flank of LordHowe Rise (Figure 3.1),

age progressively towards the northeast (Jenkins et al., 1992). Assuming that this seamount

chain represents the earlier Balleny Plume trace. Van (1991) suggested that a bend in the

chain, located in the vicinity of the East Tasman Plateau and inferred to be -43 Ma, may

correspond to the Hawaiian-Emperor bend (42±1.4 Ma: Dalrymple and Clague, 1976) and

thereby reflect the major global reorganisation of plate boundaries at that time.
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3.2.1 Southwest Pacific Ocean - Baiieny isiands:

The Baiieny Islands {66°16'S-67°38'S, 162°15'E-164°44'E), located -450 km

northwest of Cape Adare, Northem Victoria Land, Antarctica, and the more northerly Baiieny

Seamounts, the Slava, Soucek and Eliesworth Banks (Johnson et al., 1982), extend for

-160 km in a northwest-southeast direction and straddle the Antarctic Circle. This island

chain is adjacent to the Antarctic continental rise to the west and located on the

southernmost end of a submarine volcanic ridge system which extends in a northwesterly

direction and is offset by the SEIR (Johnson et al., 1982; Wright and Kyle, 1990a). The

northwest-southeast trend of this island chain is parallel to the fracture zone pattern of the

area including the seismic Baiieny Fracture Zone (Figure 3.1), a major transform fault which

offsets the SEIR near 155°E (Hayes and Conolly, 1972) by approximately 320 km in a dextral

sense and parallels the direction of spreading between the Indian-Australian and Antarctic

plates (Falconer, 1972). It has been proposed that Baiieny Island volcanism is related to the

Baiieny Fracture Zone (Vanney et al., 1981; Johnson et al., 1982), the latter possibly

representing a leaky transform fault (Kyle and Cole, 1974). However, the geochemistry of

Baiieny Islands samples studied to date is more akin to that of GIB associated with hotspot

activity, with >2 wt % TiCa and greater enrichment in incompatible elements than the T-type

(transitional) MORB usually erupted along oceanic transform faults (Green, 1992). The

Baiieny Islands and Baiieny Fracture Zone are considered to form the western boundary of

the East Baiieny Basin, which itself contains several islands and seamounts including the

Eliesworth, Admiralty, Adare and Amitaka seamounts (Vanney et al., 1981). Although it was

originallythought that some of these seamounts may have had a similar origin to the Baiieny

Islands (Johnson et al., 1982), gravity and bathymetric data indicate no link between them

(Jenkins et al., 1992).

The Baiieny group (Figure 3.2) comprises three large islands. Young, Buckle and

Sturge, and three smaller islands. Row, Borradaile and Sabrina. A number of isolated reefs,

rock pinnacles and offshore stacks are also present (Mawson, 1950; Wright and Kyle,

1990a), including the conical Scott stack off the southern end of Buckle Island and the 78 m

high Sabrina Monolith, adjacent to Sabrina Island (Lewis, 1984), the latter possibly a volcanic

plug or neck (Hatherton et al., 1965). All of these islands comprise interbedded tuff,

agglomerate scoria and lava flows, and are bounded by steep cliffs and surmounted by ice

caps. Due to their relative isolation, inaccessible morphology, and lack of rock exposure

(except on their bounding cliffs) very little systematic geological sampling or fieldwork has

ever been undertaken on the Baiieny Islands (Wright and Kyle, 1990a).

Magnetic seafloor lineations have been used to infer a maximum age of 10 Ma for the

onset of volcanism in the Baiieny Island group (Wrightarid Kyle, 1990a; Green, 1992). Wind

blown rhyolitic glass shards within USNS Eltanin deep-sea sedimentary cores suggest that

the Baiieny Islands experienced both phreatomagmatic and magmatic eruptions during the

past 2.5 m.y. (Huang et al,1975). Radiometric dating of Sturge island rocks indicates volcanic

activity at 1.91 Ma (Embleton, 1984) and 1.76±0.2 Ma (K-Ar dating - Jenkins et al., 1992).
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Recent sightings of volcanic activity on Young and Buckle Islands in 1839 and 1899

(Johnson et al., 1982) remain unconfirmed.

3.2.2 East Tasman Plateau - Soela Seamount:

The Soela or Cascade (Jenkins et al., 1992) Seamount (~43*'56'S, 150°25'E),

located on the East Tasman Plateau -290 km southeast of Hobart, Tasmania, is thought to

be an earlierproduct of the Balleny Plume (Duncan and McDougall, 1989). K-Ar dating of a

hawaiite pebble from a volcaniclastic conglomerate and an alkali olivine basalt dredged from

the flanks of the 660 m deep seamount has provided Mid-Oligocene ages of 31.5±0.5 Ma

and 33.4±0.3Ma respectively (I. McDougall, pers. comm., 1988; 1992 - Appendix 4). Slightly

older ages, 35.1±0.4 Ma and 36.4±0.2 Ma were obtained by the 40Ar/39Ar step-heating
method (R.A. Duncan, pers. comm., 1993 - Appendix 4). Matrix material within volcaniclastic

sandstones dredged from the Soela Seamount contain foraminifera ranging from Quaternary

to Late Eocene in age (P. G. Guilty, pers. comm., 1992), and Middle to Upper Eocene

foraminifera within a volcanic conglomerate provide a minimum Middle Eocene (-36-40 Ma)

age for the basaltic clasts (P.O. Guilty, pers. comm., 1992). This is broadly consistent with the

suggestion that seamounts south of the South Tasman Rise may range in age from -36 to

20 Ma (Duncan and McDougall, 1989).

The formation of Soela Seamount at -40±5 Ma coincides with a marked increase in

the spreading rate between Australia and Antarctica (Veevers et al., 1990). Although the

East Tasman Plateau is generally believed to be a microcontinental block of similar origin to

the larger South Tasman Rise (Figure 3.1) (e.g. Hayes and Conolly, 1972), it may in fact

consist of a thick accumulation of basalt related to intense Balleny plume activity at this time

of increased seafloor spreading (Lanyon et al., 1993).

3.2.3 South Tasman Sea - Janszoon, Zeehan and Heemskirk Seamounts;

Janszoon Seamount (-39°33'S, 154°20'E), located on -64 Ma oceanic crust in the

south Tasman Sea, is approximately midway between Soela Seamount and the Lord Howe

Rise (Figure 3.1). It has been assigned an 'Eocene or older" age (bU-bU Ma) based on K-Ar

dating of slightly altered basalt, the presence of Late Eocene to Early Oligocene (39-29 Ma)

forams within basaKic sand-bearing nanno-foram chalk dredged from a locality close to the

summit at a depth of 2012 m, and calculations based on crustal subsidence (Jenkins et al.,

1992).

The twin, flat-topped seamounts of Zeehan (-36°17'S, 159°35'E) and Heemskirk

(-36°22'S, 159°52'E) rise -2500 m above the -78 Ma oceanic crust of the abyssal plain in

the southern Tasman Sea, approximately 50 km west of the western flank of Lord Howe Rise

(Hubble et al., 1987). K-Ar dating of relatively unaltered mugearites from the flanks of these

2560 and 2400 m deep seamounts gave ages in the range of -59.1±2.3 to 71.3±2.2 Ma

(Jenkins et al., 1992). Unsampled seamounts located on the western flank of Lord Howe
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Rise to the east of Heemskirk Seamount may represent even older expressions of the

Balleny Plume (Jenkins et al., 1992).

3.3 SAMPLING LOCATIONS:

Submarine Balleny Province samples analysed for major and trace element

compositions, mineral chemistry and radiogenic isotope (Pb, Sr and Nd) ratios, were

dredged by the USNS Eltanin from two sites (E27-35A and E27-35B) in the vicinity of Buckle

Island - Sabrina Islet (Figure 3.2). Site E27-35B is located on the submarine volcanic ridge

topped by the Balleny Islands, -20 km southeast of Buckle Island, whereas site E27-35A is

located within the adjoining Anare Basin -50 km east-northeast of Buckle Island. These

samples, selected on the basis of their relative freshness and lack of obvious ice-rafted

features such as rounding and/or striated surfaces, have a range of compositions,

encompassing alkali olivine basalt, basanite, trachybasalt, phonotephrite and trachyte

(Figure 3.3).

The exact location of sample sites on the surface of Soela Seamount is unknown,

largely as a result of accidental sampling during the course of deep-sea fishing operations.

Many of the analysed Soela samples comprise individual clasts within volcanic

conglomerates, although basaltic boulders have also been recovered. Soela samples

display a narrower compositional range than the Balleny rocks, comprising alkali olivine

basalt, trachybasalt and basaltic trachyandesite (Rgure 3.3).

The south Tasman Sea seamount samples were recovered during two cruises of the

HMAS Cook. Basanite and trachybasalt samples were dredged from Janszoon Seamount,

trachyandesite from Zeehan Seamount and trachybasalt from Heemskirk Seamount (Figure

3.3).

Details of sampling locations (latitudes, longitudes, water depths) and the sources of

samples analysed during this study are listed in Appendix 1 - Table Al .1; bathymetric profiles

for the Balleny Province dredge sites are presented in Figure Al .1.

3.4 PETROGRAPHY AND MINERAL CHEMISTRY:

This section discusses the petrography and mineral chemistry of all Balleny Plume

samples analysed for whole-rock major and trace element compositions (Sections 3.5 and

3.6). Electron microprobe data for representative silicate and oxide phenocryst and/or

microphenocryst phases, are presented in Appendix 3, along with the notation used for

mineral chemistry throughout this thesis; microprobe analytical techniques are described in

Appendix 2. An attempt has also been made to calculate the compositions of the major

phenocryst/microphenocryst phases (olivine, clinopyroxene ± plagioclase) in equilibrium
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with the host whole-rock major element compositions of the various Balleny Plume samples.

The results of these calculations are presented in Appendix 3.

3.4.1 Balleny Province:

The petrography and mineral chemistry of nine Balleny Province samples is

summarised in Table 3.1. Representative electron microprobe analyses of silicate and oxide

minerals are depicted in Rgures 3.4 and 3.5.

The range of igneous textures observed in the Balleny Province samples appears to

correlate with whole rock composition. Three of the Balleny basanites, 35A-7, 35B-1 and

35B-2, have seriate textures (grainsize from <0.1 to 2 mm) involving the major phenocryst

phases - olivine, clinopyroxene ± plagioclase. Where seriate textures are discussed, an

arbitrary grainsize classification has been adopted to distinguish phenocryst (>1 mm),

microphenocryst (0.2 to 1 mm) and groundmass (<0.2 mm) crystals in order to examine

variations in mineral chemistry. The presence of olivine inclusions within both clinopyroxene

and plagioclase indicates that these latter phases were co-crystallising whereas olivine was

an earlier crystallising phase, possibly co-liquidus with the Cr-rich pleonaste which it

commonly encloses. Sample 35A-5, an alkali olivine basalt, also has a seriate texture, with a

grainsize range of <0.1 to 6 mm for olivine and clinopyroxene.

Two trachybasalt samples (35A-4 and 35A-6) have porphyritic/glomeroporphyritic

textures, with polymineralic aggregates comprising clinopyroxene, plagioclase and spinel.

No fresh olivine crystals are visible, but patches of carbonate and clay may be the product of

complete olivine alteration in both of these samples. The porphyritic texture of basanite

sample 35A-3 is similar to that of the Ballenytrachybasalts rather than to the other basanites.

Sample 35A-1, a phonotephrite, is distinguished by its hypocrystalline texture, lack

of clinopyroxene, and fine grainsize (0.1 to 0.3 mm). The most evolved Balleny Province

dredge sample (35A-2), a porphyritic trachyte, is dominated by aligned phenocrystal and

groundmass feldspar.

Within the basanites (samples 35A-7, 35B-1 and 35B-2), olivine microphenocrysts

generally overlap with the phenocryst (up to Mg#86.8) compositional range but contain less

Cr-rich spinel inclusions. Progressive spinel crystallisation is accompanied by decreasing

Cr203 and increasing Ti02 contents, ranging from Cr-rich pleonaste within early-formed,

magnesian olivines through Cr-poor pleonaste microphenocrysts, inclusions of Cr-poor

pleonaste, Cr-aluminous titanomagnetite and Mg-aluminous titanomagnetite within olivine

microphenocrysts, clinopyroxene and plagioclase, to aluminous titanomagnetite

groundmass crystals. Only the most Ti-rich spinels occur as inclusions within plagioclase

phenocrysts in sample 35A-7, suggesting that plagioclase was the last phase to crystallise.

Clinopyroxene phenocrysts and microphenocrysts generally have diopside to salite

compositions (up to Mg#84.8). whereas groundmass-sized crystals extend into the augite

compositional field. Progressive clinopyroxene crystallisation is characterised by increasing

FeO, and decreasing CaO and MgO contents. The exception is sample 35A-3 which.
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Table 3.1: Petrography of submarine Balleny Province samples.
Notefor allpetrography tables: zoning- N- normal, R • reverse, O - oscillatory, U
1000 points per sample, relates to phenocryst/microphenocryst phases only.

unzoned, P - patchy; cpx > dinopyroxene; modal mineralogy, based on the point counting of

Sample
No.

Rock Type

E27-35A-1 Phonotephrite

E27-35A-2 Trachyte

E27-35A-3 Basanite

Texture

Hypocrystalline/
Aphyric
Slightly vesicular

Porphyritic

Porphyritic
Hypocrystalline
groundmass
Vesicular

Modal
Mineralogy

Phenocrysts and mlcrophenocrysts

24 % feldspar 1) feldspar phenocrysts (AnssAbsiOrs-AnyAbyTOri 6 - andesine-
5.5 % olivine oligoclase-anorthoclase): complex zoning
1 % cpx 2) feldspar mlcrophenocrysts (An25Ab680r7-An7Ab7iOr22 -
<1 % spinel oligoclase-anorthoclase )

3) olivine microphenocrysts (Mg#2i .6-26.3)' zoning (U, N), spinel
(Al-thanomagnetite) inclusions
4) cpx microphenocrysts fMg#4o,8-48.7 ' ferrosalite): zoning (R),
spinel (Al-titanomagnetite) inclusions
5) spinel (Al-titanomagnetite) microphenocrysts

9 % olivine 1) olivine microphenocrysts (Mg#7i .5-84.8)' zoning (N, R), spinel
2 % plagioclase (Cr-pleonaste, Cr-AI-titanomagnetite) melt inclusions
1.5 % cpx 2) plagiodase phenocrysts (Angs - labradorite)

3) cpx microphenocrysts (Mg#7i .6-79.5 - salite-augite): simple or
sector twinning, zoning (U, N, R), spinel (Mg-AI-titanomagmetite)
inclusions
4) rare cpx ctots

Groundmass

1) plagioclase (An46.53- labrodorite-
andesine): subparallel alignment; rare
clots
2) olivine (Mg#64.6.7i .3), zoning (N),
spinel inclusions (Mg-AI-
titanomagnetite) ± cores or zonal
inclusions of brown glass
3) spinels (Mg-AI-titanomagnetite)
4) very fine-grained cpx
5) brown glassy matrix

Sut>parallel oligoclase-anorthoclase
laths {An24Ab690r7-AniAb7i0r28):
olivine (F015.4.19.1); cpx (K^#42.2-
42.4 ' ferrosalite-ferroaugite);
Fe-oxides

plagioclase (An63-72 - bytownite-
labradorite); olivine; cpx; Fe-oxides;
brown glassy matrix
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Table 3.1: (continued)

Sample
No.

Rock Type

E27-35A-4 Trachybasalt

E27-35A-5 Alkali olivine

basalt

E27-35A-6 Trachybasalt

E27-35A-7 Basanite

Texture

Sparsely
porphyritic/
glomeroporphyritic

Modal

Mineralogy
Phenocrysts and microphenocrysts

Seriate-textured/

sparsely
glomeroporphyritic

2 % plagioclase 1) plagioclase microphenocrysts (Anet -7i - bytownite-labradorite):
1 % cpx zoning (U, N, R)

2) cpx microphenocrysts (Mg#61.7- 75.2' salite): zoning (U, N, R),
spinel (Al-titanomagnetite) inclusions
3) rare glomerocrysts: plagioclase; plagioclase -f cpx -t- spinel

13 % olivine 1) olivine phenocrysts and microphenocrysts (Mgtfyg-sy: cores -
1%cpx ^^#77.3-87.4: ">"3 - Mg#75.5.84.o): zoning (U, N. R), spinel
<1 % spinel (Cr-pleonaste, pleonaste, titanian picotite) inclusions

2) cpx phenocrysts and microphenocrysts (Mg#77.o.83 q -
dbpside-salite)
3) spinel (pleonaste) microphenocrysts
4) rare glomerocrysts: microphenocryst (Mg#84.4.85 s)
groundmass (Mgl^8,7.83.9) olivine

t) glomerocrysts: plagioclase ± cpx ± spinel
2) plagioclase phenocrysts
3) cpx phenocrysts, may be enclosed t>y plagioclase
3) patches of cartwnate + green alteration material - ?secondary
to olivine phenocrysts

10 % olivine 1) olivine phenocrysts (Mg#74,2-86.7): zoning (U, N), spinel
4 % cpx (Cr-pleonaste) inclusions
2 % plagioclase 2) olivine microphenocrysts (Mg#7o.4.86.3)- zoning (U, N, R)
<1 % spinel 3) cpx phenocrysts and microphenocrysts (Mg#66.7- 81.2' salite,

rare diopside cores): zoning (U, N, R, O), inclusions of spinei
(pleonaste, Mg-AI-titanomagnetite) + olivine (Mg#73.2) ->•
plagioclase (Ansg - bytownite)
4) plagioclase microphenocrysts (An74 - bytownite): inclusions of
olivine (Mg#76.6-77.5) + cpx (Mg#71.5-72.9) + spinel (Al-
titanomagnetite)
5) spinel (pleonaste) microphenocrysts
6) glomerocrysts: cpx (Mg#76.o-76.6) plagioclase (Ane3.78 -
bytownite) +olivine (Mg#75i.78.i) + spinel (Al-titanomagnetite)

Porphyritic/
glomeroporphyritic
Vesicular

Seriate-textured/

sparsely
glomeroporphyritic

Groundmass

plagioclase (Ansi .72 - bytownite-
labradorite); cpx (K^#64.5-73.2 '
salhe-augite); spinel (Al-
titanomagnetite); patches of calcite
and smectite (?secondary to olivine)

olivine (Mg#7i.5.84.4): cpx, (Mg#76.i
.77.5 - salite-augite); plagioclase
(An57.7e - bytownite-labradorite);
7devitrified glass

plagioclase; cpx; 7altered olivine;
Fe-oxides

cpx (Mg#5i .8-76.0 *salite-augite);
olivine (Mg#66.2-78.l): plagioclase
(An69.75 - bytownite-labradorite);
spinel (Al-titanomagnetite)
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Table 3.1: (continued)

Sample
No.

Rock Type

E27-35B-1 Basanite

E27-35B-2 Basanite

Texture

Seriate-textured

Seriate-textured/

Hypocrystaiiine
groundmass

Modal

Mineralogy
Phenocryata and microphenocrysta

3.5 % divine 1) divine phenocrysts and microphenocrysts (Mg#60.1-86.8):
1 % cpx zoning (U, N), spinel (Cr-pleonaste in phenocrysts; Mg-Al-
1 % plagioclase titanomagnetite in microphenocrysts) + divine inclusions;
<1 % spinel 2) cpx phenocrysts and microphenocrysts (Mg#68.6-84.8 *

diopside or diopside zoned to salite): zoning (U, N, R), spinel
(Mg-AI-titanomagnetite) inclusions, rare sector twinning
3) plagioclase phenocrysts (An53.7o - bytownite-labradorite):
zoning (R), spinel -t- fluid inclusions - sieve-like textures
4) spinel (Mg-AI-titanomagnetite) microphenocrysts

6 % divine 1) divine phenocrysts and microphenocrysts (Mg#74i .ss.e):
4 % cpx zoning (U, N, R), spinel (Cr-pleonaste in phenocrysts; pleonaste,
2%plagioclase Cr-AI- titanomagnetite, k^-AI-titanomagnetite in

microphenocrysts)
inclusions

2) cpx phenocrysts and microphenocrysts (Mg#7o.4.82.8 '
generally salitic, some diopside): zoning (U, N, R); rare clots
3) plagioclase phenocrysts and microphenocrysts (An5e-72 -
bytownite-labradorite): zoning (N)
4) rare elds of olivine -t- cpx

Groundmaaa

divine (Mg#58.6.63.9): cpx (Mg#74.2 •
salite); plagioclase (Anso-yo -
labradorite); spinel (Mg-AI-
titanomagnetite)

olivine (Mg#7i i-82.3. predominantly
Mg#8i-82): cpx (Mg"#57.9^i .4-
diopskJe-salite); fine opaques;

plagioclase (An48.74 - bytownite-
labradorite-andesine); dusty
?devitrified glass
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. Salite Ferrosalito l, .
Di/—t—V Hd

Ferroaugrte

Salite Ferrosalito .
Di.—— Hd

Augite Ferroaugite
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Figure 3.4: Representative electron microprobe analyses of a) feldspar and b)
cilnopyroxene witfiln submarine Balieny Province samples 35A-1 (open squares - plagioclase only),
35A-2 (crosses), 35A-4 (filled diamonds), 35A-5 (open circles), 35A-7 (filled squares - clinopyroxene
only) and 35B-2 (open triangles).
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Magnesiolerrtte
MgFa2O4 0rMg2TIO4

Spinel a.
MgAlj04

Magnetite or Ulvoeplnel
Fe304 or Fe2TI04

nne FeAl204

Chromlte

FeCr204

M Magneslochromne
MgCr204 Ml

Figure 3.5: Representative electron mlcroprobe analyses of spinel within sulxnarlne Balleny Province samples a) 35A-3. b) 35A-5, c) 35A-7, d) 35B-1 and e) 35B-2
plotted on modified Johnston spinel prisms (Deer et al., 1992: p. 560). Symbols used are: Inclusion whhln ollvlne phenocryst (filled circle), Inclusion within ollvlne microphenocryst
(filled diamond), Inclusion within cllnopyroxene (filled square), microphenocryst (filled triangle), groundmass crystal (Inverted filled triangle).



although not the most evolved of the Balleny basanites, has augite microphenocrysts and

the least magnesian clinopyroxenes (up to Mg#79 5) of all the basanites. Basanite

plagioclase compositions are generally in the bytownite to labradorite fields (up to An74) and

may extend to more sodic (andesine) compositions in the groundmass.

Alkali olivine basalt sample 35A-5 has similar clinopyroxene (up to Mg#83.o)

compositions to the basanites, the larger crystals comprising either diopside or salite and

groundmass-sized crystals extending into the augite field. However, olivine (up to Mg#87.4)

is more magnesian than in the basanites. The presence of plagioclase only as a groundmass

phase suggests that it was the last phase to crystallise.

In the trachybasalt samples 35A-4 and 35A-6 clinopyroxene is generally salite or

augite and less magnesian (up to Mg#75.2) than in the more primitive samples. Plagioclase

has a similar compositional range (bytownite to labradorite) to that within the basanite and

alkali basalt samples.

Both olivine and plagioclase compositions in phonotephrite sample 35A-1 are

similar to the groundmass components of the basanites, 35A-1 plagioclase occupying the

more sodic, labradorite to andesine, end of the basanite groundmass range. Olivine and

clinopyroxene crystals in trachyte sample 35A-2 are more Fe-rich than in the less evolved

Balleny samples, olivine microphenocrysts reaching only Mg#26.3. clinopyroxene (up to

Mg#48.7) falling within the ferrosalite compositional field and extending to ferroaugite

compositions within the groundmass. Spinel compositions are limited to aluminous

titanomagnetite, and feldspar becomes more potassic with progressive crystallisation and

finer grainsize.

Disequilibrium textures, visible to varying extents in all of the Balleny Province

dredge samples, include rim resorption and reverse compositional zoning of the major

mineral phases. Resorption is visible as embayed rims in olivine and clinopyroxene

phenocrysts and microphenocrysts and partial to complete rim resorption of plagioclase

phenocrysts.

3.4.2 Soela Seamount:

Soela Seamount samples 881, 882 and 884 are poorly-sorted conglomerates

comprising a variety of angular to well-rounded volcanic fragments, from <1 mm to 11 cm in

diameter, within a bioclastic calcareous matrix. Individual clinopyroxene crystals (Mg#75 5-

84.4 - diopside-salite) also occur within the matrix, and sometimes have fine kaersutite

inclusions. These three conglomerates are subdivided in Table 3.2 in terms of their

constKuent clasts. Samples 883 and 885 are boulders of volcanic rock. Most of the Soela

samples have suffered some degree of alteration, usually evident as carbonate-clay

pseudomorphs of olivine and/or yellow-orange clay and Fe-stained material dispersed

throughout the groundmass. Representative electron microprobe analyses of silicate and

oxide minerals from Soela Seamount samples are plotted in Figures 3.6 and 3.7

respectively.
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Table 3.2: Petrography of samples dredged from Soela Seamount. Notation as for Table 3.1.

Sample
No.

SSI
SS1-1

SS2
SS2-4

SS2-6

SS3

Rock Type

Basaltic

trachyandeslte

Alkafl ollvlne

t>asalt

Alkali ollvlne

basalt

Alkali ollvlne

basalt

Texture

Porphyrltic/
glomeroporphyritlc
Pilotaxltic groundmass
Vesicular

Porphyrltic/ sparsely
glomeroporphytitic

Sparsely
glomeroporphyritlc
Pilotaxltic groundmass
Vesicular

Porphyrltic/ slightly
glomeroporphyritlc

Modal

Mineralogy

6 % plaglodase
2 % altered ollvlne

2%cpx

20% cpx
15% altered dMrte

2 % unaltered ollvlne

1 % plaglodase

6 % altered ollvlne

3%cpx
3%piaglodase

Phenocryete and mlcrophenocryets

1) plagloclase phenocrysts (An52-79 - t>ytownlte-lal}radorlte): zoning
(N), spinel (Mg-AI-tltarwmagnetlte) -f melt Inclusions
2) completely altered ollvlne pherxxxysts
3) cpx phenocrysts {Mg#75.7.80.0 " sallte): zoning (N.R), spinel
(Mg-AI-tltanomagnetlte) Inclusions
4) glomerocrysts: plagloclase; cpx; plaglodase sutwphltlcally endosed
l}ycpx

1) cpx phenocrysts (cores: Mg#si.3.34.6 - dopside; rims:
^^f^5.3-81.0 - sallte): zoning (N,P), plaglodase spinel Induslons
2) ollvlne phenocrysts (Mg#30-32): may be completely altered
3) plaglodase phenocrysts (An64.3o - bytownlte-labradorlte): zoning
(U.N,)
4) glomerocrysts: plaglodase; cpx; cpx subophltlcally ertdoslrtg
pla{^odase; cpx * ollvlne

1) completely altered ollvlne phenocrysts
2) cpx pherxxxysts (Mg#7g.3.30.8 - sallte): zoning (U, N), spinel
(AI-Mg-titarx>magnetlte) •r- plaglodase (An74.77 - t>ytovvnlte) +
kaersutlte IrKluslons

3) plaglodase phenocrysts (An54.3i - bytownlte-labradorlte): zoning
(U.N, R),
4) glomerocrysts: cpx; plaglodase; cpx subophltlcally erKlosIng
plaglodase

19 % cpx 1) cpx phenocrysts (Mg#75.5.8i .2 - sallte; rare auglte - Mg#33.o
14 % dMne zoned to sallte - Mg#77.3): zoning (N ,R ,P), spinel (Mg-AI-

tltanomagnetlte) + ollvlne(Mg#77.7)+ plaglodase (Anye - bytownite) +
devltrified melt IrKluslons, sector or simple twinning
2) ollvlne phenocrysts (M^i .2-81.4): cpx (Mg/lye.s -sallte) +spinel
(Tl-chromlte, Al-chromlte, Cr-tltarx>magnetlte, Mg-AI-tltanomagnetlte)
Induslons, zoning (U, N)
3) glomerocrysts: cpx ± ollvlne

Groundmaaa

plaglodase (An5o.60' labradorlte);
cpx (Mg#7i.5-74.2 - sallte); spinel
(Mg-AI-tltarK>magnetite); day -
?altared ollvlne

plaglodase; cpx; spinel (Mg-AI-
tltanomagnetlte); day

plaglodase (/Vn29-55 - latxadorlte-
aixleslne); cpx; spinel (Mg-AI-
tltanomagnetlte);
llmenlte; day alteration-? secorxiary
to ollvlne

plaglodase (Anss-eg - bytownlte-
labradorlte) microlltes; altered
dMrte; cpx; Fe-oxides
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Table 3.2: (continued)

Sample
No.

Rock Type Texture Modal

Mineralogy
Phenocrysta and microphenocrysta Groundmass

SS4
SS4-1 Alkali ollvlne

basalt

Porphyrltlc/
glomeroporphyrltic

24 % altered ollvlne

0.5 % unaltered

ollvine

15.5 %cpx
<1 % plaglodase

1) ollvlne microphenocrysts(Mg#e3-82): zoning (U, N), spinel
(Mg-AI-chromlte, titanlan picotite, Mg-AI-titarx>magnetite) Induslons
2) cpx phenocrysts (Mg#73.2-81.9 - sallte; or cores: Mg#81.9-
82.9 - dlopskJe and rims: Mg#79.i.79.5 - sallte) arxJ
mlcropheixxxysts (Mg#73_4.8i_3 - generally sallte, may have auglte
cores): zoning (U, N, R, P), spinel (Mg-AI-lltanomagnotite) +
ollvlne+ plaglodase -t- kaersullte inclusions, simple twinning
3) plaglodase microphenocrysts (An84.81 ' bytownite-labradorlte)
4) giomerocrysts: cpx; plagl^ase; cpx -t- plaglodase

plaglodase (An53.61 • labradorlte);
cpx {Mg#7i.8-73.7 - sallte); spinel
(Mg-AI-tltanomagnetlte); partly
altered ollvlne(Mgl^)

SS4-2 Alkali ollvine

basalt

Porphyrltlc/
glomeroporphyrltic
RIotaxltic groundmass

16%cpx
7 % altered ollvine

1 % plaglodase

1) cpx pher>ocrystsand mlcropherK>crysts (MgOyg. 1-82.7 - dlopskJe,
sallte, or dipskJe cores with sallte rims): zoning (U, N, O, P), simple
twinning, plaglodase (An61 - latxadorlte) + spinel (Mg-AI-
titanomagnetite) induslons
2) completely altered ollvlne phenocrysts and mlcropherKx:rysts
3) plagiodase phenocrystsand microphenocrysts (An64.82 - bytownite-
latxadoiite): zoning (N, R),cpx (Mg#75.o- sallte) + spinel irx^luslons
4) giomerocrysts: plaglodase; cpx; cpx + altered ollvlne

plagiodase - latxadorlte);
cpx (Mg#71.6-73.3 - sallte); spinel
(Mg-AI-tltanomagnetlte)

884-3 Tradiybasalt Porphyritic 1) plagiodase phenocrysts: spinel induslons
2) cpx phenocrysts; rare dots
3) ?aiteredollvlne phenocrysts arxJ microphenocrysts

plagiodase; cpx; spinel; altered
ollvlne

884-4 Trachybasalt AphyrIc
Vesicular

1)plaglodase (An44.55' labradortts-
arxJeslne)
2) cpx (Mg#e8.3.76.3 - sallte),
spinel (Mg-AI-btanomagrtetite)
Induslons
3) spinel (Mg-AI-dtanomagnetite)
4) yellow smectite patches

884-5 Alkali ollvlne
basalt

Porphy ritic/sparsely
glomeroporphyrltic

1) giomerocrysts: cpx
2) cpx pherxxsrysts: spinel kaersullte Induslons
3) day-carbonate patches ?secondary to ollvlne

plaglodase; cpx; Fe-oxkJes; clay

884-6 Trachybasalt Porphyrltlc/
glomeroporphyrltic

1) giomerocrysts: cpx ± plaglodase 1 altered ollvlne
2) cpx microphenocrysts: zoning (P)
3) plaglodase microphenocrysts: sieve-like textures
4) day-carbonate patches ?secondarv to ollvlne

plaglodase; cpx; Fe-oxides; clay
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Table 3.2: (continued)

Sample
No.

Rock Type Texture Modal

Mineralogy
Phenocryata and microphenocryats Groundmaaa

SS4

884-7 Trachybasalt Slightly porphyritic rare plagbdase microphenocrysts plagloclase - some parallel
alignment; cpx; Fe-oxides

884-8 Alkali olivlne
basalt

Porphyritic/
glomeroporphyritic
Vesicular

1) glomerocrysts: cpx; cpx sutx>phitlcally enclosing plagiodase
2)cpx micro^enocrysts: zoning (P), simple twinning
3) ?altered olivinemicrophenocrysts

plagiodase - some ailgrment; cpx;
Fe-oxides; day

885 Trachybasalt Sparsely porphyritic/
glomeroporphyritic
Pilotaxitic groundmass
Slightly vesicular

4 %cpx
2 % altered olivlne

1.5 % plagloclase
<1 %^nii^

1) cpx microphenocrysts (Mg#7i.7.79.4 - saiite): twinning, spinel
(AI-Mg-tltanomagnetite) Inclusions,zoning (U, N)
2) Fe-stained day-cartxinate patches - secondary to olivine; rare
sorrel (Cr-Mg-Ai-litanomagnetlte, Mg-AI-dtanomagnetite) indusions
3) rare plagiodase microphenocrysts (An64.68 - labradorite)
4) spinel (Mg-Ai-titammagnetite) microphenocrysts
5) glomerocrysts: cpx; cpx * plaglodasa

plagiodase (Ans^.95 - labradorite);
cpx (Mg#7i.6-79.4 - salite-augite);
spinel (Mg-AI-titarromagnetlte);
alteration material



SS2-6

SS1-1

Salite FeriDsaltte

Ferroaugite

Ferroaugita

Ferroaugrte

Ferroaugite

Figure 3.6: Representative electron microprobe analyses of a) plagioclase and b) clinopyroxene
wKhIn Soela Seamount samples SS1-1 (open circles), SS2-4 (open squares - clinopyroxene only),
SS2-6 (filled diamonds - plagioclase only), SS3 (crosses), SS4-4 (filledcircles - plagioclase only) and
SS5 (open diamonds).
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Magnesiofsmta
MgFe204 or Mg2Ti04

Spinel 4
M9AI2O4

Magnetito or Ulvospinel
Fe304 or Fe2T104

Hercynite FeAl204

Magnesiochromlte Mt
Mg Cr204

Chremlte
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Figure 3.7: Representative electron microprobe analyses of spinel within Soela Seamount
samples a) SS3, b) SS4-1 and c) SS5 plotted on modifiedJohnston spinel prisms peer et al., 1992: p.
560). Symbols used are: inclusion within olivine phenocryst (filled circle), inclusion within olivine
microphenocryst (filled diamond), inclusion within clinopyroxene (filled square), microphenocryst
(filled triangle), groundmass crystal (inverted filled triangle).
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Most of the Soela Seamount samples are porphyritic to giomeroporphyritic with a

plagioclase-phyric groundmass,. the latter commonly characterised by a pilotaxitic

arrangement. Possible disequilibrium textural features include crystal rim resorption and

reverse compositional zoning. The seven Soela alkali olivine basalts generally display these

features, and all contain phenocrysts of olivine and clinopyroxene, the latter commonly

enclosing olivine, plagioclase, and kaersutite. Although plagioclase is present as a

groundmass phase within all of the alkali olivine basalts, it is absent as a

phenocryst/microphenocryst phase in both 883 and 884-5. Groundmass olivine has not

been observed within all of the samples, however, alteration material, predominantly clay,

may represent altered olivine.

The five Soela trachybasalt samples and the basaltic trachyandesite (881-1) are also

characterised by similar porphyritic to giomeroporphyritic textures. The trachybasalts are

distinguished by a rarity, or lack, of olivine in the groundmass, and although olivine is present

in 881-1 as both a phenocryst and groundmass phase, it is completely altered.

Soela Seamount alkali olivine basalts have similar compositional ranges for their

major phenocryst phases. Olivine phenocrysts (up to Mg#82) are less Mg-rich than their most

magnesian Balleny counterparts (up to Mg#87.4 in Balleny sample 35A-5). Clinopyroxene

phenocrysts are generally either of homogeneous salite composition or comprise rims of

salite around cores of either augite or diopside which are as magnesian as Mg#84.6 (884-2),

but more commonly range up to only Mg#82- Spinel inclusions within olivine phenocrysts

and/or microphenocrysts are generally Cr-rich. By comparison, spinel inclusions in both

clinopyroxene and plagioclase have a similar Mg-aluminous titanomagnetite composition.

Where present, plagioclase phenocrysts have a similar compositional range, generally

~An64.82. srid rarely extend to compositions as sodic as An54. Alkali basalt groundmass

phases include salite (Mg#71.6-74.2). plagioclase (generally Ansa-eg, but may be as sodic as

An29), Mg-aluminous titanomagnetite ± olivine.

Clinopyroxene phenocrysts within the 8oela trachybasalts are of salite composition

(up to Mg#79.4), and plagioclase microphenocrysts are of similar composition (An64.68) fo

those within the 8oela alkali basalts. Olivine microphenocrysts, where present, are

completely altered. Groundmass plagioclase is more sodic (An44.64), and groundmass

clinopyroxene (Mg#66.3-79.4) less calcic and magnesian, than the corresponding

phenocryst phases.

Within the most evolved 8oela sample (881-1), plagioclase and clinopyroxene

display a similar compositional range to the less evolved 8oela samples.

3.4.3 South Tasman Sea Seamounts:

Samples dredged from all three south Tasman Sea seamounts display at least some

degree of alteration, particularly evident as partial to complete olivine alteration and the

devitrification and/or alteration of groundmass glass. Electron microprobe mineral chemistry

data have therefore proved difficult to obtain. The petrography of samples analysed for major
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Table 3^: Petrography of samples dredged from the Janszoon, Zeehan and Heemskirk Seamounts. Notation as for Table 3.1.

Sample No. Rock Typo Texture Modal
Mineralogy

Phenocryete and microphenocryete Groundmass

Janszoon Seamount:
C1/84(2)2DB10 Trachybasalt Sparsely porphyritic

Hypocrystalline/pilotaxitic
groundmass
Sparsely vesicular

3 % altered olivtrre

1 %plagioclase
<1 %sp^

1) altered ollvine phenocrysts and microphenocrysts; Fe-oxide
ir^usions; rare clots
2) plagiociase microphenocrysts
3) spinel ptienocrysts

piagiodase (An4g.e5' labradorite);
altered olivine: Fe-oxides; altered
glass (?celadonite); smectite

C1/84<2)2DB 14
4

Basanlta Porphyritic
HypocrystaOlne
grourtdmass
Sparsely vesicular

1) altered oIKrine phermcrysts arxl microphenocrysts; Fe-oxide
inclusions
2) plagiociase microptrerrocrysts

piagiodase; altered olivine; Fe-
oxides; altered glass; smectite

Zeehan Seamount:
C17/8680B2/1 Trachyandesite Sparsely porphyritic/

glomeroporphyritic
Hypocrystadlne
groundmass

5 % pla^odase
1 %olivine

1 %cpx

1) plagiociase phenocrysts arvl microphenocrysts (An35^2 ~
arvtesine): cpx > spinel + oIKrine inclusions, sieve-like textures
2) olhrine microphenocrysts (Mgntst .8-34.1): spinel irrdusions,
zoning (U, R)
3) cpx phenocrysts and micropherrocrysts (Mg#3g.o.5o.8 - cores:
salite-ferrosalite, ferroaugite or augite; rims: ferrosalite or
lerroaugite): spinel (Mg-AI-titarMmagnetite) irtclusions, zoning (R)
4) glomerooysts: ollvine > cpx + plagiociase spinel

piagiodase; cpx; altered olivine; Fe-
oxides; devitrified glass

C17/86 8DB2/2 Trachyandesite Sparsely porptiyiitic/
glomeroporphyritic
Pilotaxitic groundmass

2 % plagiociase
1 %cpx
1 %olivrre
<1 % Fe-oxides

1) plagioctase phenocrysts (An38.42 - artdesine): zoning (N)
2) cpx phenocrysts and microphenocrysts (Mg#4o.8-52.6 - salite-
ferrosalite-fenoaugite): zoning (R), siniple twinning, spinel inclusions
3)olivine phenocrysts and micropherxxcrysts (Mg#^.2-36.4): zoning
(N, R), spinel (Mg-AFtitanomagnetite) irtdusions
4) spinel phenocrysts and microphenocrysts
5) glomerocrysts: cpx olivine 1 piagiodase

piagiodase; cpx (Mg«47.o.5o.o -
augite-ferroaugita); alter^ olivine;
Fe-oxides

C17/B6 80B2/5 Trachyandesite Sparsely porphyritic/
glomeroporphyritic
Pilotaxitic groundrrrass

4 % pla^odase
<1 %cpx
<1 % ollvine

<1 % Fe-oxides

1) piagiodase phenocrysts (An33.45 - artdesine)
2) cpx micropherxxxysts (Mg#53.2-54.9 - augite^ite): zoning (N)
3) olivine microphenocrysts (Mgt^^ .8-33.1)^ zoning (N,R)
4) Fe-oxide pttenocrysts aixl mictDpherxicrysts
5) rare glomerocrysts: cpx 4- olivine 1 piagiodase

piagiodase (An37.3g - arxlesine);
cpx; altered olivine; Fe-oxides



ro

Table 3.3: (continued)

Sample No.

Zeehan Seamount:
C17/86 8DB3/4

Rock Type Texture Modal
JMIneralogj^

Trachyandesite Sparsely porphyritic/ 3 % plagioclase
glomeroporphyritic 1 % spinel
Irregular pilotaxitic <1 % divine
groundmass <i % cpx

Phenpcryata and mlcrophenocryata

1) plagioclase phenocrysis and microphenocrystB (An35.4e -
andesine): zoning (N, R)
2) spinel (Mg-AI-titarwmagnetite) pbenocrysts
3) olivine pherrocrysts and micropihenocrysts (Mg#2g.4.35.8): zoning
(U. N, R). cpx (Mgt^ 6*salite) +spinel (Mg-Ai-titanomagrietito)
inclusions
4) cpx phenocrystsand microphenocrysts (Mg#39 7.53 3 -
ferroaugite-ferrosalite): zoning (N, R), spinel(Al-titanomagnetite)
inclusions
5) glomerocrysts; cpx + divine + plagioclase + Fe-oxides

Heemskirk Seamount:
C17/B67DB 1/10 Trachytrasalt Hypocrystalline/

sparsely porphyritic
Vesicular

<1 % plagioclase rare partly resort>ed plagioclase phenocrysts

C17/86 7DB 1/13 Trachybasalt Aphyric
Vesicular

Groundmaaa

plagioclase (An3o.3a - andesine);
cpx (Mg#46.4-50.3 - augite-
ferroaugite) microlites; olivine
(Mg#3o.i-3i.o); spinel (Al-
titanomagnetite)

1) plagiodase lattis
2) cornpletely altered divine
3) Fe-oxides
4) devitrified brown glassy matrix

1) plagioclase (An3g45 - andesine)
2) cpx (Mg#54,5.6i3" augite)
3) compietaly altered ofivine
4) Fe-oxides



8DB2/5
3

b.
Salite Ferrosalite

Augite Ferroaugita

4 ^ ^

Augite Ferroaugite

XXl-

Augite Ferroaugite

Figure 3.8: Representative electron microprobe analyses of a) plagioclase and b)
clinopyroxene within samples from Janszoon Seamount - 20B 10 (open circles - plagioclase only),
Zeehan Seamount - BDB 2/1 (filled circles - clinopyroxene only), 8DB 2/2 (open squares -
clinopyroxene only), 8DB 2/5 (crosses), 8DB 3/4(open diamonds • clinopyroxene only) and Heemskirk
Seamount - 70B 1/13 (filled diamonds).
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and trace element compositions is summarised in Table 3.3. Representative silicate mineral

analyses are presented in Figure 3.8.

The basanite and trachybasalt samples from Janszoon Seamount have similar

petrographic textures, dominated by elongate and partially aligned plagioclase laths.

Phenocrystic and groundmass olivines are completely altered to Fe-stained clay

pseudomorphs which exhibit extensive rim resorption. No clinopyroxene is visible in either

sample and interstitial glass is completely altered.

The four trachyandesite samples recovered from Zeehan Seamount have similar

sparsely porphyritic/glomeroporphyritic textures. The major phases, olivine, clinopyroxene,

plagioclase and Fe-oxides, occur as isolated phenocrysts and/or microphenocrysts within

the groundmass, and have similar compositions in all four samples. Olivine (Mg#29,2-36.4)

and clinopyroxene (up to Mg#54.9) phenocrysts and microphenocrysts have limited

compositional ranges, the latter defining a small field which overlaps the salite, augite,

ferrosalite and ferroaugite compositional boundaries. Spinel phenocrysts and

microphenocrysts have similar Mg-aluminous titanomagnetite compositions to inclusions

within both olivine and clinopyroxene. Plagioclase also has a limited (andesine)

compositional range (An33-46) and may contain inclusions of all other mineral phases. The

groundmass of Zeehan sample 8DB 2/1 is dominated by devitrified glass and lacks the

plagioclase-phyric texture of the other trachyandesites.

The trachybasalts from Heemskirk Seamount are both extremely vesicular. Sample

7DB 1/13, the less altered of the two, is very fine-grained (<0.1 mm) and plagioclase-phyric.

Sample 7DB 1/10 is less plagioclase-phyric, comprising fine plagioclase laths (up to 0.1 mm

in length) scattered through a groundmass dominated by finely divided Fe-oxides and

altered glass. Fine-grained olivine is completely altered and partly resorbed in both samples.

3.5 MAJOR ELEMENT GEOCHEMISTRY:

The major element compositions of the Balleny Province and Soela Seamount

samples were determined by X-ray fluorescence (XRF) spectrometfy (Philips PW 1410

spectrometer). The major element compositions of the south Tasman Sea seamount

samples were determined by either XRF (Philips PW 1480 spectrometer) or Ir strip electron

microprobe analysis (as indicated in Table 3.6). Analytical procedures are discussed in

Appendix 2. Throughout this thesis whole-rock Mg-value or Mg# =

FeO* FepOawhere FeO = ?—q— and FeO* = FeO +(0.9 x Fe203) assuming - - = 0.2,
1 ^ (0.9 X

unless otherwise stated.
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SMindarMtwfd p| M-ovaf—turated qu

Si-Mtursted

Figure 3.9: Projection of the normative basalt tetrahedron (Yoder and Tilley, 1962) for
samples dredged from the Heemskirk (open circles), Zeehan (filled squares), Janszoon (filled
diamonds) and Soela (crosses) seamounts and submarine Balleny Province samples (crosses within

FeoOs
squares): ~p^o~= 0-2 'orCIPW normative (wt %) calculations; mineral abbreviations: Ne - nepheline,
01 - olivine, Di - diopside, Hy - hypersthene, Qtz - quartz.

3.5.1 Balleny Province:

Submarine Balleny Province samples have alkaline affinities and define a Si02-

undersaturated (Figure 3.9) fractionation trend from basanrte and alkali olivine basalt through

trachybasalt to phonotephrite and trachyte compositions (Table 3.4; Figure 3.3).

Fractionation is controlled predominantly by olivine and accessory Cr-rich spinel, as

evidenced by the decrease in Ni and Cr with decreasing MgO content (Figure 3.10). The

relatively constant CaO and FeO* contents down to -5 wt % MgO are consistent with

clinopyroxene fractionation, whereas the steady increase in AI2O3 and Na20 with

decreasing MgO content indicates an insignificant role for plagioclase fractionation. The two

most evolved Balleny samples (35A-1 and 35A-2) have relatively high Na20, K2O and AI2O3,

consistent with feldspar accumulation, whereas the low FeO* and Ti02 contents of trachyte

sample 35A-2 implysignificant titanomagnetite fractionation. In contrast, trachybasalt sample

35A-4 has high FeO* and Ti02 relative to the trend defined by the other Balleny samples,

and basanite sample 35A-7 has high FeO*, relative to rocks of similar MgO content such as

sample 35B-2.

If the strict definition of Frey et al. (1978: whole-rock atomic Mg#^8; Ni >320 ppm) is

used to distinguish primary melts, none of the Balleny Province samples studied here can be

considered as such. This is particularly true if the whole-rock Mg-values of these samples are

influenced by cumulate phases; disequilibrium textures (Section 3.4) and equilibrium mineral
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Rgure 3,10: MgO (wt %) versus major elements plus Ni and Cr for submarine Balleny Province (dredge 35A - open triangles; dredge 35B -crosses within squares),
Soela Seamount (crosses), Janszoon Seamount (filled diamonds), Zeehan Seamount (filled squares) and Heemskirfc Seamount (open circles) samples Relative fractionatiorl
v^ors were plotted from a point intermediate to the positions of samples 35A-5 and 35A-7 (MgO -10 wt %) in each diagram, using the following mineral compositions- SS4-1
olwine (01) -Table A3.3, analysis 3; SS4-1 clinopyroxene (Cpx) -Table A3.3, analysis 6; SS2-4 plagioclase (PI) -Table A3.3, analysis 12; 35A-5 spinel (Sp - pl^aste)'- Table
A3.2, analysis 5.



calculations (Appendix 3) imply thatforsteritic cumulate orxenocrystic olivine may have been

incorporated into at least some of the Balleny Province samples and may therefore have

enhanced whole-rock Mg#. However. Frey et al.'s (1978) definition is based on the

assumption that the source isa 'standard' upper mantle peridotite source, which may not be

true in the case of OIB source regions, thought to be located within the deep mantle and

influenced by crustal recycling and/or metasomatic processes (Chapter 1).

Previous studies of the geochemistry of rocks collected from Sabrina, Borradaile,

Sturgeand Buckle Islands, together with samples dredged from the Balleny Islands regjon

(Mawson, 1950; Kempe, 1973; Johnson et al., 1982; Campsie et al., 1983; Green, 1992)

have revealed a consistently undersaturated alkaline nature. Although somewhat different

rock classification schemes were used by these authors, a total alkali versus silica (TAS) plot

(Figure 3.11) indicates a similar fractionation sequence for subaerial Balleny samples - alkali

basalt, basanite, trachybasalt and phonotephrite - to the submarine Balleny Province

samples studied here.

SS

t
O

CM

+

o

a

10

Phonotephrite

basaltX /

Trachy-
andesite

Basaltic \
Basanite +/ \

andesite \/^

/

Basaltic

Andesite
Andesite/ Basalt

/

45 50 55

SIO2 (wt %)

60

Figure 3.11: TAS diagram of Le Bas et al. (1986) comparing the normalised compositions
of the submarine Balleny Province samples examined in this study (circles) with 22 Balleny Islands
subaerial samples (crosses). Data sources for the latter are: Mawson (1950), Johnson et al. (1982),
Green (1992) and J. Foden (unpublished data). Alkaline and tholeiitic fields are separated by the
diagonal (dashed) line of Macdonaldand Katsura (1964), as applied to the Hawaiian basalts.

80



3.5.2 Soela Seamount:

Soela Seamount samples also define an undersaturated (Figure 3.9) fractionation

sequence, from alkali basalt through trachybasalt to basaltic trachyandesite (Table 3.5),

which parallels the Balleny trend (Figure 3.3). Fractionation is again controlled predominantly

by oIK/ine and spinel, resulting in a general decrease in both Ni and Cr with decreasing MgO

content (Figure 3.10). The three nwst primitive Soela samples (alkali basalts SS3, SS4-1 and

SS2-4) display a trend of increasing CaO with decreasing MgO, suggesting that they were

relatively unaffected by clinopyroxene fractionation. A general decrease in CaO at lower

MgO values, however, suggests that the compositions of the more evolved Soela samples

were affected by clinopyroxene fractionation. A minor role for plagioclase fractionation is

indicated by the general increase in AI2O3 and relatively constant Na20 values which

accompany decreasing MgO.

The approximately parallel fractionation trends of the Balleny and Soela samples

suggest a similar parental magma composition and evolutionary history. Soela alkali basalt

samples SS3, SS4-1 and SS2-4 may represent more primitive melts than any of the Balleny

samples, with higher Ni contents and similar MgO contents to the least evolved of the

Balleny rocks (samples 35A-7 and 35A-5). All three of these Soela samples have abundant

phenocrysts, predominantly olivine and clinopyroxene, which would account for their

relatively high MgO, FeO* and Nicontents. In contrast to the Balleny samples though, these

phenocrysts appear to be in equilibrium with their host rock compositions (Appendix 3).

Therefore, sample SS3, with 346 ppm Ni and whole-rock Mg#64.7, could represent a primary

melt composition from a slightly Fe-enriched source. Inclusions of Cr-rich spinel within olivine

phenocrysts/microphenocrysts in these three samples are most likely responsible for their

high Cr contents, particularly that of sample SS4-1 with685 ppm Cr. It must be noted that the

spinel fractionation vector of the MgO versus Cr diagram (Rgure 3.10) was plotted using a

relatively Cr-poor pleonaste composition. A steeper decrease in Cr could therefore be

expected from the fractionation of more Cr-rich spinel. The low Na20 and AI2O3 values of

these three samples are consistent with their low nxxial plagioclase contents.

All of the Soela trachybasalts, plus alkali basalt sample 884-5, have relatively high

(>3 wt %) Ti02 which may be due to greater Ti-substitution within clinopyroxene in these

more evolved samples, as well as the possible presence of unobserved ilmenite in the

groundmass. Compared to rocks with similar MgO contents, the basaltic trachyandesite

(sample 881-1) has distinctly higherK2O and lower Ti02 and CaO values. The latter features

may be due to extensive prior clinopyroxene fractionation, or they may indicate that this

sample is not simply related to the other 8oela samples by crystal fractionation.
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Table 3 Major and trace element compositions of samples dredged from Soela Seamount.

Sample No: SS1-1 SS2-4 SS2-6 SS3 SS4-1 SS4-2 SS4-3 SS4-4 SS4-5

Major Elements (wt %):
Si02 47.99 41.87 46.91 45.15 43.24 45.74 46.95 44.12 46.54

T1O2 2.36 2.50 2.92 2.78 2.56 2.99 3.30 3.58 3.37

AI2O3 15.64 11.43 14.70 12.60 11.27 13.79 15.80 14.60 15.26

Fe203 11.53 13.17 12.19 13.45 13.26 11.48 10.69 11.94 9.85

FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

MnO 0.15 0.17 0.13 0.18 0.16 0.15 0.11 0.13 0.12
MgO 4.57 8.92 5.56 10.57 9.56 6.08 4.28 4.90 4.88

CaO 6.70 12.30 9.87 9.87 11.90 11.62 9.65 9.41 10.61

Na20 3.96 1.71 3.55 2.17 1.89 2.61 3.74 3.08 2.77

K2O 2.48 0.96 1.21 1.19 0.97 1.23 1.45 1.60 1.67

P2O5 1.20 0.43 0.47 0.47 0.41 0.52 0.59 0.81 0.75

LOI 3.27 7.03 2.59 1.19 4.63 2.91 3.20 5.47 3.90
Total 99.85 100.49 100.10 99.62 99.85 99.12 99.76 99.64 99.72

Mg# 48.08 61.28 51.59 64.74 62.75 55.31 48.34 48.95 53.65
FeO* 10.38 11.85 10.97 12.10 11.93 10.33 9.62 10.74 8.86

Trace Elements (ppm):
Ba 287 305 394 285 323 374 520 508
Rb 63 18 37 30 19 28 28 23 40
Mb 137 40 48 57 44 51 62 85 79
Sr 1014 451 498 532 469 548 641 793 824
Zr 554 185 225 242 192 233 279 331 325
Y 37 23 30 24 23 30 24 32 29
Ni 309 81 346 288 95 90 78 99
Cr 516 102 556 685 138 206 104 173
V 277 273 248 260 309 266 298 248
Sc 29 26 30 33 27 23 15 20
Cs 1.04 2.68 0.86 <0.5 1.28 <0.5 1.09
Hf 3.84 4.89 5.14 4.17 5.28 5.80 6.62
Ta 2.71 2.82 3.38 2.87 2.99 3.44 4.82
Th 2.90 3.66 5.01 3.26 3.95 4.54 5.33
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Tablo 3.5: (continued)

Sample No: SS4-6 SS4-7 SS4-8 SS5

Major Elementa (wt %):
SIO2 47.29 46.56 46.77 46.59

T1O2 3.42 3.50 2.99 3.29

AI2O3 16.08 15.93 14.79 15.74

F02O3 10.20 12.00 11.91 11.36

FeO 0.00 0.00 0.00 0.00
MnO 0.12 0.13 0.13 0.13
MgO 4.48 4.25 5.14 4.80
CaO 9.76 9.44 10.36 9.52
Na20 3.12 3.17 3.22 3.21
K2O 1.82 1.72 1.19 1.74

P2O5 0.70 0.73 0.52 0.80

LOI 2.81 2.60 2.66 2.88
Total 99.80 100.03 99.68 100.06

Mg# 50.65 45.28 50.21 49.68
FeO* 9.18 10.80 10.72 10.22

Trace Elements (ppm):
Ba 485 485 318 487
Rb 47 50 28 51
Nb 84 76 48 82
Sr 832 768 527 798
Zr 334 319 228 341
Y 28 33 29 30
Ni 73 41 80 98
Cr 60 10 168 152
V 256 284 299 267
So 18 15 28 20
Cs 2.05 1.18 0.98 1.62
Hf 6.77 6.33 4.91 6.68
Ta 5.29 4.82 2.80 4.47
7h 5.67 6.10 3.85 6.34
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Table 3.6: Major and trace element geochemistry of samples dredged from the Janszoon (C1/84(2) 2DB). Zeehan (C17/86 8DB) and Heemskirk (C17/86 7DB)
seamounts.

Sample No: C1/84(2) C1/84(2) C17/86
2DB 10 2DB 14 SOB 2/1

Major Elements (wt %):

SIO2
(Ir strip) (Ir strip) (Ir strip)

47.98 40.31 59.22

TIO2 3.40 2.55 1.08
AI2O3 19.81 17.64 16.86
Fe203 0.00 0.00 0.00
FeO 11.98 11.98 9.75
MfiO 0.07 0.07 0.19
MgO 1.50 1.06 1.19
CaO 7.91 14.05 4.54
Na20 3.57 3.69 4.08
K2O 1.38 1.09 2.38

P2O5 0.98 5.48 0.31
LOI

Total 98.58 97.92 99.60

Mg« 20.85 15.69 20.43
FeO* 11.98 11.98 9.75

Trace Elements (ppm):
Ba
Rb

Nb

Sr

Tt
Y
M

Or

V

So
Cs
Hf
Ta
fhpCRF)
Th (INAA)-
Pb

7.46

5.43

6.68

C17/86
SOB 2/2

(XRF)
56.81

1.05

16.04

10.27

0.00

0.22

1.24

4.30

5.37

2.61

0.33

1.79

100.03

22.01

9.24

462

44.5

76.1

280

602

77.2

2.5

3

2

13

12.40

4.85

7.60

6.37

4.00

C17/86 C17/86 C17/86 C17/86
8DB 2/5 8DB 3/4 7DB 1/10 7DB 1/13

(Ir strip) (Ir strip) (Ir strip) (Ir strip)
59.56 59.62 47.20 50.69

1.05 1.10 1.91 2.06
16.60 16.51 15.27 16.82
0.00 0.00 0.00 0.00
9.79 9.54 11.59 12.70
0.19 0.20 0.09 0.11
1.13 1.13 1.22 1.65
4.38 4.41 10.88 6.84
4.06 4.17 4.07 4.00
2.47 2.71 1.75 1.75
0.23 0.26 4.63 1.72

99.46 99.65 98.61 98.34

19.54 19.95 18.13 21.47
9.79 9.54 11.59 12.70

12.10

4.60

6.77

7.83

3.76

4.43



3.5.3 South Tasman Sea Seamounts:

All of the samples dredged from the south Tasman Sea seamounts are very

fractionated, with whole-rock Mg#<22 (Table 3.6; Figure 3.3). Due to the limited number and

evolved nature of the samples available for analysis, very little can be said about the

fractionation and/or crystallisation processes responsible for their major element

compositions.

Si02-undersaturated (Figure 3.9) samples from Janszoon Seamount comprise a

basanite and a trachybasalt (Rgure 3.3). Basanite sample 2DB 14 has extremely high CaO

and P2O5 contents (Table 3.6; Figure 3.10) which are alteration-related. Otherwise, the main

chemical features which distinguish the two samples are the higher Si02, AI2O3 and Ti02

contents of the trachybasalt (2DB 10). The four Zeehan Seamount samples are

compositionally very similar hypersthene-normative, Si02-oversaturated (Figure 3.9)

trachyandesites (Figure 3.3), probably derivedfrom the same volcanic sequence. Heemskirk

Seamount trachybasalts (Figure 3.3) have similarchemistry apart from the alteration-related

higher CaO and P2O5 contents of sample 7DB 1/10 (Table 3.6; Figure 3.10).

Alteration effects, particularly visible in the major element compositions of Janszoon

sample 2DB 14 and Heemskirk sample 7DB 1/10 may be responsible forthe anomalous data

spread of these samples in Figure 3.9.

It is notable that, whereas the Heemskirk and Janszoon Seamount samples have

alkaline affinities, Zeehan Seamount samples are hypersthene-normative trachyandesites.

The latter may therefore represent the differentiated products of the shield-building tholeiitic

phase of hotspot volcanism rather than the pre- or post-shield alkaline phase/s represented

by the Heemskirk, Janszoon, Soela and Balleny samples.

3.6 TRACE ELEMENT GEOCHEMISTRY:

Most of the Balleny Province and Soela Seamount trace element abundances were

measured by XRF spectrometry (Philips PW 1410 spectrometer); Cs, Hf, Ta and Th

abundances were measured by instrumental neutron activation analysis (INAA); south

Tasman Sea seamount trace elements were mostly analysed by inductively coupled plasma-

mass spectrometry (ICP-MS), due to limrted sample size, and INAA (Hf, Ta and Th) although

sample 017/86 BOB 2/2 was also analysed by XRF spectrometry (Philips PW 1480

spectrometer). Balleny Province REE concentrations were analysed by ion exchange - XRF

spectrometry (Philips PW 1410 spectrometer); Soela Seamount REE concentrations were

measured by INAA; and south Tasman Sea seamount REE abundances were measured by

INAA and/or ICP-MS. The analytical procedures are discussed in Appendix 2; ICP-MS data

are presented in Appendix 5. A comparison of ICP-MS, XRF and INAA REE and trace

element data is also presented in Appendix 5.
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3.6.1 Balleny Province:

The trace and REE contents of Balleny Province samples are presented in Tables

3.4 and 3.7 respectively.

Submarine Balleny Province samples have similar primitive mantle-normalised

incompatible element patterns (Figure 3.12), with the general enrichment in incompatible

elements characteristic of OIB (e.g. Sun, 1980; Wood et al., 1981; Sun and McDonough,

1989). Absolute normalised abundances show an overall increase with increasing

fractionation, from the lowest abundances in alkali basalt sample 35A-5 to the highest in

trachyte sample 35A-2. The predominant features, displayed by all samples regardless of

their degree of fractionation, include an overall increase in elemental abundance with

increasing incompatibility, a negative K anomaly, greater abundances of the HFSE Nb and Ta

relative to the adjacent LILE, a general decrease in the abundance of elements more

incompatible than Ta, and a slight Y depletion relative to the heavy REE (HREE). General

depletion in the LILE relative to Nb and Ta and the LREE is therefore indicated.

The most primitive samples, 35A-5, 35B-2 and 35A-4 display very similar

incompatible element patterns. However, some visible differences may be the product of

different extents of crystal fractionation and/or partial melting rather than a reflection of

source chemistry. Basanite sample 35B-2 is slightly depleted in P, whereas trachybasalt

sample 35A-4 is slightly depleted in both Sr and P with respect to the adjacent REE. The two

most evolved samples (35A-1 and 35A-2) display further anomalies. Phonotephrite sample

35A-1 and trachyte sample 35A-2 have negative Ti, P and Sr anomalies with respect to the

middle rare earth elements (MREE) and LREE respectively, and relative enrichment in Zr and

Hf. Negative Ti and P anomalies may be produced by the fractionation of phases such as

titanomagnetite and apatite. Due to their large ionic radii and ionic potential, elements such

as Cs, Ba and Rb would be expected to be relatively soluble in aqueous fluids (e.g. Weaver,

1991) and to behave in a mobile fashion during seafloor alteration. This may therefore be

responsible for the greatest relative depletion of Ba, in samples 35A-1 and 35A-2, the slight

relative Cs enrichment of sample 35A-1 and the relative Rb enrichment of sample 35A-2

compared to the other LILE.

Chondrite-normalised REE patterns for the same five Balleny Province samples

(Figure 3.13) are also generally similar. They display LREE enrichment and relative HREE

depletion, consistent with small degrees of melting of a source containing residual garnet

(e.g. Kay and Gast, 1973; Frey et al., 1978). Overall REE abundances increase with

increasing degrees of fractionation, particularly as regards the LREE. A slightly positive Eu

anomaly is displayed by all but sample 35A-2 (Figure 3.13). This may be a function of Its

variable and relatively low precision compared to the other MREE when measured by the ion

exchange - XRF method (Robinson et al., 1986). Trachybasalt sample 35A-4 is slightly

enriched in HREE compared to the other Balleny Province samples, and the most evolved

sample (35A-2) shows a strong increase in (La/Sm)n and a pronounced flattening of the REE

less incompatible than Sm relative to the less fractionated samples. This distinctive REE

86



Table 3.7: REE contents of submarine Balleny Province samples.

Sample No: E27-35A-1 E27-35A-2 E27-35A-4 E27-35A-5 E27-3SB-2

La 72.70 138.00 44.30 38.00 42.10

Ce 146.00 267.00 98.60 78.60 90.00

Pr 16.70 28.10 11.60 9.19 10.60

Nd 62.80 82.70 47.40 37.60 42.20

Sm 11.30 10.60 9.74 7.68 9.53

Eu 4.03 2.10 3.37 2.83 3.45

Gd 9.73 6.50 9.77 7.21 8.52

Dy 7.62 8.37 7.93 5.65 6.43

Er 3.97 5.38 4.56 2.81 3.42

Yb 3.61 5.12 3.35 2.21 2.63

1000 T—I—1—I—I—I—I—I—I—I—I—i—i—n
35A-1

f—35A-2

35A-4

35A-5

A—3$B-2

Cs RbBaTh NbTa K LaCe Pr Sr P NdSmZr Hf Eu 11 Gd Dy Y Er Yb

Element

Figure 3.12: Primitive mantle-normalised incompatible element patterns of five Balleny
Province samples; data from Tables 3.4 and 3.7; normalising values from Sun and McDonough (1989).
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Figure 3.13: Chondrite-normalised REE patterns of five Balleny Province samples; data
from Table 3.7; C1 cfiondrite normalising values from Sun and McDonough (1989).
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Table 3.8: Trace element abundance ratios for submarine and subaerial Balleny Province samples, Soela Seamount samples and south Tasman Sea seamount
samples preserrted as ranges underlain by the mean value ±1o error (numbers in bold type are the most well constrained: o/mean s-10 %); numbers in parentheses indicate the
number of an^yses used (n) to calculate both the ratio ranges and the mean values. Data sources for subaerial Balleny Island samples are Green (1992) and J. Foden
(unpublishM d^a). Tra<» element ratio ranges for the HIMU, EMI and EMM mantle end-members are derived from data used to compile Table 2.1; Average N-MORB and OIB ratios
were calculated using element wnwntration data from Table 1of Sun and McDonough (1989). All south Tasman Sea seamount ratios and Balleny and Soela ratios involving Uor
Pb were calculated using the ICP-MS data in Appendix 5 for both the numerator and denominator elements; all other ratios were calculated from the XRF and/or INAA data
presented in Chapter 3 data tables.

Rb/Nb Ba/Rb Ba/Th Ba/Nb Ba/La Th/U Th/Nb Th/La
Average N-MORB 0.24 11.25 53 2.70 2.52 2.55 0.05 0.05

Average OIB 0.65 11.29 88 7.29 9.46 3.92 0.08 0.11

HIMU 0.01-0.48 (62)
0.32±0.10

1.67-67.00 (61)
17.0±9.0

20-151 (41)
68±21

1.74-10.24(61)
5.3111.20

2.37-15.36 (56)
7.5311.74

2.58-9.59 (24)
4.2311.55

0.01-0.12 (42)
0.0810.02

0.07-0.17(41)
0.1110.02

EMI 0.14-1.61 (105)
0.60±0.25

6.67-100.59(105)
24.18±17.82

65-475 (58)
203178

5.35-23.33(114)
11.2713.01

2.92-19.11 (68)
9.1312.99

0.33-9.57 (8)
4.2113.14

0.02-0.12 (54)
0.0610.02

0.02-0.14 (58)
0.0510.03

EMU 0.31-1.64 (48)
0.93±0.24

7.76-30.75 (49)
12.85±4.88

57-119(18)
76116

6.42-15.57 (48)
11.1211.97

7.33-19.62 (39)
11.9312.8

3.94-5.13 (4)
4.4210.68

0.07-0.17(18)
0.1310.02

0.08-0.18 (18)
0.1410.03

Submarine
Balleny Province

0.32-0.50 (6)
0.44±0.07

11.47-16.53 (6)
12.87±1.92

64-92 (6)
72111

5.20-6.58 (6)
5.6010.52

9.26-9.34 (2) 3.62-4.74 (4)
3.9310.54

0.07-0.09 (6)
0.0810.008

0.13-0.15(2)

Subaerial
Balleny Province

0.38-0.98 (18)
0.52±0.13

5.00-6.40 (10)
5.7710.50

0.09-0.15 (8)
0.1210.02

Soela Seamount 0.27-0.77 (9)
0.52±0.14

8.24-22.61 (9)
13.34±4.23

77-99 (8)
8618

5.94-7.18 (9)
6.4910.38

10.50-12.59 (6)
11.3810.71

3.16-4.10 (3)
3.7010.49

0.07-0.09 (8)
0.0810.007

0.13-0.15 (6)
0.1410.008

Tasman Sea
Seamounts

0.11-0.55 (8)
0.42±0.15

9.85-43.04 (8)
16.08±11.25

57-74 (8)
6516

4.47-7.38 (8)
5.3210.90

3.17-7.90 (8)
6.3311.95

2.56-3.99 (8)
3.4510.47

0.07-0.10(8)
0.0810.009

0.04-0.13(8)
0.1010.04
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Table 3.8: (continued)

Nb/U Nb/Pb K/Nb La/Nb Ce/Rb Ce/Pb Zr/Nb

Average N-MORB 50 7.8 258 1.07 13.39 25 31.76

Average OIB 47 15 250 0.77 2.58 25 5.83

HIMU 33-143 (22)
56±25

10.4-40.2 (11)
23.6±8.3

13-292 (62)
120±52

0.07-0.85 (57)
0.70±0.14

0.50-12.10 (58)
4.69±1.83

17.3-54.2 (11)
34.38±10.51

0.36-5.49 (62)
3.85±1.05

EMI 44-80 (5)
56±15

11.4-12.2 (5)
11.77±0.35

77-709(114)
332±132

0.78-2.00 (64)
1.21±0.21

1.69-20.4 (60)
5.83±3.86

19.4-21.0 (5)
20.39±0.6S

5.80-18.57(114)
13.03±4.32

EMIl 2S48 (8)
36±7

4.5-13.3 (19)
8.57±2.37

125-684(49)
359±91

0.72-1.19 (39)
0.94±0.10

1.39-7.25 (43)
2.27±1.19

10.7-31.8(15)
18.48±6.11

4.63-8.68 (48)
7.11±0.91

Submarine
Balleny Province

39-82 (4)
6Q±18

27.5-37.5 (4)
32.47±4.33

148-196(6)
163±19

0.57-0.62 (2) 2.65-2.71 (2) 32.4-41.9 (4)
36.86±5.0

3.19-4.04 (6)
3.47±0.30

Subaerlal
Balleny Province

111-194(18)
167±21

3.11-4.33 (18)
3.64±0.31

Soela Seamount 43-54(3)
50±6

16.8-28.3 (3)
23.8±6.1

156-209(9)
i87±ia

0.56-0.59 (6)
0.58±0.01

1.62-2.89 (6)
2.33±0.49

22.0-34.8 (3)
30.27±7.17

3.89-4.75 (9)
4.38±0.30

Tasman Sea
Seamounta

25-55 (8)
43±9

2.8-23.5 (8)
13.87±7.28

92-306 (8)
209±72

0.63-2.33 (8)
0.98±0.59

2.66-12.01 (8)
4.37±3.16

5.1-31.8 (8)
19.22±9.89

3.63-7.20 (8)
5.90±1.45



pattern may be due to the late-stage fractionation of amphibole, which has relatively high

distribution coefficients for the MREE (e.g. Sm and Eu) (e.g. Cox et al., 1979). The positive

Rb anomaly of sample 35A-2, combined with a similar negative K anomaly to the other

Balleny Province samples, is consistent with the increase in Rb/K that would be expected

with the removal of K during amphibole fractionation.

The trace element abundance ratios of the submarine Balleny Province samples are

very similar to those of subaerial samples collected from the Balleny Islands (Table 3.8).

However, due to the paucity of Balleny Islands trace element data, only a few ratios are

available for comparison. Submarine Balleny Province volcanics, with >5 wt % MgO, are

characterised by low mean Rb/Nb, Ba/Nb, K/Nb, La/Nb and Zr/Nb relative to the average OIB

trace element values of Sun and McDonough (1989). Low Zr/Nb in subaerial Balleny

samples has been interpreted to reflect either source geochemistry or a plume-specific

metasomatic process (Green, 1992). The other trace element ratio distinctions indicate that

the Balleny Province volcanics differ from average OIB in terms of their low LILE/Nb and

LREE/Nb values. This is consistent with the general elemental depletions visible in Figure

3.12. Submarine Balleny Province volcanics also have high mean Ce/Pb and Nb/Pb values

relative to both average N-MORB and OIB, but similar mean Ce/Rb (Table 3.8). Therefore,

although high Nb/Pb could be interpreted as a product of relative HFSE enrichment, the

high Ce/Pb content suggests that Pb depletion is responsible instead.

3.6.2 Soela Seamount:

The trace and REE compositions of Soela Seamount samples are presented in

Tables 3.5 and 3.9 respectively.

Primitive mantle-normalised incompatible element patterns for Soela Seamount

samples (Figure 3.14) are all very similar, displaying typical OIB incompatible element

enrichment. Absolute elemental abundances are not strictly related to the degree of

fractionation, however, as sample SS3, the least evolved of the Soela samples, does not

have the lowest normalised element abundances, and the two trachybasalts, SS2-4 and

SS5, have higher absolute element abundances than all of the less fractionated alkali

basalts. The general pattern, similar to that of the Balleny Province samples, includes K

depletion relative to the adjacent LREE and HFSE, greater abundances of Nb and Ta relative

to the adjacent LILE, and a general decrease in the abundances of LILE nrrare incompatible

than Nb. The marked Cs enrichment of all Soela Seamount samples also occurs, although to

a lesser degree, in Balleny sample 35A-1 (Figure 3.12). Due to the extreme mobility of Cs

and the fact that that most samples display evidence of seafloor alteration, these Cs values

should be treated with caution. Other general Soela Seamount incompatible element

features, which are also evident in at least some Balleny Province samples, include slight

relative depletions in Y, Sr and P and slight enrichments in Zr, Hf and Ti.
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Figure 3.14: Primitive mantle-normalised incompatible element patterns of five Soela
Seamount samples; data from Tables 3.5 and 3.9; normalising values from Sun and McDonough
(1989).
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Figure 3.15: Chondrite-normalised REE patterns of five Soela Seamount samples; data
from Table 3.9; C1 chondrite normalising values from Sun and McDonough (1989).

Chondrite-normalised REE patterns for the same five Soela Seamount samples

(Figure 3.15) are similarly enriched in LREE and depleted in the HREE. The absence of a

positive Eu anomaly, as observed in all of the Balleny Province samples, supports the

contention that this apparent Eu enrichment in the latter is a function of the ion exchange-
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Table 3.9: REE compositions of samples dredged from Soela Seamount.

Sample No: SS2-4 SS2-6 SS3 SS4-1 SS4-2 SS4-3 SS4-6 SS4-7 SS5

La 22.80 26.80 33.80 25.50 29.40 28.80 41.00 43.90 46.40
Ce 50.10 60.10 74.50 54.90 64.10 63.30 86.80 93.20 98.90
Nd 27.10 32.70 33.70 28.80 33.70 31.60 45.40 44.40 48.00
Sm 5.83 7.25 7.15 6.41 7.82 7.00 8.63 9.34 9.52
Eu 1.85 2.24 2.21 1.88 2.35 2.33 2.76 2.92 2.93
Tb 0.82 0.90 0.96 0.79 1.01 0.96 0.96 1.24 1.12
Ho 0.74 0.93 0.91 0.74 0.92 0.96 1.05 1.11 1.11
Yb 1.03 1.73 1.49 1.25 1.60 1.67 1.73 2.13 1.85
Lu 0.13 0.23 0.17 0.17 0.21 0;21 0.22 0.28 0.23



XRF analytical method (Section 3.6.1), the Soela Seamount REE values having been

measured by INAA.

Trace element abundance ratios for Soela Seamount samples, with >5 wt % MgO,

are listed in Table 3.8. The Soela samples define relatively narrow trace element ratio ranges

which are remarkably similar to those measured for the Balleny Province samples. Their

Rb/Nb, Ba/Nb, K/Nb and Zr/Nb ranges extend to higher values than Balleny samples,

although mean Soela values are within errorof the latterand still lowerthan those of average

OIB. Soela Seamount samples may therefore be slightly less depleted in LILE relative to

HFSE than the Balleny Province rocks. Mean Soela Ba/La and Ba/Th values are also slightly

higher than Ballenyvalues, although Th/Nb and Th/La are virtually identical. This implies a

greater degree of Ba depletion relative to the LREE and other LILE in the Balleny source,

which is also suggested by the Ba low in the Balleny incompatible element plots of Figure

3.12. However, this may simply be an effect of seafloor alteration. Soela Seamount samples

also have mean Ce/Pb and Nb/Pb values slightly higher than average N-MORB and OIB

(Table 3.8) but slightly less than Balleny Province volcanics.

3.6.3 South Tasman Sea Seamounts:

The trace element and REE compositions of the south Tasman Sea seamount

samples are presented in Tables 3.6, 3.10 and A5.1.

As none of the analysed Tasman Sea seamount samples have ^ wt % MgO, it is not

possible to filter out the effects of lowpressure fractionation by excluding evolved samples,

and still make general observations about the trace element characteristics of the source/s of

the various seamounts. Therefore, the trace element contents of all Tasman Sea seartxjunt

samples will be examined here.

The primitive mantle-normalised incompatible element patterns of four Tasman Sea

seamount samples (Figure 3.16) do display similar features to both Balleny Province and

Soela Seamount volcanics, including decreasing abundances of elements more

incompatible than Nb, Kdepletion, and high Nb and Ta abundances relative to the adjacent

LILE. However, there are some differences which appear to be related to low pressure

fractionation and/or seafloor alteration.

Janszoon Seamount sample 2DB 10 has the steepest incompatible element

pattern, characterised by the lowest HREEabundances, slight Y depletions, and positive Zr,

Hf and Sr anomalies. Apart from the marked Sr enrichment, all of these other features can

also be observed in both Balleny Province and Soela Seamount samples, suggesting that

they may be related to source chemistry.

Zeehan Seamount samples 8DB 2/2 and 8DB 3/4 have virtually identical

incompatible element patterns. Slight depletions in Y and Sr, and enrichments in Zr and Hf

are all consistent with obsenred characteristics of Balleny and Soela rocks. The large Ti and P

depletions probably result from the fractionation of titanomagnetite and apatite respectively.
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Table 3.10: REE (INAA) geochemistry of samples dredged from the Janszoon (C1/84(2)
2DB), Zeehan (C17/86 8DB) and Heemskirk (C17/86 7DB) seairtounts.

Sample No: 01/84(2)
2DB 10

017/86

BOB 2/2

017/86

8DB 3/4

017/86

7DB 1/13

La 52.80 51.40 51.60 87.60

Ce 108.00 114.00 112.00 88.80

Nd 54.10 61.10 54.30 114.00

Sm 10.30 13.40 13.40 23.40

Eu 3.27 3.99 3.91 7.32

Tb 1.36 2.10 2.18 3.87

Ho 1.57 2.94 2.62 4.92

Yb 2.74 6.50 6.43 14.10

Lu 0.39 0.99 0.93 2.24
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Figure 3.16: Primitive mantle-normalised incompatible element patterns of south Tasman
Sea seamount samples using ICP-MS data from Table A5.1: normalising values from Sun and
McDonough (1989).
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Figure 3.17: Chondrite-normalised REE patterns of south Tasman Sea seamount samples;
data from Table 3.10; C1 chondrite normalising values from Sun and McDonough (1989).
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Heemskirk Seamount sample 7DB 1/13 has a flatter incompatible element pattern

than the other Tasman Sea samples, with relativedepletions in Ti, Zr, Hf, Sm, Ce and Sr and

a marked positive Laanomaly relative to the other LREE, Ta and Nb. Although it has a similar

pattern to the Balleny Province, Soela Seamountand other Tasman Sea seamount samples

in terms of the most incompatible elements, sample 7DB 1/13 is very different in terms of

most other normalised elements.

The chondrite-normalised REE patterns of four south Tasman Sea seamount

samples are shown in Rgure 3.17. All samples display relative enrichment in LREE, variable

degrees of MREE and HREE depletion, a decrease in the gradient of the pattem at the

HREE end, and a slight depletion in Eu. Zeehan (dredge 8DB) and Janszoon (dredge 2DB)

samples have very similar LREE abundances. Whereas the two Zeehan samples also have

very similar MREE and HREE abundances, however, the slightly less evolved Janszoon

sample has lower abundances of both. The Heemskirk Seamount trachybasalt sample

(dredge 7DB) has a slightly higher MgO content than the other samples, but the highest

REE abundances. It is also distinguished by a marked negative Ce anomaly, which is almost

certainly alteration-related.

Despite the evolved and often altered nature of the Tasman Sea seamount samples,

they have still retained some distinct trace element abundance ratios that are similar to both

the Balleny Province and Soela Seamount volcanics (Table 3.8; Rgure 3.18). Most samples

have low LILE/HFSE and LILE/LREE values, evident as low Rb/Nb, K/Nb and La/Nb. The La

enrichment of Heemskirk sample 7DB 1/13 (Rgure 3.16) is evident in its low Th/La and Ba/La

values and its high La/Nb. Zeehan trachyandesite samples 8DB 2/2 and 8DB 3/4 have high

Zr/Nb relative to the other samples analysed during this study. As the latter all have alkaline

affinities, it seems likely that the higher Zr/Nb values of the tholeiitic Zeehan samples are a

product of higher degrees of partial melting. The slightly higher K/Nb and lower Ce/Pb and

Nb/Pb values of the Tasman Sea seamount volcanics, relative to Balleny Province and Soela

Seamount basalts, may also be the products of seafloor processes involving the addition of

K and Pb.

3.6.4 Trace Element Comparison with the Mantle End-member

Components:

The characteristic incompatible element pattern displayed by the Balleny Province,

Soela Seamount and south Tasman Sea seamount samples (Figures 3.12, 3.14 and 3.16) is

broadly similar to that of the HIMU basalts (Mangaia, Rurutu, Tubuai and St. Helena)

discussed in Chapter 2. The main similarities include an apparent enrichment in the HFSE

(Nb and Ta) relative to the adjacent LILE, a negative Kanomaly and a general depletion in the

normalised abundances of elements more incompatible than Ta. Although Balleny Plume

basalts lack the positive Pb anomalies evident in the Pitcaim Island/Seamount EMI basalts

and some EMU basalts (Rgures 2.6 and 2.7 respectively), Pitcairn samples do display similar
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relative LILE depletions and Nb-Ta enrichments to the HIMU basalts, indicating that these

features are not strictly limited to isotopically-defined HIMU OIB.

The similar trace element abundance ratios of Balleny Province, Soela Seamount

and south Tasman Sea seamount samples suggest a similar source chemistry, consistent

with the idea that they derive from the same mantle plume source. Compared to those of the

DMM (N-MORB), HIMU, EMI and EMU mantle end-member components in Table 3.8 and

Figure 3.18, Balleny Plume trace element ratjos are generally close to those of the HIMU

basalts, characterised by low LILE/HFSE (Rb/Nb, K/Nband Ba/Nb) and LREE/HFSE (La/Nb)

values, compared to the EM OIB and average N-MORB components, as well as low Zr/Nb

values and high Ce/Pb and Nb/Pb, indicative of Pb depletion in the source. It should be

noted that, although the Zeehan Seamount Zr/Nb values are higher than the other Balleny

Plume samples, a probable consequence of higher degrees of melting, they are still lower

than those of the EMI Koolau tholeiites (upper field in La/Nb versus Zr/Nb plot of Figure

3.18), consistent withthe idea that low Zr/Nb values are a Balleny Plume source feature.

Although Soela Seamount samples are generally similar to the other Balleny Plume

and HIMU basalts, their slightly higher Ba/La, Th/La, Ba/Nb and Zr/Nb values plot outside the

HIMU field, the former overlapping with EMM end-member basalts, and suggest a possible

relative enrichment or slightly lesser depletion in LILE, relative to both LREE and HFSE in

the Soela Seamount volcanics.

3.6.5 Summary of Balleny Plume Trace Element Geochemistry:

The Balleny Province, Soela Seamount and Tasman Sea seamount samples have

similar trace element characteristics, consistent with a similar source geochemistry and

derivation from a common mantle plume. This source, geochemically like other HIMU OIB

mantle source regions, is depleted in LILE and LREE relative to the HFSE (Nb and Ta), has

low Zr/Nb values and high Ce/Pb and Nb/Pb, indicative of Pb depletion. The apparent slight

enrichment in LILE of Soela Seamount rocks, relative to the Balleny Province volcanics,

does not appear to represent overall temporal plume evolution due to the lack of similar or

greater relative LILE enrichment in the Tasman Sea seamount volcanics. However, due to

the degree of alteration of the Tasman Sea seamount samples, and the relative mobility of

the LILE, this possibility cannot be completely ruled out.

3.7 RADiOGENIC ISOTOPE CHEMISTRY:

Radiogenic isotope data for all Balleny Plume samples are presented in Tables 3.11

and 3.12; analytical methods are described in Appendix 2. Initial isotopic ratios were

calculated using an approximate maximum age for each island or seamount and the

equations presented in Appendix 6. The methods used to calculate initial CNd and esr values

(Table 3.11) as well as p (Table 3.12) and k values are also presented in /^pendix 6.

98



Inan attempt to negate the effects of seafloor alteration processes on the Sr, Ndand

Pb isotopic ratios of the Balleny Plume rocks, samples were acid-leached (as described in

Appendix 2) prior to isotopic analysis. However, the effects of acid-leaching on whole-rock

elemental concentrations and ratios are relatively unpredictable. To quote Mahoney (1987:

p. 212) "...elemental abundances in the [leached] residues therefore do not represent

original bulk-rock compositions", and Mahoney and Spencer (1991: p. 200) "...because

leaching tends to modify bulkcomposition, elemental abundances and interelement ratios in

leached samples should not be taken as representative of magmatic values...". The main

problem with acid-leaching is that it may result in the removalof, in addition to altered portions

of a sample, some of the actual unaltered rock. Although the original isotopic ratios should

be obtainable after leaching, provided that some of the original sample remains, elemental

concentrations, and therefore elemental ratios, will change if some of the unaltered sample is

removed during leaching. For this reason, no attempt was made to measure elemental

concentrations on the same acid-leached aliquots that were used for isotopic work. Although

ICP-MS trace element and REE abundances are available (Appendix 5: Table A5.1) for

unleached equivalents of these Balleny Plume samples, the probability that seafloor

processes have affected at least some elemental abundances within these rocks dictates

that these data may also not be appropriate for the purposes of calculating initial isotopic

ratios. In order to circumvent this problem, literature-derived trace and REE data have been

used. Therefore, it must be noted that these values do not necessarily represent the correct

initial isoptopic ratios for the Balleny Plume rocks, but are the best approximations possible

under the circumstances. As a result, some of the ensueing interpretation/s and

discussion/s of the Balleny Plume isotopic data may be subject to some debate.

Values used to calculate the initial isotopic ratios of the Balleny Plume samples

(Tables 3.11 and 3.12) are derived from ICP-MS analyses of subaerial Balleny Islands

samples (Gill and Collerson, in prep.) which are considered to be relatively pristine (ie.

unleached and leached samples produced similar Sr isotope ratios). Where possible, data

from rocks with comparable major element compositions have been used. However, this was

not always possible because no rocks as evolved as the Balleny Province phonotephrite

(sample 35A-1) or with tholeiitic affinities, which could be equated with the trachyandesites

from Zeehan Seamount, have been located to date on the Balleny Islands. Initial isotopic

ratios for Balleny Province samples 35A-1, 35A-4 and 35B-2, Soela Seamount samples

SS4-7 and SS5, and all of the Tasman Sea seamount samples have been calculated using

the following data (mean ppm concentrations ± standard deviation) for six

basanite/trachybasalt samples from Sabrina Island: Rb = 28.38 ± 2.26, Sr = 660 ± 33, Sm =

7.3 ± 0.41, Nd = 35.95 ± 1.66, Pb = 2.48 ± 0.21, Th = 4.72 ± 0.42, U = 1.39 ± 0.12;

®^Rb/®®Sr = 0.1244, '̂̂ ^Sm/ '̂̂ '̂ Nd = 0.1228, k = 3.51. Initial isotopic ratios for Balleny

Province sample 35A-5 and Soela Seamount sample SS3 were calculated using the

following data (mean ppm concentrations ± standard deviation) for three alkali olivine basalt

samples from Sturge Island: Rb = 19.25 ± 0.35 (twosamples only), Sr = 464 ± 44, Sm = 6.03
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±0.15, Nd = 28.97 ±0.91. Pb= 1.7 ±0.20, Th =2.97 ±0.06, U=0.89 ± 0.09; 87Rb/86sr =
0.1200.147sm/1'^'*Nd = 0.1259, k = 3.45.

The measured and initial radiogenic isotope ratios of the Balleny Plume volcanics are

compared in Figure 3.19. The values most affected by age correction are ®7Sr/®®Sr,
206pb/204pb and 208pb/204pb. The 207pb/204pb values of these rocks vary little with age

correction due to the relatively rapid rate ofdecayof235u to 207pb during the early history of

the Earth, and its relative depletion and negligible decay over the last billion years (e.g.

Gariepy and Dupre, 1991). The smallamount of Nd radiogenic growth with time is a function

of the relatively low rate of decay of ^^Sm to 43Nd, as dictated by the small decay constant

(6.54 X10"^2 a-1) and long half life (1.06 x 10^^ a) of '•'̂ ^Sm, compared to theother isotopic
systems examined here.

3.7.1 Balleny Province:

Although very few isotopic analyses have yet been reported on rocks from the

Balleny Province, available data for subaerial Balleny Islands samples (Hart, 1988; Gill and

Collerson, 1992; J. Foden, unpublished data) indicate the presence of a distinctive isotopic

signature characterised by high '̂̂ ®Nd/^ '̂̂ Nd (0.51291 - 0.51301) and low ®^Sr/®®Sr
(0.70276 - 0.70340) values, similar to MORB. Theirnegative esr (-15.5 to -24.7) and positive

ENd (+5.1 to +7.0) values are indicative of derivation from a mantle source with time-

integrated low Rb/Sr and Nd/Sm values indicating depletion in the most incompatible

elements (LILE and LREE) relative to bulk Earth. The Pb isotopic ratios of subaerial Balleny

Island rocks are also distinctive, with high 206pb/204pb (19.700 - 19.856), 207pb/204pb

(15.520 - 15.605) and 208pb/20'̂ Pb (39.399 - 39.850) values (Hart, 1988; Gill and Collerson,

1992), which are intermediate between those of MORB and HIMU GIBand indicative of time-

integrated high U/Pb and Th/Pb contents.

The Sr, Nd and Pb isotope ratios of four submarine Balleny Province samples,

ranging in composition from alkali olivine basalt through basanite and trachybasalt to

phonotephrite, were analysed during the course of this study. All four samples have similar

isotope ratios to subaerial Balleny Islands samples (Tables 3.11 and 3.12), with low ®^Sr/®®Sr

and high 1'̂ ^Nd/ '̂̂ ^Nd and Pb isotope ratios. Measured negative esr (-20.1 to -23.0) and

positive ENd (+5.4 to +6.7) values imply similar relative long-term depletions in LILE and

LREE to the Balleny Islands samples. A common mantle source for Balleny Province

submarine and subaerial samples can therefore be inferred.

3.7.2 Soela Seamount:

Two trachybasalts and an alkali olivine basalt, representing the least altered of the

Soela Seamount samples, were analysed for Sr, Nd and Pb isotopes (Tables 3.11 and 3.12).

Initial isotopic ratios, calculated assuming an age of 40 Ma for all three samples, are similar to

initial ratios calculated for the submarine Balleny Province samples (assumed age = 10 Ma),
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Table 3.11: ®^Sr/®®Sr and data for submarine Balleny Province and Soela, Janszoon, Zeehan and Heemskirk Seamount samples; errors (2amean)
associated with individual sample measurements indicate within-run precision only.

Sample No. Aqe 87sr/86sr ±2o (87sr/86sr)i eSrj 143Nd/144Nd ±2o (143Nd/144Nd)j eNdj^

Submarine Balleny Province:
E27-35A-1 10Ma 0.702924 21 0.702906 -22.4 0.512977 9 0.512969 6.5

E27-35A-4 10 Ma 0.703083 22 0.703065 -20.2 0.512927 9 0.512919 5.5

E27-35A-5 10 Ma 0.702890

0.702894

12

14

0.702873

0.702877

-22.9

-22.9 0.512988 8 0.512980 6.7

E27-35B-2 10 Ma 0.702882 12 0.702864 -23.1 0.512992 14 0.512984 6.8

Soela Seamount:
SS3 40 Ma 0.703216 18 0.703148 -18.5 0.512855 7 0.512822 4.4

SS4-7 40 Ma 0.703171

0.703124

13

17

0.703100

0.703053

-19.2

-19.9

0.512904

0.512886

6

7

0.512872

0.512854

5.3

5.0

SS5 40 Ma 0.703229 19 0.703158 -18.4 0.512857 7 0.512825 4.4

Janszoon Seamount:
C1/84 (2) 2DB 10 55 Ma 0.702906 16 0.702809 -23.1 0.512950 11 0.512906 6.4

C1/84 (2) 2DB 14 55 Ma 0.702906

0.702910

17

19

0.702809

0.702813

-23.1

-23.0

0.512959

0.512962

15

7

0.512915

0.512918

6.5

6.6

Zeehan Seamount:

C17/86 8DB 2/1 70 Ma 0.703360 14 0.703236 -17.0 0.512911 7 0.512855 5.8

C17/86 8DB 2/2 70 Ma 0.703391

0.703404

16

9

0.703267

0.703280

-16.6

-16.4 0.512930 4 0.512874 6.1

C17/86 8DB 2/5 70 Ma 0.703391 12 0.703267 -16.6 0.512939 7 0.512883 6.3

C17/86 8DB 3/4 70 Ma 0.703361 19 0.703237 -17.0 0.512923 9 0.512867 6.0

Heemskirk Seamount:
CK17/86 7DB 1/10 70 Ma 0.703009

0.703030

14

17

0.702885

0.702906

-22.0

-21.7

0.513131

0.513136

14

20

0.513075

0.513080

10.0

10.1

CK17/86 7DB 1/13 70 Ma 0.702996 19 0.702872 -22.2 0.512963 10 0.512907 6.8
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Table 3.12: 206pb/204pi3 207pb/204pi3 208pjj/204pi3 jjgig submarine Baileny Province and Soeia, Janszoon, Zeehan and Heemskirk Seamount samples.

Sample No. Age P
208pb/204p 1, (206pb/20*Pb)| 207pi,/204pb (207pb/204p|,), 208pb/204pb (208pb/204p|,),

Submarine Baileny Province:
E27-3SA-1 lOMa 36.72 19.743 19.686 15.608 15.605 39.456 39.392

E27-35A-4 10 Ma 36.89 19.849 19.792 15.624 15.621 39.692 39.628

E27-3SA-5 10 Ma 34.22

34.20

19.698

19.672

19.645

19.619

15.581

15.585

15.579

15.583

39.344

39.329

39.286

39.194

E27-35B-2 10 Ma 36.75 19.793 19.736 15.617 15.614
I

39.492 39.428

Soele Seamount:

SS3 40 Ma 34.62 20.015 19.799 15.649 15.639 39.856 39.619

SS4-7 40 Ma 37.00 20.029 19.799 15.632 15.621 39.762 39.505

SSS 40 Ma 37.12 20.061 19.830 15.640 15.629 39.898 39.640

Janszoon Seamount:

01/84 (2) 2DB 10 55 Ma 37.03

37.03

20.021

20.022

19.704

19.705

15.631

15.630

15.616

15.615

39.773

39.777

39.419

39.423

01/84 (2) 2DB 14 55 Ma 37.00

37.00

19.966

19.950

19.649

19.633

15.628

15.628

15.613

15.613

39.793

39.776

39.439

39.422

Zeehan Seamount:

017/86 80B 2/1 70 Ma 37.20 20.215 19.809 15.649 15.630 39.933 39.480

017/86 80B 2/2 70 Ma 37.46 20.360 19.951 15.757 15.738 40.196 39.740

017/86 8DB 2/5 70 Ma 37.20 20.214 19.808 15.649 15.630 39.929 39.476

017/88 8DB 3/4 70 Ma 37.23 20.228 19.822 15.662 15.643 39.961 39.508

Heemskirk Seamount:
OKI 7/86 7DB 1/10 70 Ma 37.72 20.727 20.315 15.710 15.690 40.466 40.007

OK17/88 7DB 1/13 70 Ma 37.66

37.64

20.635

20.627

20.224

20.216

15.699

15.692
15.680

15.673

40.406

40.385
39.962
39.927
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Figure 3.19: Comparison between the measured (open symbols) and initial (filled symbols)
isotopic ratios for the Balleny Province (squares), Soela Seamount (diamonds), Janszoon Seamount
(crosses - oblique crosses represent the age-corrected data), Zeehan Seamount (circles) and
Heemskirk Seamount (triangles) samples analysed during this stucly; data from Tables 3.11 and 3.12.
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Figure 3.20: Plots of initial radiogenic isotope ratios as calculated for submarine Balleny
Province (crosses within squares), Soela Seamount (crosses), Janszoon Seamount (filled diamonds),
Zeehan Seamount (filled squares) and Heemskirk Seamount (open circles) samples; data from Tables
3.11 and 3.12 - average values are plotted for duplicate analyses. Two Balleny Islands isotope
analyses of Hart (1988) are also included (open triangles): their initial isotopic ratios were calculated
using data from Gill and Collerson (in prep.). Data sources for HIMU OIB (Mangaia, Rimatara, Rurutu,
Tubuai and St. Helena) and MORB isotopic fields are as for Figure 1.1.
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and thereby imply derivation from a similar mantle source. However, the Soela samples

extend to slightly higher initial 206pb/204p5_ 207pb/204pb. 208pb/204pb and 87sr/86sr
values, and lower ^^Nd/ '̂̂ '̂ Nd values.

3.7.3 South Tasman Sea Seamounts:

The radiogenic isotope compositions of two Janszoon, four Zeehan and two

Heemskirk Seamount samples (Tables 3.11 and 3.12) are also very similar to Balleny

Province compositions, with distinctly high '♦^Nd/'''^'^Nd and Pb isotope ratios and low

87sr/86sr values for OIB, implying a similar mantle source. A general increase in initial

206pb/204pb and 208pb/204pb values is evident from Janszoon to Zeehan to Heemskirk

Seamount, all of which possess initial Pb isotope values which are slightly higher than, or

equivalent to, the most radiogenic values of the Balleny Province and Soela Seamount

samples. 207pb/204pb values are less easily interpreted due to considerable overlap

between Janszoon and Zeehan samples with the upper end of the Balleny and Soela range.

However, rocks from the Zeehan and Heemskirk Seamounts do possess the most

radiogenic 207pb/204pb contents whereas Balleny Province samples extend to the lowest

values.

Initial l^Nd/^^'^Nd values of Tasman Sea seamount samples are generally slightly

lower than those of both submarine and subaerial Balleny samples and overlap with those of

Soela Seamount rocks, but show no age progression from one seamount to the next. Initial

87sr/86sr values generally overlap with the range of the Balleny Province and Soela

Seamount samples.

3.7.4 Isotopic Characterisation of the Balleny Plume:

Examination of samples collected along the proposed -70 m.y. Balleny Plume trace

has revealed distinctive isotopic similarities, consistent with the idea of derivation from a

common mantle source, the Balleny Plume. According to the analyses performed during this

study, the plume ischaracterised isotopically by low initial 87sr/86sr (<0.7033) and high initial

l^Nd/'l'^'^Nd (>0.5128), somewhat similar to MORB values, plus high initial 206pb/204pb

(>19.62), 207pb/204pb (>15.58) and 208pb/204pb (>39.24), compared to all but the HIMU

oceanic basalts. These isotopic features, a consequence of the distinct long-term

parent/daughter element systematics of the source, indicate low time-integrated Rb/Sr and

Nd/Sm values consistent with depletion in the most incompatible elements (LILE and

LREE). Negative esr and positive eNd values in all Balleny Plume samples signify these

incompatible element depletions relative to bulk Earth. However, the high Pb isotopic ratios

of the Balleny Plume volcanics are indicative of time-integrated high U/Pb and Th/Pb in the

source, inconsistent with the idea of incompatible element depletion unless Pb suffered

even greater depletion at some time in the past, thereby producing the relatively high U/Pb

and Th/Pb source values.
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Figure 3.21: Approximate age (Ma) versus Initial radiogenic isotope ratios for submarine
Balleny Province (crosses within squares), Soela Seamount (crosses), Janszoon Seamount (filled
diamonds), Zeehan Seamount (filled squares) and Heemskirk Seamount (open circles) samples plus
the two Balleny Islands samples of Hart (1988 - open triangles); isotopic data as for Figure 3.20.
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Hart (1988) proposed that the Balleny Islands isotopic signature is a product of

mixing between two separate mantle reservoirs. The low ®7Sr/®®Sr and high Pb isotopic
ratios of the Balleny rocks are considered to form part of the No-EM array (Figure 1.1),

comprising variable mixtures ofthe DMM and HIMU mantle end-member components (Hart,

1988). The data arrays produced by the range of Balleny Plume samples on Pb-Pb isotope

plots (Figure 3.20) are consistent with derivation from mixing between two end-member

components, one of which coincides with the MORB field while the other has Pb isotope

values similar to those displayed by HIMU OIB. However, the trend displayed by Balleny

Plume volcanics as a whole in 206pb/204pb-208pb/204pb space (Figure 3.20) indicates that

they have slightly higher 208pb/204pb values thanother HIMU OIB, signifying slightly higher

Th/Pb in the Balleny Plume source. Whereas HIMU basalts plot below the NHRL of Hart

(1984), Balleny Plume samples plotalong it. If this NHRL does have an age significance (e.g.

Zindler and Hart, 1986), it indicates a similar time-integrated Th/U ratio (-4) for the Balleny

Plume and MORB sources, rather than the U/Th enrichment (a possible product of the

greater incompatibility of Th) of other known HIMU sources.

3.7.5 Temporal Isotopic Changes in the Balleny Plume:

Temporal isotopic changes in the Balleny Plume, particularly in terms of Pb isotope

ratios, do not simply reflect an 'evolving plume source' as proposed for some other hotspot

tracks, such as that associated with the Ninetyeast Ridge (Class et al., 1993). Whereas an

evolving source could be expected to produce more radiogenic isotope ratios with time due

to progressive radioactive decay (Class et al., 1993), Balleny Plume volcanism is

characterised by an overall decrease in Pb isotope values with time (Figure 3.21). The

Balleny Plume data array on Pb-Pb isotope plots (Figure 3.20) is, in fact, indicative of two

end-member mixing, the oldest Heemskirk Seamount samples plotting closest to the most

radiogenic end-member, a HIMU-like component enriched in both U/Pb and Th/Pb relative to

MORB and other OIB, whereas the youngest Balleny Plume samples, those from the Balleny

Islands region, overlap with the most radiogenic MORB (Figure 3.20). This is consistent with

the idea that depleted MORB mantle comprises the second end-member mixing

component, and indicates that the spread of Balleny Plume Pb-Pb data is a product of mixing

and has no overall age significance in terms of secondary isochrons resulting from mantle

differentiation event/s.

A decrease in radiogenic Pb, from the Heemskirk Seamount to the Balleny Province

samples, is particularly evident in terms of their calculated initial 206pt)/204pb anj
208pb/204pb values (Figure 3.21). Although this does appear to reflect a progressive

temporal isotopic change along the length of the Balleny Plume trace, this interpretation is

complicated by the relatively low Pb isotope values of the two Janszoon Seamount samples,

the latter overlapping with the calculated initial values of the significantly younger Balleny

Province rocks. Despite the fact that the Balleny Province samples have the lowest

207pb/204pb values and Tasman Sea samples have the highest, the range of initial
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207pb/204pb is relatively narrow (15.579-15.738). Although the Pb isotope ratios of Balleny

Plume samples imply time-integrated high U/Pb and Th/Pb values in the source, the greater

range of 206pb/204pb and 208pb/204pb suggest greater source enrichment in 238u and
232jh relative to 235u. This suggests that the U-Th/Pb enrichment event must have been

relatively recent, in keeping with the proposal of reduced 235u and negligible 207pb
production during the last billion years (e.g. Gariepy and Dupre, 1991).,

Balleny Plume initial 87Sr/®®Sr and •''̂ 3|sjci/l44N(j are more difficult to interpret. Most

values plot within, or close to, the field defined by HIMU basalts (Figure 3.20). Excluding

Soela Seamount samples, and the anomalously high '̂̂ ®Nd/''̂ '̂ Nd value of Heemskirk

sample 7DB 1/10, the highest '•^^Nd/ '̂̂ '̂ Nd values occur within the Balleny Province

volcanics and the lowest in the Tasman Sea seamount rocks, consistent with increasing

dilution of the plume by a depleted MORB source, with time. However, no correlatable

pattern is observed in terms of initial ®^Sr/®®Sr, due to the high values calculated for the

Zeehan Seamount samples. These high initial ratios may simply be an artifact of the trace

element values used (as discussed at the start of Section 3.7), no samples with similar whole-

rock chemistry to the Zeehan Seamount samples being available from the Balleny Islands.

Due to the fact that the measured trace element abundances (Table A5.1), which are

consistent from one Zeehan Seamount sample to the next, produce much higher ®7Rb/86Sr

values (0.4564 - 0.4987), their initial 8^Sr/®®Sr values may in fact be much lower (0.702895 -

0.702937) and thereby closer to the calculated values for the Heemskirk samples. If this is

the case, the Soela Seamount samples may actually extend to the highest initial 8^Sr/8®Sr

and lowest i^3|vjd/l44|sj(j values, indicative of slightly higher time-integrated Rb/Sr and

Nd/Sm values than the other Balleny Plume volcanics.

The higher 208pb/204pb values, at a given 206pb/204pb value, ofthe Balleny Plume

volcanics relative to other HIMU OIB make it difficult to define the composition of the Balleny

Plume source in terms of the HIMU-like end-member but they may actually expand the HIMU

field somewhat in 206pb/204pb.208pb/204pb space. Although it is clear that the Balleny

Plume volcanics are a product of variable mixing between a HIMU-like plume and depleted

MORB mantle, it is not possible to quantitatively evaluate the amount contributed by each of

these components. This is particularly true if source mixing rather than melt mixing has

occurred, due to the extra difficulties associated with determining source composition as

opposed to melt composition, for example the Pb content of the MORB source would not be

equivalent to that of the melt represented by an average MORB composition in the vicinity of

the hotspot. Despite mixing between these HIMU-like and depleted upper mantle sources,

the Balleny Plume volcanics still retain very high present-day p (238u/204pb) values (> 34:

Table 3.12) compared to the bulk Earth (9.1) and depleted mantle (4.7 to 5.9) values of

Gariepy and Dupre (1991).

Consideririg each location separately, it is possible to observe what appear to be

individual mixing trends in Sr-Nd space (Figure 3.20), particularly for the Balleny Province

and Soela Seamount samples. If the most plume-like component at each site is represented
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by the sample with the highest ®7sr/86sr and lowest (samples E27-35A-4 and
SS3/SS5 respectively), therefore being least like MORB, these Imixing arrays would project

towards an extremely depleted DMM end-member. Although constrained by very few data

points, the individual Balleny Province and Soela Seamount arrays appear to be continuous

and thereby project between the same end-member compositions. Compared to the Soela

array, the position of the Balleny array is closer to the DMM end-member implying that

different degrees of end-member mixing are involved at the different locations. It is not

possible, however, to plot individual mixing arrays for the Tasman Sea seamount samples,

due to the small number of data points and their location-based clustering (apart from the

apparently anomalous '̂̂ ^Nd/'i'̂ '̂ Nd value of Heemskirk sample 7DB 1/10), although they

mostly plot close to the mixing trend defined by the Soela Seamount and Balleny Province

samples in Sr-Nd space. If the initial Sr isotopic ratios of the Zeehan Seamount samples were

closer to those of the Heemskirk Seamount samples, as proposed above, they too would

plot close to this array, thereby lending support for the idea that the calculated initial isotopic

values for the Zeehan samples (Table 3.11) are incorrect. If this assumption holds true, then

the Tasman Sea seamount and Balleny Province samples would have a similar range of initial

87sr/86sr (Figures 3.20 and 3.21) and the Soela Seamount samples would possess the

highest ®^Sr/®®Sr values of all the Balleny Plume eruptives. This suggests that the Soela

source may have possessed a slight time-integrated enrichment in Rb/Sr relative to the rest

of the plume. An increased Incompatible element enrichment of the Soela source is in

keeping with the results of the trace element study in Section 3.6, in which Soela Seamount

basalts were found to be slightly enriched in LILEcompared to other Balleny Plume samples.

Possible explanations for these Soela Seamount geochemical deviations will be discussed

in the following section.

3.8 MODELLING BALLENY PLUME CHANGES:

The following discussion assumes that there is a progressive temporal isotopic

change along the Balleny Plume trace. Temporal changes in the composition of the Balleny

Plume, particularly in terms of its decreasing Pb isotope values, appears to be a product of

increasing dilution of a HIMU-like plume source by depleted upper mantle material.

Entrainment of surrounding mantle by the upwelling head of a starting plume is considered

to be related to the buoyancy flux of the plume (Griffiths and Campbell, 1990), whereby

those with the largest buoyancy fluxes experience the most rapid ascent and the least

dilution through ambient mantle entrainment and subsequent melting. The degree of

dilution of the remnant, and often long-lived, vertical plume conduit, following eruption of

melts from the plume head to form continental flood basalts or oceanic plateaus, or its

attachment to the overlying moving lithosphere, is also thought to be related predominantly
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Figure 3.22: Cartoon representation, based on the fluid dynamic experiments of Griffiths
and Campbell (1991), of the possible temporal increase in plume conduit inclination and
asthenospheric entralnmentfollowing detachment of the startingplume head.

to buoyancyflux (Griffiths and Campbell, 1991). The degree of deflection from the vertical of

the plume conduit, due to horizontal mantle shear flow produced by overlying plate motion

(Skilbeck and Whitehead, 1978; Whitehead, 1982), also contributes, although to a lesser

extent, to the degree of overlying mantle entralnment as a result of non-axisymmetric flow

within inclined conduits (Griffiths and Campbell, 1991).

As shear stresses are expected to be greatest within the upper mantle, thereby

resulting in the greatest degree of conduit inclination in this region (Richards and Griffiths,

1988; Griffiths and Campbell, 1991), entrained ambient material should therefore be

dominated by depleted upper mantle. Relatively weak plumes, characterised by the smallest

buoyancy flux and greatest horizontal deflection or tilt angle within the upper mantle, are

considered likely to entrain the greatest amount, as a fraction of their source flux, of this

overlying upper mantle material (Griffiths and Campbell, 1991). Entralnment of depleted

upper mantle by the Balleny Plume suggests that it may represent a relatively weak plume in

terms of its buoyancy flux. However, in order to avoid excessive dilution and subsequent

cooling, whereby ocean floor volcanism is unlikely to occur, the buoyancy flux of the Balleny

Plume must have been at least -10 ^ N s*'' (-0.3 Mg s"""), equivalent to that of the weakest

observed hotspot in terms of seafloor swell topography (Griffiths and Campbell, 1991).

Increasing dilution of the Balleny Plume by overlying upper mantle may reflect a

decrease in the buoyancy flux of this plume and/or an increase in the horizontal deflection of

the plume conduK with time (Figure 3.22). However, the actual degree of dilution depends

on how much of the entrained material is carried by the ascending plume through its mantle

solidus, rather than how much material is entrained, the latter resulting in stin-ing as opposed

to compositional mixing (Griffiths and Campbell, 1991). Therefore, the amount of entrained

upper mantle material ascending through its solidus may be increasing with time, reflecting



variable zonation within the plume. The apparent temporal dilution of the Balleny Plume is

consistent with the thermal plume modelling of Richards and Griffiths (1989). They predict

that a horizontally deflected plume will experience strong thermal entrainment of

surrounding mantle resuKing in strongly diluted material towards the 'upstream' side of the

volcanic centre (ie. the youngest hotspot emanations), with the least diluted material

occurring in the 'downstream' direction of plate movement (ie. the oldest hotspot volcanism).

The assumption that the Balleny Plume may represent a relatively weak plume, in

terms of its buoyancy flux, may assist in explaining several observed anomalies associated

with its trace. Lack of evidence for the extensive volcanism which is generally linked to the

eruption of melts from a plume head may simply be due to a lack of recognition resulting from

the relatively poorly studied nature of the eastern Tasman Sea region and the uncertainty

surrounding the exact location of the start of the plume trace. Alternatively, Griffiths and

Campbell (1990) suggest that the head ofa relatively weakplume (buoyancy flux <10'̂ Ns "")

may become detached from its source during ascent, prior to reaching the lithosphere or

even the upper mantle, thereby preventing the occurrence of a major volcanic event at the

start of the hotspot track. The relatively intermittent nature of volcanism along the Balleny

Plume trace may also be related to a small buoyancy flux, whereby weak plumes are thought

to become unstable and highly deflected due to mantle shear, resulting in their subsequent

break up into a series of small discrete diapirs which can ascend independently (Skilbeck and

Whitehead, 1978; Griffiths and Campbell, 1990). Although Jenkins et al. (unpublished) have

ascribed a total of 36 seamounts, as well as the subaerial Balleny Islands, to the Balleny

Plume, there are several regions along its trace where no surface expressions of the plume

have been recognised. These include a region of the Tasman Sea between seafloor

magnetic anomaly 32, east of the (extinct) spreading ridge and anomaly 26 to the west, and

from the area just south of anomaly 8 on the Indian-Australian Plate to anomaly 5 on the

Antarctic Plate. It is likely however, that these particular eruption-free regions are somehow

related to interaction of the plume with a spreading ridge, thought by Sleep (1992) to

produce a jump in the plume trace due to temporary capture of the plume by the ridge

(Chapters).

If the calculated initial Sr isotope ratios of the Zeehan Seamount samples (Table

3.11) are too high, as discussed above, then the high initial ®^Sr/®®Sr values of the Soela

Seamount samples imply slightly higher time-integrated Rb/Sr values relative to the other

Balleny Plume volcanics. This is not easily explained, particularly given the apparent lack of

disturbance of the Soela Pb isotope ratios. One explanation may be that the plume is

somewhat heterogeneous in terms of ®^Sr/®®Sr, so that a region with relatively high Sr

isotope ratios was tapped during the formation of Soela Seamount.

Eruption of the Soela Seamount volcanics may have been influenced by the change

of direction in the plume trace at -43 Ma, the bend in the trace being located close to the

East Tasman Plateau. Studies of the Hawaiian-Emperor bend indicate that a strong plume,

such as the Hawaiian Plume, is likely to remain stable during a change in the direction of plate

113



motion, resulting in very little horizontal displacement of the hotspot trace relative to the

underlying plume and a sharp bend in the hotspot trace (Griffiths and Richards, 1989).

However, Griffiths and Richards (1989) predict that a weak plume, such as the Balleny Plume

appears to be, will have a greater angle of tilt, a larger along-track adjustment distance to a

change in the direction of plate motion, and greater instability, all of which may result in the

conduit breaking up and ascending as discrete diapirs. If Soela Seanxjunt is the product of a

such a discrete diapir, due to break up of the plume conduit inthe vicinity of the East Tasman

Plateau, it is possible that a heterogenous part ofthe plume, slightly enriched in ®^Sr/®®Sr,

may have become separated in this region and formed the source of the Soela Seamount.

Altematively, if the East Tasman Plateau is in fact formed of continental rather than

oceanic crust, lithospheric contamination may be the cause of the Soela Seamount isotopic

anomalies. Although continental crust contamination could be expected to increase

87sr/86sr values, as observed in the Soela samples, the greater abundance of Pb in crustal

rocks would be expected to shift the Pb isotopes closer to crustal values than either the Sr or

Nd isotope ratios (e.g. Gariepy and Dupre, 1991), thereby displacing the Soela Seamount

samples from the Balleny Plume linear Pb-Pb mixing trends (Figure 3.20). The apparent lack

of influence by a crustal end-member on the Pb isotope compositions of the Soela

Seamount samples is difficult to reconcile witha model involving contamination.

3.9 CONCLUSIONS:

The trace of the Balleny Plume has hereto been based primarily on plate tectonic

reconstructions and the age progression displayed by a curved chain of seamounts

extending from the Balleny Islands region back to the south Tasman Sea. Using Sr, Nd and

Pb isotopes and certain trace element ratios as source tracers^ the compositions of samples

from the Balleny Islands and four seamounts located along the proposed hotspot track are

deemed to be consistent with derivation from a single mantle plume source, and with the

proposed spatial evolution of the Balleny Plume.

Isotopically, the Balleny Plume ischaracterised.by low ®^Sr/®®Sr, high '̂̂ 3fyjc|/l44|vjjj
206pb/204pj3 207pb/204pb and 208pb/204pb values, indicative of a source with time-

integrated low Rb/Sr and Nd/Sm contents and high U/Pb and Th/Pb values. Although the

latter appear to be paradoxical with respect to the LILE and LREE depletions indicated by

the ®^Sr/®®Sr and I'̂ ^Nd/ '̂̂ ^Nd values, this is not the case if the high U/Pband Th/Pb values

are a product of ancient Pb depletion in the source.

Incompatible trace element features of the Balleny Plume volcanics include low

LILE/HFSE, LREE/HFSE and Zr/Nb values plus high Nb/Pb and Ce/Pb values compared to

MORB and, all but HIMU, OIB. These latter features, along with the similarity of Balleny Plume

Nb/U and Th/U values to those of all other oceanic basaHs (MORB and OIB), lend support to
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the idea that the high U/Pb and Th/Pb responsible for the high Pb isotope values of Balleny

Plume volcanics are predominantly a product of time-integrated Pb depletion in the source.

The radiogenic isotope and trace element characteristics of Balleny Plume volcanics

indicate a HIMU-like composition for the Balleny Plume. The actual plume end-member

composition is unknown due to apparent dilution by depleted upper mantle material (DMM).

However, it appears to have a slightly higher time-integrated Th/U value than other known

HIMU sources, 208pb/204pt) for the oldest and most radiogenic Balleny Plume samples

plotting above the HIMU field in 206pb/204p|3.208pb/204pb space.

Apart from the trachyandesites of Zeehan Seamount, which may represent a

tholeiitic shield-building phase of volcanism, all other samples are Si02-undersaturated and

define fractionation trends controlled predominantly by olivine, and subordinate

clinopyroxene and spinel, from alkali basalt/basanite through to trachyte compositions.

Data arrays defined by Balleny Plume volcanics in Pb-Pb space represent mixing

arrays between a HIMU-like plume component and a depleted upper mantle MORB source

(DMM). Dilutionof the plume source appears to have increased with time, adding a temporal

significance to the Pb-Pb mixing arrays. This temporal mixing trend is less clear in Sr-Nd

isotopic space, although the Soela Seamount and Balleny Province samples do seem to

define a continuous mixing array between a very depleted upper mantle component (DMM)

and a HIMU-like plume component, with the Soela Seamount data plotting closest to the

plume end-member.

The anomalously high ®^Sr/®®Sr values of the Soela Seamount basalts, assuming

that the calculated initial ®^Sr/®®Sr values for the Zeehan Seamount samples are incorrect,

suggest time-integrated enrichment in Rb/Sr relative to the other Balleny Plume volcanics.

This enhanced incompatible element enrichment is consistent with the slightly greater

LILE/HFSE values observed in the Soela trace element abundance ratios, and may be a

product of either plume heterogeneity or contamination at this site.

Entrainment of upper mantle material by the Balleny Plume is indicative of a relatively

small plume buoyancy flux. Experimental studies suggest that the conduits of weak plumes,

such as this, may become inclined due to shear stresses in the upper mantle, resuHing in

significant entrainment of overlying mantle material. Increasing plume dilution could

therefore indicate that the buoyancy flux of the Balleny Plume decreased with time, resulting

in a greater horizontal deflection and increasing upper mantle entrainment. Alternatively,

some form of zonation may exist within the plume source resulting in an increase in the

amount of entrained DMM material which accompanies the plume through the mantle solidus

with time.

The fourth aim of this chapter, an attempt to further constrain the characteristics of

the HIMU mantle end-member through the study of the Balleny Plume, has proved difficult

due to contamination of the HIMU component by depleted upper mantle material. However,

the high 208pt)/204pb_ at similar 206pb/204pb values, of the south Tasman Sea seamounts

relative to other HIMU basalts may serve to expand the previouslydefined HIMU range in Pb-
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Pb space. This study, while confirming the existence of a HIMU mantle plume within the

higher latitudes of the southern hemisphere, as opposed to the Cook - Austral Islands and

St. Helena at ~10°S to 20°S, also provides a context within which the continental areas

surrounding the Tasman Sea - southwest Pacific Ocean can be examined for any evidence

of Balleny Plume influence, particularly in relation to the break-up of Gondwana (Chapter 4).
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CHAPTER 4

Widespread Influence of

THE Balleny Plume

4.1 INTRODUCTION:

Despite the degree of mixing with depleted upper mantle that is evident in the

radiogenic isotope contents of the Balleny Plumevolcanics, the plume itself has a distinctive

HIMU-like isotopic signature, with high 206pt,/204pb_ 207pij/204p5 208pb/204pb and
143fyj<j/l 44nc| values and low ®^Sr/®®Sr (Chapter 3). Balleny Plume volcanics also possess

trace element characteristics, including low LILE/HFSE and LREE/HFSE abundance ratios

(Chapter 3), typical of other HIMU volcanics (Chapter 2). The aim of this chapter is to use

these distinctive HIMU-like isotopic and geochemical features to assess the more

widespread influence of the Balleny Plume.

One area of interest involves the effect of the Balleny Plume on continental

volcanism peripheral to the proposed plume trace. In this respect, areas of southeastern

Australia, predominantly Victoria and Tasmania, are of particular concern as they experienced

maficvolcanism priorto, during, and after the periodthat the East Tasman Plateau region was

situated above the Balleny Plume, during which time the Soela Seamount was formed close

to the east coast of Tasmania (Cfiapter 3). Comparison of the radiogenic isotope and trace

elenient signatures of the mafic volcanics of southeastern Australia with those of the Balleny

Plume is, therefore, aimed at further confirming the trace of the hotspot, as well as

constraining the extent and timing of plume influence on continental volcanism in these

regions.

Oceanic intraplate volcanism adjacent to the Balleny Plume trace includes the

Tasmantid Seamount chain in the central Tasman Sea basin, and Lord Howe Island, the

southemmost outcrop of another hotspot trace located north of the proposed start of the

Balleny Plume trace on Lord Howe Rise. The radiogenic isotope compositions of the

Tasmantid and Lord Howe hotspKJt traces, plus those of Macquarie Island, forming part of the

complex Macquarie Ridge system in the central southwest Pacific Ocean, will also be

examined here because of their relative proximity to the Balleny Plume trace.
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Initiation of Balleny Plume volcanism, assumed to coincide with the oldest

recognised seamount/s on the flanks of the Lord Howe Rise which can be attributed to the

Balleny Plume, is roughly comparable in age to the onset of seafloor spreading in the

Tasman Sea and southwest Pacific Ocean (Lanyon et al., 1993). The role of the Balleny

Plume in initiating or propagating continental rifting in this region can be examined by

studying the temporal and spatial relationships between regions of HIMU-like volcanism in

the continental areas surrounding these oceanic basins, and the proposed trace of the

Balleny Plume. Areas of particular interest include New Zealand (South Island and offshore

islands), southeastern Australia (Tasmania) and West Antarctica (Marie Byrd Land), all of

which were juxtaposed prior to the break-up of Gondwana.

The mafic volcanics of the Balleny Islands have been likened to the alkaline volcanic

provinces of the McMurdo Volcanic Group (Harrington et al., 1967; Johnson et al., 1982;

Campsie et al., 1983), including Ross Island in the western Ross Sea region and the Hallett

Volcanic Province of Cape Adare, Northern Victoria Land. To test whether these more

southerly regions of volcanism are related to the Balleny Plume, it is necessary to compare

their isotopic and trace element systematics, as well as their relative temporal and spatial

distributions, with those of the Balleny Plume volcanics.

4.2 BALLENY PLUME INFLUENCE ON CONTINENTAL VOLCANISM IN

SOUTHEASTERN AUSTRALIA:

4.2.1 Eastern Australian Cainozoic Volcanism:

Widespread volcanism in eastem Australia over the last 70 m.y. has been subdivided

into three distinct volcanic province types (Wellman and McDougall, 1974) on the basis of

age, distribution and geochemical constraints. Central volcano provinces comprise

predominantly slightly undersaturated to saturated basaltic flows, plus subordinate felsic lava

flows and/or intrusions, erupted from well-defined volcanic vents. These provinces display a

systematic southward younging which is generally assigned to the northward migration of

eastem Australia over one or more upper mantle hotspots, currently located beneath Bass

Strait (Wellman and McDougall, 1974; Duncan and McDougall, 1989). In contrast, mafic lava

field provinces, dominated by strongly undersaturated basaltic lava flows or piles, have been

erupted sporadically throughout the eastern Australian highlands and Tasmania over the last

70 m.y., but particularly between 50 and 30 Ma following the cessation of seafloor spreading

in the Tasman Sea (Knutson et al., 1989). Their eruption has been assigned to unspecified

intraplate stresses (Wellman and McDougall, 1974), often significantly prior to the formation

of central volcano provinces at similar latitudes (Duncan and McDougall, 1989). The third

type of volcanism, forming high potassium mafic (Wellman and McDougall, 1974) or leucitite

suite provinces (Gundari, 1989), is dominated by minor leucitite-rich intrusions and rare lavas
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which are confined to a 90 km-wide strip extending from central New South Wales to north-

central Victoria.

The mafic lava field provinces of southeastern Australia, particularly the Victorian

Older Volcanics and the Tasmanian Tertiary basalts, are of interest to this study primarily

because of their locationand timing of eruption, with respect to the Balleny Plume trace, and

because theyare not easily linked, in a temporal fashion, to the proposed eastem Australian

hotspot/s. Day (1983) suggested that Victorian Mesozoic and Cainozoic volcanism may be

related more directly to rifting events between Australia, Lord Howe Rise/New Zealand and

Antarctica, which is consistent with the idea that the tectonics responsible for the eruption of

the eastem Australian mafic lava field provinces as a whole are linked to the continental

extension regime associated with the opening of the Tasman Sea (Knutson et al., 1989).

Younger mafic lava field provinces, such as the Newer Volcanics of southeast Australia,

which are contemporaneous with or younger than central volcano provinces in the same

region, may represent eruptions from the marginal parts of the plumes responsible for the

latter (Sun et al., 1989). Yet another model proposes that east Australian Cainozoic

volcanism is due to plate migration over rift upwellings (Sutherland, 1991). According to this

model, Tasmanian Tertiary volcanism is related to five migratory trails originating from Cato

Trough-Tasman Sea rifting, whereas migration over the 95 Ma Gippsland-Tasman triple

junction is held responsible for the generation of a line of seamounts, including the

Janszoon and Soela Seamounts, across the southwest Tasman Sea.

The proposed trace of the Balleny Plume places it under the East Tasman Plateau,

southeast of Tasmania, at 40±5 Ma, based on the ages obtained for Soela Seamount

volcanism and the inferred -43 Ma age of the bend in the plume trace (Chapter 3). The

proximity of the plume trace to the southeastern continental margin of Australia between the

times of eruption of the Janszoon and Soela Seamounts invokes the possibility of a Balleny

Plume influence on continental volcanism in Tasmania and Victoria during, and maybe even

after, this time, as a result of lateral flow and lithospheric undeiplating by plume material.

4.2.2 The Victorian Older Volcanics:

The Cretaceous to Tertiary (-95-19 Ma) Older Volcanics of Victoria (Figure 4.1)

constitute one of the eastern Australian mafic lava field provinces (Wellman and McDougail,

1974; Day, 1983; 1989). They range in composition from nephelinite to quartz tholeiite

basalt and have been subdivided into fifteen volcanic fields on the basis of outcrop

distribution, borehole data and petrology (Day, 1989). Four main volcanic groups can be

defined, however, on the basis of outcrop age and location alone (Day, 1983; 1989).

Although Day (1983) performed an extensive petrological and major element

geochemicalstudy of the OlderVolcanics, trace element, particularly REE, data are relatively

sparse and no isotope data are available in the literature. For the purposes of this study,

samples were collected from each of the four major groups for geochemical and isotopic

analyses in an attempt to ascertain whether the Balleny Plume had any significant
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geochemical input and if so, when this input occurred. Sampling locations for the six Older

Volcanics basalts analysed are detailed in Appendix 1 (Table A1.2). Majorand trace element

(Table 4.1) and radiogenic isotope (Tables 4.2 and 4.3) data were obtained for two basanite

samples (0V2 and 0V3) collectedfrom the Group 1 (95-55 Ma; ages of volcanism from Day,

1989) Ballan Graben Province, a transitional alkali basalt* (0V1) from Cape Schank withinthe

Group 2 (59-38 Ma) Flinders Province, quartz tholeiite (OV5) and divine tholeiite (0V6)

basalts from the Group 3 (44-31 Ma) Toombullup Province, and a transitional alkali basalt

(0\/4) from the Group 4 (29-19 Ma) Melbourne Province (Figure 4.1).

It must be noted, when considering the initial isotopic ratios calculated for the Older

Volcanics samples (Table 4.2), that no REE data are available for samples 0V2 and 0V5.

Therefore, Sm and Nd data for samples collected from the same provinces (as stipulated in

the caption accompanying Table 4.2) were used to calculate their initial values.

As a result, these particular ratios may be somewhat inaccurate.

In terms of their isotopic compositions, particularly ®^Sr/®®Sr, 206pb/204pb and

208pb/204pb_ theOlder Volcanics samples are relatively diverse (Tables 4.2 arid 4.3; Figure

4.2). Consideringsuch factors as the time frame over which they were eruptedand their area

of outcrop, the latter implying a potential for extensive source heterogeneity and/or

differential contamination, this isotopic diversity is not surprising. Despite this, the Older

Volcanics are most similar to the EM OIB fields in Figure4.2, particularly EMU interms of their

Pb isotope values. Sample OVI is distinct from the other OlderVolcanics samples interms of

its low ®^Sr/®®Sr and high '̂̂ Nd/^ '̂̂ Nd, similar to the Balleny Plume volcanics. However,

OVI has 206p|-,/204pb and 208pb/204p5 values which are significantly lower than Balleny
Plumevalues and indistinct from the other Older Volcanics ratios. The timing of eruption of

the Group 2 Flinders volcanic field (49-39 Ma; Day, 1983) does coincide with the location of

the Balleny Plume close to the southeast Australian continental margin. Therefore, the

isotopic composition of sample OVI may be indicative of a plume influence in terms of

87sr/86sr and "I'*®Nd/'''̂ '̂ Nd. If this is the case, the low elemental Pb abundances and

distinctive Pb isotopic ratios of the Balleny Plume (Table 3.12) may have been swamped by

continental crust contamination (current continental crust Pb content is -8600 ppb:
206pb/204pb =18.6-18.9, 207pb/204pb = 15.58-15.65, 208pb/204pb =39.6-39.8; Gariepy

and Dupre, 1991) during the eruption of the Flinders volcanic field, resulting in the low

206pb/204pb and 208pb/204pb values of sample OVI. There is no other isotopic evidence

in the few Older Volcanics samples analysed to suggest any Balleny Plume influence.

•Footnote: All samples are classified according to the scheme of Le Bas et al. (1986); transitional
alkali basalts contain normative hypersthene but plot above the Macdonald and Katsura (1964) line,
as defined for Hawaiianbasalts, on a TAS classification diagram.
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Figure 4.1: Map of Victoria and southeast South Australia (modified from Joyce and Day,
1989), showing the approximate areas of outcrop of the Older (Groups 1 to 4) and Newer (grey
Crosshatch pattern) Volcanics and the location of Older Volcanics sampling sites (filled circles)
discussed in section 4.2.

It is difficult to draw any conclusions about the trace element compositions of the

four temporal and geographical Older Volcanics groups due to the small number of samples

analysed. Taken as a whole, they tend to overlap with the HIMU and Balleny Province

volcanics in terms of their low Ba/Nb, La/Nb and intermediate Th/La and Th/Nb values, but

they also extend to values which overlap with the EM GIBfields (Table 4.1; Figure 4.3). The

alkaline basalts have low Zr/Nb values but the tholeiites (0V5 and 0V6) have high Zr/Nb,

suggesting that this may be a function of the degree of partial melting involved, rather than a

source feature. Sample 0V1 is no more similar to the Balleny Plume volcanics, in terms of the

various trace element abundance ratios, than the other Older Volcanics basalts and does in

fact have higher LILE/HFSE ratios than most of the other Older Volcanics samples,

particularly in tenns of Rb/Nb, K/Nb and Ba/Nb (Table 4.1).

The primitive mantle-normalised incompatible element patterns of three Older

Volcanics samples (Figure 4.4) are slightly different. Quartz tholeiite sample 0V5 has the

flattest pattern, relative to the alkaline samples, which is probably due to it having been

produced by higher degrees of partial melting. Itdoes, however, still have similar features to

basanite sample 0V3, in terms of a pronounced negative K anomaly, enrichment in the

HFSE Nb and Ta relative to the adjacent LILE, and decreasing normalised abundances of

elements more incompatible than Ta. These same features are thought by some (e.g.
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CO

Table 4.2; ®^Sr/®®Sr and ^data for the Victorian and Tasmanian samples discussed in section 4.2; errors (2amean) associated with individual
measurements indicate within-run precision only. Initial isotopic ratios were calculated using the equations in Appendix 6. ICP-MS trace element and REE data where available,
and approximate ages from the following data sources; Cape Portland - McDougall and Green (1982); Bream Creek basalt (sample DR13516) - Baillie (1987); Weldborough basalt
(sample 2) - Sutherland and Wellman (1986); Older Volcanics ages represent the maximum ages for each of the sampled volcanic fields from Day (1983). XRF Rb and Sr values
(Table 4.1) were used to calculate the initial ®^Sr/®®Sr values of samples 0V2, 0V6,11 and 13; their initial '̂̂ ^Nd/ '̂̂ ^Nd values were calculated using ICP-MS Sm and Nd data of
samples collected from the same localities, namely 0V3, OV5 and 10 respectively. Initial £Sr and ENd values were calculated as described in Appendix 6. Analytical methods are
described in Appendix 2.

Sample No. Age Rb (ppm) Sr (ppm) 87Rb/86sr 87sr/86sr ±2o (87sr/86sr)i (ESr)i Sm (ppml Nd (ppm) 147sm/144Nd

Older Volcanics, Victoria:
OV1 49Ma 15.65 623.17 0.0727 0.703263 9 0.703212 -17.5 4.90 21.48 0.1379

OV2 79 Ma 6.00 1551.00 0.0112 0.703740 16 0.703727 -9.7

OV3 79 Ma 6.66 1379.47 0.0140 0.703832 19 0.703816 -8.4 10.59 61.46 0.1042

OV4 22Ma 27.49 542.90 0.1465 0.704610 11 0.704564 1.3 8.28 36.90 0.1357

OV5 43Ma 3.28 200.83 0.0473 0.704849 18 0.704820 5.3 5.17 16.57 0.1887

OV6 43Ma 3.00 142.00 0.0611 0.705033 35 0.704996 7.8

Cape Portland, Tasmania:
10 100 Ma 61.54 734.64 0.2424 0.704547 22 0.704203 -2.5 6.35 31.14 0.1233

11 100 Ma 45.00 775.00 0.1680 0.704781 16 0.704542 2.3

13 100 Ma 91.00 1057.00 0.2491 0.704840 12 0.704486 1.5

Tasmanian Tertiary basalts:
DR 13516 58 Ma 24.75 902.88 0.0793 0.703262 9 0.703197 -17.5 6.92 36.78 0.1138

2 46 Ma 23.04 649.57 0.1026 0.703156 15 0.703089 -19.3 6.62 34.38 0.1164

\r
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Table 4.2: (continued)

Sample No. 143Nd/144Nd ±2o (143Nd/144Nd)j (eNd)i

Older Volcanics, Victoria:
OV1 0.513002 13 0.512958 7.2

OV2 0.512869 13 0.512815 5.2

OV3 0.512831 7 0.512777 4.5

0V4 0.512755 12 0.512735 2.2

0V5 0.513056 2 0.513003 8.0

OV6 0.513007 6 0.512954 7.0

Cape Portland, Tasmania:
1 0 0.512693 4 0.512612 1.8

11 0.512614 7 0.512533 0.2

1 3 0.512684 12 0.512603 1.6

Tasmanlan Tertiary basalts:
DR 13516 0.512966 10 0.512923 6.8

2 0.512914 9 0.512879 5.6



Table 4.3: ^®®Pb/^®^Pb, Phl^^^Pb and 208pjj/204p[j ||̂ q Victorian and Tasmanian samples discussed on 4.2. Initial isotopic ratios were calculated
equations in ^pendix 6, thesameapproximate ages used in Table 4.2, and ICP-MS trace element datawhere available. The initial isotopic ratios of Cape Portland sample 11 were
calculated using the U, Pb and Th abundances of sample 10. Analytical methods are described in Appendix 2.

Sampl* No. Ago U (ppm) Th (ppm) Pb (ppm) P IC 206pb/204pb (206p|,/204p|,), 207pb/204p j, (2<"'p|,/204pb), 208pb/204p b (20apb/204pb),
Older Volcanles, Victoria:
0V1 49Ma 0.75 2.26 1.90 25.31 3.25 18.965 18.772 15.578 15.569 38.654 38.454

0V 3 79 Ma 2.31 9.93 5.96 25.28 4.44 19.312 19.000 15.617 15.602 39.537 39.097

OV4 22 Ma 0.95 4.25 4.18 14.53 4.62 18.618 18.568 15.599 15.597 38.731 38.658

0V5 43Ma 0.20 0.77 0.98 13.22 3.98 19.371 19.283 15.560 15.556 39.038 38.926

Cape Portland, Tasmania:
10 100Ma 2.55 8.16 7.16 23.02 3.31 19.097 18.737 15.707 15.690 39.016 38.638

1 1 100Ma 22.83 3.31 18.720 18.363 15.616 15.599 38.857 38.483

Tasmanian Tertiary basalts:
cn DR 13516 58Ma 1.55 5.93 3.19 31.34 3.95 19.154 18.871 15.569 15.556 38.892 38.536

2 46Ma 1.42 5.12 2.21 41.44 3.73 19.408 19.111 15.563 15.549 39.204 38.852
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Weaver, 1991) to be characteristic of HIMU OIB and were observed in the Balleny Plume

volcanics (Figures 3.13 and 3.15). However, itshould be noted that these features were also

observed in some of the EM OIB (e.g. Pitcairn Island/Seamount samples) examined in

Chapter 2. Thetransitional alkali basalt sampleOVI has a similar overall pattem,of increasing

normalised trace element abundances with increasing incompatibility, to sample 0V3,

although the relatively lower abundances in the former reflect slightly greater extents of

partial melting. The low LILE/HFSE features of samples 0V3 and OV5 are not evident in

sample OVI, implying different source chemistry for the latter which is, however,

inconsistent with Balleny Plume influence (Chapter 3).
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Figure 4.4: Primitive mantle-normalised incompatible element patterns of a basanite
(sample 2679; Prey et al., 1978) from the Newer Volcanics mafic lava field province and three Older
Volcanics samples (OVI, 0V3 and OV5): normalising values from Sun and McDonough (1989).

4.2.3 The Newer Volcanics of Victoria and South Australia:

The Late Tertiary to Holocene (4.5-<0.01 Ma; McDougall et al., 1966; Nicholls and

Joyce, 1989) Newer Volcanics outcrop over a 15,000 km^ area of western and central

Victoria and southeast South Australia (Figure 4.1), and comprise a broad range of tholeiitic

and alkaline basalt compositions plus minor trachytes (Irving and Green, 1976; McDonough

etal., 1985; Nicholls and Joyce, 1989). Only data for Newer Volcanics samples with alkaline

affinities will be considered here.

Despite their relative proximity to the proposed Balleny Plume trace, the Newer

Volcanics were erupted at a time when the plume itself underlay the Antarctic Plate and was

forming the Balleny Islands. In a strict temporal framework therefore, a lack of isotopic
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similarity between the alkaline Newer Volcanics and the Balleny Plume volcanics (Figure 4.2)

is to be expected. The large ranges in the 207pt)/204pb and 208pb/204p5 contents of the
Newer Volcanics overlap with the Balleny Plume and HIMU OIB values, but their
206pb/204p|3 values define a limited range, similar, but intermediate to, the EMI and EMU OIB

fields. The relatively high ®7sr/86sr and low 1^^Nd/^ '̂̂ Nd values of the alkaline Newer

Volcanics, compared to the Balleny Plume volcanics, are most similar to EMI OIB.

An isotopic comparison of the Older and Newer Volcanics reveals similar values, in

terms of all three isotopic systems, for the Newer Volcanics and the Group 4 Melbourne

Province sample (0V4), the youngest of the analysed Older Volcanics. Although the Group

1 Older Volcanics samples (OV2 and 0V3) also have similar 8^Sr/8®Sr and I'̂ Nd/ '̂̂ '̂ Nd

values to the Newer Volcanics, sample OV3 has significantly higher 206pb/204pb ip general,

the Newer Volcanics have lower 206pb/204p5 p|ys narrower ranges of I'̂ ^Nd/^^^Nd and
87Sr/86sr than the Older Volcanics.

In terms of their trace element contents, the alkaline Newer Volcanics have generally

higher Rb/Nb, K/Nb, Ba/Nb and La/Nb and lower Nb/Pb at similar Ce/Pb values than the

Balleny Plume Volcanics (Figure 4.3). The comparatively lesser depletion of the Newer

Volcanics in LILE relative to Nb is also visible in Figure 4.4 in which the normalised

abundances of K and LILE more incompatible than Nb are only slightly depleted in the

Newer Volcanics basanite (2679; Frey et al., 1978) compared to the Older Volcanics samples

(OV3 and 0V5). However, sample 2679 does display the same general incompatible

element pattern to the Older Volcanics and Balleny Plume samples, as discussed in section

4.2.2.

4.2.4 Tasmanian Cretaceous Igneous Activity:

The trace of the Balleny Plume was originally only projected back from the Balleny

Islands to the region east of Tasmania (Duncan, 1981), where minor outcrops of alkaline

hypabyssal rocks at Port Cygnet and Cape Portland (Figure 4.5) were thought to reflect

earlier lociof Balleny Plume activityat -100 Ma (Duncan and McDougall, 1989).

Cretaceous alkaline rocks outcropping in the Port Cygnet - Oyster Cove area of

southeast Tasmania have been dated at 99 and 109 Ma (Evernden and Richards, 1962) and

98±3 Ma (McDougall and Leggo, 1965), resulting in a preferred age of 99 Ma (Ford, 1989).

Ford (1983) measured the 87sr/86sr values of two Port Cygnet syenite porphyries and two

sanidine porphyry dyke samples. Initial ratios (corrected to an age of 95 Ma) range from

0.7036 to 0.7049, significantly higher than Balleny Plume values. Similar Port Cygnet rocks

yielded 207pb/204pb and 206pb/204pb values of 15.620-15.628 and 18.638-18.650

respectively (J. Richards, unpublished data), the latter significantly lower than Balleny Plume

values, but similar to the Tasmanian Jurassic dolerites (Figure 4.6). No208pb/204pb values

are available for the Port Cygnet samples.

The Cape Portland appinitic suite comprises flows, dykes and plug-like intrusions of

andesite, lamprophyre and porphyrite (Ford, 1989), which have been dated at 101.3-
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102.3±2.6 Ma (McDougall and Green, 1982). Sampling locationsfor the three Cape Portland

rocks analysed during the course of this study are listed in Appendix 1 (Table A1.2).

Radiogenic isotope measurements (Tables 4.2 and 4.3) show that the Cape Portland

samples have significantly higher ®^Sr/®®Sr and lower i'*®Nd/^^^Nd, 206pb/204pb apj
208pb/204pb values than the Balleny Plume volcanics. Therefore, despite their relatively

high 207pb/204pb values, the Cape Portland alkaline intrusives are isotopically unlike the

Balleny Plume volcanics (Figure 4.6). Sr and Nd isotope ratios are quite similar to EMI OIB

values, whereas Pb ratios are more like EMM OIB. As with the Older Volcanics, trace element

and REE data are not available for certain of the Cape Portland samples analysed here for

radiogenic isotopes. Therefore, the calculated initial '̂ ®Nd/'''̂ '̂ Nd values ofsamples 11 and

13, plus the Pb isotope ratios of sample 11 (Tables 4.2 and 4.3) may be inaccurate.

The Cape Portland appinites have similar ®^Sr/®®Sr values to the Port Cygnet rocks,

and Pb isotope values which plot on either side of the Port Cygnet and Tasmanian Jurassic

dolerite values in 206pb/204pb-207pb/204pb space. These results suggest that the Cape

Portland and Port Cygnet hypabyssal assemblages may have similar isotopic signatures and,

combined with age constraints, imply similar sources. However, more isotope data, including

l43Nd/i44Nd and 208p5/204pb values, are requiredfor the Port Cygnet porphyries.
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Figure 4.5: Map of Tasmania (modified from Sutherland, 1989) showing the approximate
outcrop distribution of the Tertiary volcanics (grey Crosshatch pattern), the province subdivisions,
and the sampling locations for the Cape Portland, Port Cygnet, Weldborough and Bream Creek
samples discussed in section 4.2.
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4.2.5 Tasmanian Tertiary Volcanism:

Tertiary basalts outcrop as scattered strongly undersaturated alkaline to saturated

tholeiitic flows and plugs over a 400 km^ area ofnorthern andeastern Tasmania (Rgure 4.5)

(Edwards, 1938; Compston et al., 1968; McDonough et al., 1985; Sutherland, 1989), and

comprise the southernmost eastern Australian mafic lava field province (Duncan and

McDougall, 1989). Dated samples display an age range of 58 to 8 Ma (Sutherland and

Wellman, 1986), although pre-58 Ma transitional to olivine tholeiite basalts have also been

recognised (Sutherland, 1989).

Compared to the other eastern Australian Cainozoic volcanics, the Tasmanian

Tertiary alkaline volcanics are considered to be quite distinctive, with the highest

i^SNd/l'̂ ^Nd, 206p5/204pb and 208pb/204p(3 and lowest ®^Sr/®®Sr values yet measured for
eastem AustralianTertiarybasalts (Ewartet al., 1988; Ewart and Menzies, 1989). The lowSr

and high Nd isotope ratios suggest long-term depletion of the Tasmanian mantle source

region (McDonough et al., 1985), whereas the Pb isotope ratios indicate high time-

integrated U/Pb and Tfi/Pb source values. These same, apparently paradoxical, isotope

systematicsare displayed by HIMU OIB (Chapter 1)and the Balleny Plumevolcanics (Chapter

3), the latter considered to have some influence on the formation of the Tasmanian Tertiary

alkaline basalts (Lanyon et al., 1993).

The geochemical (Table 4.4) and radiogenic isotope (Tables 4.2 and 4.3)

compositions of two Tasmanian Tertiary basalts (Figure 4.6) were determined during the

course of this study; details of sampling locations are listed in Appendix 1 (Table Al .2). The

Bream Creek alkali basalt (DPI3516) has been dated at 58.5±0.7 Ma (Baillie, 1987) and

represents the earliest dated phase of Tasmanian Tertiary volcanism, located in the

Southeast Province. Weldborough alkali basalt sample 2 is a product of 46-47 Ma volcanism

(Sutherland and Wellman, 1986) in the Northeast Province of Tasmania.

The Weldborough basalt analysed during this study plots ina similar position to other

Tasmanian Tertiary alkaline basalts in terms of the isotopic systems depicted in Figure 4.6.

However, although the Bream Creek alkali basalt has similar ®7Sr/®®Sr and

values to other analysed Tasmanian Tertiary alkaline basalts and the Balleny Plumevolcanics,

its Pb values are less distinct. Compared to the other Tasmanian Tertiaryalkaline basalts, the

Bream Creek basalt has slightly lower 206pb/204pb 208pb/204p5 values, similar
207pb/204pb and plots at the least radiogenic end of the approximately linear arrays formed

by the Tasmanian and Balleny alkaline volcanics in Pb-Pb space (Figure 4.6). Although the

Bream Creek basalt overlaps slightly with the Cape Portland and Tasnr^anian Jurassic dolerite

206pb/204p|3 and 208p5/204p5 values, its higher p value (31.34) may be indicative of

influence from a HIMU source. Interpretation of the isotope systematics of the Bream Creek

basalt, the oldest analysed Tasmanian Tertiary basalt, has implications for the timing of

Balleny Plume influence on Tasmanian volcanism which will be discussed further in section

4.2.6.
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Table 4.4: Major and trace element compositions of the Tasmanian samples discussed in
section 4.2. All analyses were performed by XRFspectrometry (PW 1480 spectrometer); the analytical
method is described in Appendix 2. Samples RT 56 and K 51 correspond to the base and top of the
Benders Hill sequence from which the Bream Creek basalt sample OR 13516 was collected, and these
analyses are as reported by Everard (1984).

Location: Cape Portland, Tasmania: Tasmanian Tertiary basalts:
Sample No: 10 11 13 RT 56 K 51 2

Major Elements (wt %):
Si02 50.56 50.14 51.21 45.30 45.12 44.28

TO2 0.89 1.45 1.22 1.50 1.60 2.12

AI2O3 16.66 13.56 16.82 14.29 14.97 14.94

Fe203 9.07 10.35 10.10 3.35 2.91 11.81
FeO 0.00 0.00 0.00 7.50 7.89 0.00
MnO 0.18 0.17 0.22 0.15 0.15 0.18
MgO 3.32 7.19 3.77 9.95 10.14 9.73
CaO 6.60 8.82 8.01 10.79 9.59 10.36
Na20 3.62 2.49 3.58 2.78 3.43 3.18

K2O 3.05 1.72 2.78 1.12 1.23 0.99

P2O5 0.47 0.66 0.74 1.10 1.03 0.57

LOI 5.45 3.35 2.25 1.99 2.00 1.31
Total 99.87 99.90 100.70 99.82 100.06 99.47

Mg# 46.11 61.89 46.60 66.56 67.00 65.83
FeO* 8.16 9.31 9.09 10.51 10.51 10.63

Trace Elements (ppm):
Ba 955 789 804 580 590 370
Rb 110 45 91 28 31 20
Nb 36 13 19 68 68 59
Sr 1346 775 1057 1000 990 669
Zr 284 167 261 180 190 226
Y 35 30 34 27 29 29
Ni 16.5 57 7 200 220 200
Or 18 172 16 330 300 405
V 143 304 196 185 175 212
So 10 36 18 26 22 26
Hf

Ta
Th(XRF) 13.7 7.6 10.5 5.4
Pb 7.6 8.3 6.3 <4 <4 2.2

Rare Earth Elements (ppm):
La 50 35 41 43
Ce 98 66 85 80
Nd 46 34 42 36

Trace Element Ratios:

Rb/Nb 3.06 3.46 4.79 0.41 0.46 ,0.34
Ba/Rb 8.68 17.53 8.84 20.71 19.03 18.50
Ba/Th 69.71 103.82 76.57 68.52
Ba/Nb 26.53 60.69 42.32 8.53 8.68 6.27
Ba/La 19.10 22.54 19.61 8.60
Th/Nb 0.381 0.585 0.553 0.092
Th/La 0.274 0.217 0.256 0.126
Nb/Pb 4.74 1.57 3.02 26.82
K/Nb 703 1098 1215 137 150 139
La/Nb ^ 1.39 2.69 2.16 0.73
Ce/Rb 0.89 1.47 0.93 4.00
Ce/Pb 12.89 7.95 13.49 36.36
Zr/Nb 7.89 12.85 13.74 2.65 2.79 3.83
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basanite (2854; Prey et al., 1978); normalising values from Sun and McDonough (1989).

Although there is a relative paucity of isotope data for the Tasmanian Tertiary

tholeiitic basalts, they are considered to have generally lower and higher

87sr/86sr values (Compston et al., 1968; Ewart et al., 1988; Ewart and Menzies, 1989)

(Figure 4.6). Two samples analysed for Pb isotope ratios (Ewart et al., 1988; Varne,

unpublished data) have higher 207pb/204p|3 gt similar 206pb/204pi3 values to the alkaline

basalts, and similar 208pb/204pb values (Rgure 4.6).

Although trace element data for the Tasmanian Tertiary alkaline volcanics are

relatively limited, they do display low K/Nb, Rb/Nb, Zr/Nb, La/Nb and Ba/Nb values similar to

Balleny Plume and HIMU values (Figure 4.7). Ba/Nb and Rb/Nb are slightly lower in the

Tasmanian volcanics, which may be indicative of slightly greater LILE depletion in their

source. Nb/Pb and Ce/Pb values in the Tasmanian basalts plot mainly withinthe lower end of

the Balleny Plume array, a possible consequence of Pb addition during contamination of the

plume source, particularly if a lithospheric component is involved in the production of the

Tasmanian basalts. Slight LREE/LILEand LREE/HFSE enrichment of the Tasmanian alkaline

basalts relative to the Balleny Plume volcanics is indicated by the generally higher La/Nb and

lower Ba/La values of the former.

The primitive rnantle-normalised incompatible element pattem of a representative

Tasmanian Tertiary basanite (sample 2854; Frey et al., 1978) displays similarfeatures to both
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Balleny Province and Soela Seamount samples (Figure 4.8). The overall pattern is one of

increasing elemental abundance with increasing degrees of incompatibility, and a relative

depletion in the most incompatible LILE compared to the adjacent HFSE (Nb). As has been

discussed previously (e.g. Chapter 2), this overall pattem is typical of many OIB, not only

those with HIMU affinities.

4.2.6. Possible Models for the Formation of the Tasmanlan Tertiary Basalts:

Frey et al. (1978) suggested that the Tertiary to Recent basalts of Victoria and

Tasmania derive from enriched source regions withina heterogeneous upper mantle, similar

to those of OIB or continental and rift-valley basaltic provinces. According to this model,

differential mantle enrichment is considered to result from migration within the upper mantle

of a H20/C02-enriched melt or fluid. McDonough et al. (1985) proposed that the mixing of

two melt components, a mantle plume-derK/ed melt and a lithospheric mantle-derived meK

was involved in the production of the southeast Australian Cainozoic basalts, including the

Newer Volcanics and the Tasmanian Tertiary volcanics. They proposed that observed

isotopic differences between the alkaline and tholeiitic Tasmanian basalts could be due to

different degrees of mixing and exchange between the two mantle-melt components

involved in their production.

Whereas the HIMU-like isotopic character of the Tasmanian Tertiary alkaline volcanics

is considered by some to reflect a lithospheric mantle signature, possibly due to the

upwelling of C02-rich asthenospheric melts (Sun et al., 1989), Ewart et al. (1988)

recognised the involvement of an asthenospheric isotopic end-member component with a

composition approaching that of HIMU OIB (St. Helena). Lanyon et al. (1993) pointed out

that the distinctive HIMU-like isotopic characteristics of the Tasmanian alkaline volcanics are

similar to those of the Balleny Plume volcanics (Figure 4.6). They therefore inferred that

horizontal spreading, lithospheric underplating and subsequent melting of Balleny Plume

material during the passage of the East Tasman Plateau region of the Indian-Australian Plate

over the plume was responsible for Tasmanian Tertiary volcanism.

The Tasmanian Tertiary alkaline volcanics do differ, however, from the Balleny Plume

volcanics in that they extend to lower 206pb/204pb and 208pb/204pij values, forming an

approximately linear array in 206pb/204p|3.208pb/204pb space, which appears to represent a

less radiogenic extension of the Balleny Plume array. They also have slightly higher

207pb/204pb at similar 206p5/204pb values compared to the Balleny Plumevolcanics (Figure

4.6). These differences could be due to lithospheric contamination of the plume. This

seems likely in a scenario where the plume has intersected the base of the lithosphere in the

region of the East Tasman Plateau, spread out horizontally beneath Tasmania and eroded

the overlying lithosphere, resulting in contamination of a Balleny Plume-derived melt by a

sub-Tasmanian lithospheric mantle-derived melt. The most likely contaminant in this case

would be the Tasmanian Jurassic dolerite source. Due to the extensive area of outcrop of

Jurassic dolerite over -30,000 km^, approximately half the area of Tasmania (Hergt et al.,
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1989b), it seems likely that some remnant of their source may persist within the lithosphere

beneath Tasmania. The position occupied by the Tasmanian Jurassic dolerite field in
206pb/204pij-208pb/204pb space (Figure 4.6) could represent one possible end-member of

a linear mixing array responsible forthe isotopic signature of the Tasmanian Tertiary basalts,

with the Balleny Plume representing the other end-member. However, the high initial

®7Sr/®®Sr (0.70940-0.71284) and low initial 1̂ SNdy "^^Nd (0.512156-0.512181) values (not

plotted in Figure 4.6) of the Tasmanian dolerites (Hergt et al., 1989a), indicative of

continental crustal involvement in their generation (Hergt et al., 1989a; Hergt, 1989b), and

their posrtion in 206pb/204pb-207pb/204pb space (Figure 4.6) are not consistent with this

idea.

Assuming that the Balleny Plume is, in fact, a relatively weak plume in terms of its

buoyancy flux, and that it has already entrained a considerable amount of upper mantle

material due to substantial horizontal deflection of the ascending plume conduit (Chapter 3),

by the time it has intersected and spanned out at the base of the lithosphere in the

Tasmanian region its temperature may have been much reduced, resulting in very little

lithospheric melting. Therefore, although weaker plumes are generally considered to be

subject to greater initial lithospheric entrainment due to the supposition that they fail to

penetrate through the lithosphere as easily as stronger plumes (e.g. Woodhead, 1992), the

Balleny Plume material interacting with the Tasmanian lithosphere may not have been hot

enough to remelt and incorporate Tasmanian dolerite source material, resulting in the lack of

isotopic correlation between the Jurassic dolerites and the Tertiary alkaline basalts. An

alternative possibility is that lithospheric contamination of the underplating Balleny Plume

material was dominated by an isotopic signature similar to depleted MORB mantle, but this

seems an unlikely composition for subcontinental lithosphere.

The most likely process responsible for the isotopic deviation of the Tasmanian

Tertiary alkaline basalts from the Balleny Plume volcanics appears to be greater incorporation

and melting of depleted upper mantle. Although the isotopic compositions of the Tasmanian

Tertiary basalts overlap with the lower end of the Balleny Plume range in Pb-Pb space, none

of the Tasmanian basalts are as radiogenic as the Janszoon or Soela Seamount samples,

suggesting that the plume conduit or diapir (see Chapter 3) was already contaminated by

upper mantle material to the extent necessary to produce the Janszoon/Soela Seamount

basalts prior to the further contamination required for the Tasmanian Tertiary isotopic

signature. This added upper mantle incorporation may have occurred during the period that

the Tasmanian lithosphere was underplated by the Balleny Plume, or as a consequence of

the actual plume flattening and underplating process. However, it is also possible that the

underplating plume material failed to physically entrain any extra upper mantle, but that the

already entrained material underwent more, or possibly even preferential, melting during

production of the Tasmanian alkaline volcanics, resulting in their slightly more MORB-like

isotopic signature.
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isotopic fields. Data sources include; Tasmanian Tertiary volcanics - Compston et al. (1968),
McDonough et al. (1985), Ewart et al. (1988), W.F. McDonough (unpublished data) and R. Varne
(unpublished data); Tasmanian Jurassic dolerite field(TD) - Hergtet al. (1989a); Balleny Plume field-
Hart (1988) and this study. Tasmanian Jurassic dolerite data are age corrected to 175 Ma; the Balleny
Islands data of Hart (1988) are age corrected as for Figure 3.20; other literature-derived data are
normalised as for Figure 1.1, but are not age-corrected due to the lack of corresponding trace element
data.

Mixing hyperbola equation:

( '̂'3Nd/144Nd)A.NdAf + (1''3Nd/144Nd)B.NdB(1-f)(143Nd/144Nd = NdAf + NdB(l-f) ^
where f = 1 = pure A (average Tasmanian dolerite: Sr values n=14; Nd values n=12)
and f = 0 = pure B (Balleny Province sample E27-35B-2)
(143Nd/144Nd)A =0.512166; NdA= 12.51 (1'*3Nd/ '̂*^Nd)B= 0.512992; NdB =37.68
(87sr/86sr)A =0.711191; SrA= 139.54 (87Sr/®6Sr)B =0.702882; SrB = 656.61

Despite the lack of evidence for lithospheric contamination in the Tasmanian Tertiary

alkaline volcanics, it may still be a possibility for the production of their tholeiitic equivalents.

The scarcity of isotopic data for the Tasmanian tholeiites makes this difficult to assess

however, particularly in terms of Pb isotopes. Mixing between Balleny Plume and Tasmanian

Jurassic dolerite end-members has therefore been attempted in Sr-Nd space only (Figure

4.9). Two of the three Tasmanian tholeiites plotted do appear to lie along the mixing

hyperbola, suggesting increasing degrees of Jurassic dolerite contamination. The third.
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however, lies within the EMI! field and appears to reflect contamination by something other

than Jurassic dolerite. These tentative results suggest that heterogeneous lithospheric

contamination may have been responsible for the isotopic differences between the

Tasmanian Tertiary alkaline and tholeiitic basalts.

Greater contamination of tholeiitic melts may be a product of the higher temperatures

and greater degrees of melting responsible for their production, and/or the more volatile-rich

nature of alkaline melts. The latter may result in the more rapid eruption of alkaline volcanics,

as compared to pre-eruptive pooling of tholeiitic melts at the base of the crust or lithospheric

mantle, where their higher temperature may result in melting and incorporation of overlying

material, including the Tasmanian Jurassic dolerite source. The degree of contamination will

be constrained by the amount of lithospheric melting and incorporation and the degree of

lithospheric heterogeneity encountered.

If the isotopic signature of the Bream Creek alkali basalt is interpreted to reflect

influence from the Balleny Plume, as proposed for the younger (<47 Ma) Tasmanian Tertiary

alkaline basalts (Lanyon et al., 1993), the Tasmanian lithosphere must have been

underplated by plume material from at least.58 Ma to -13 Ma (the latter date representing the

age of the youngest dated Tasmanian basalt plotted in Figure 4.6: Sutherland and Wellman,

1986), and maybe even until Tasmanian volcanism ceased at -8 Ma. Although the younger

HIMU-like volcanism could be explained by recurrent melting and eruption of remnant

Balleny plume material attached to, or incorporated into, the base of the lithosphere beneath

Tasmania, subsequent to the passage of the East Tasman Plateau region over the plume

tail, the isotopic systematics of the older Bream Creek volcanism are more difficult to explain.

According to the proposed Balleny Plume trace, the plume would have been situated east of

Janszoon Seamount at -58 Ma, too distant from Tasmania to have had a significant effect on

continental volcanism in that region. This therefore seems to negate the idea of Lanyon et al.

(1993) that the timing of Balleny Plume influence on Tasmanian Tertiary volcanism was

coeval with and subsequent to the passage of this region of the Indian-Australian Plate over

the plume.

4.2.7 Summary of Balleny Plume Influence on Soptheast Australian

Volcanism:

The lack of isotopic similarity between the Cretaceous alkaline intrusives of Port

Cygnet and Cape Portland in Tasmania and the Balleny Plume volcanics implies that the

plume had no influence on the composition of their source, which underlay Tasmania at

-100 Ma. The mafic lava field provinces of Victoria and southeastern South Australia,

outcropping as the Older and Newer Volcanics, appear to have derived from EM-like source

regions, and also display no signs of significant Balleny Plume input.

However, Tasmanian Tertiary alkaline volcanism, long recognised as being

isotopically distinct from volcanism on mainland eastern Australia (e.g. Ewart et al., 1988;

Ewart and Menzies, 1989), has a HIMU-like isotopic signature similar to the Balleny Plume
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volcanics. A review of Tasmanian alkaline basalts up to -47 Ma ascribed this distinctive

isotopic signature to input from the Balleny Plume as it underlay the region east of Tasmania

during the Eocene (Lanyon et al., 1993). However, the discovery that even older Tasmanian

volcanism, based on the recent analysis of the -58 Ma Bream Creek alkali basalt, also bears a

similar isotopic signature to the younger Tasmanian and the Balleny Plume volcanics makes it

difficult to reconcile the proposed spatial evolution of the Balleny Plume with Tasmanian

Tertiary volcanism as proposed by Lanyon et al. (1993). This does not, however, preclude a

Balleny Plume influence on Tasmanian volcanism, but the timing must be reconsidered in

terms of plume underplating prior to the separation of Australia and Lord Howe Rise/New

Zealand. This idea will be examined further in section 4.4.
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Figure 4.10: Map showing the approximate paths and timing relationships of the eastern
Australian, Tasmantid, Lord Howe and Balleny hotspot traces (modified from Duncan and McDougall,
1989 and Jenkins et al., 1992)
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corresponding trace element data.
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4.3 THE BALLENY PLUME AND THE TASMANTID AND LORD HOWE

SEAMOUNT CHAINS:

The Tasmantid Seamounts comprise a 1300 km long north-south trending hotspot

chain located on Late Mesozoic to Early Tertiary (Palaeocene) oceanic crust in the central

Tasman Sea basin (e.g. Vogt and Conolly, 1971; McDougall and Duncan, 1988). They

demonstrate a progressive southward decrease in age from 24 to 6.4 Ma (McDougall and

Duncan, 1988), consistent with a migration rate of 67±5 mm/year for the Indian-Australian

Plate over a fixed mantle plume source, and parallel, both spatially and temporally, the

eastern Australian hotspot trace/s as delineated by the central volcano provinces (Figure

4.10). Both the alkali olivine and tholeiitic basalts comprising the Tasmantid Seamounts have

significantly higher ®^Sr/®®Sr, and lower ^ 44fvj(j 206pb/204pb_ 207p|3/204pb and
208pb/204p|3 values than the Balleny Plume volcanics (Figure 4.11). A study of the

Tasmantid Seamounts by Eggins et al. (1991) concluded that their isotope and trace

element signatures trend towards the EMI mantle end-member component, resemble some

mainland eastern Australian Cainozoic basalts, including the Newer Volcanics, and can

therefore be regarded as part of the Dupal anomaly (Chapter 1). Although the youngest (6.4

Ma; McDougall and Duncan, 1988) and most southerly recognised Tasmantid Seamount,

Gascoyne Tablemount (Figure 4.12), is located only -375 km northeast of Janszoon

Seamount, the significantly older age of the latter, plus its HIMU-like isotopic and trace

element signature (Chapter 3), precludes any possibility of a genetic relationship between

these two Tasman Sea seamounts.

Lord Howe Island is also associated with a southward-younging hotspot trace which

parallels both the Tasmantid and eastern Australian hotspot paths (Figure 4.10). This 6.7 Ma

(McDougall et al., 1981) island lies approximately 500 km directly north of the Zeehan-

Heemskirk Seamounts, which represent the eastern most sampled projection of the Balleny

Plume trace (Figure 4.10; Chapter 3). Compared to the Balleny Plume volcanics, the few

available isotope ratios for Lord Howe Island indicate that the latter has much higher

®^Sr/®®Sr and lower which plot within the EMI-EMII isotopic fields (Figure
4.11). The significant isotopic and age differences between the Lord Howe Island basalts

and the Zeehan and Heemskirk Seamount volcanics negates any possibility of a common

mantle source.

4.4 BALLENY PLUME INFLUENCE ON THE OPENING OF THE TASMAN SEA

- SOUTHWEST PACIFIC OCEAN:

A regional HIMU isotopic signature is present within the Cainozoic continental

volcanics of southeastern Australia (Tasmania) the South Island and offshore islands of New

Zealand, and Marie Byrd Land in West Antarctica (Figure 4.12) (Coornbs et al., 1986; Sun et
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Figure 4.12: Map of the southwest Pacific Ocean (modified after Reinemund, 1984)
showing the location of islands and seamounts comprising the Balleny Plume trace (Chapter 3),
relative to previouslycontiguous continental regions of Gondwana (as discussed in Section 4.4), and
Macquarie Island (Section 4.5). The inset shows the location of the New Zealand volcanics discussed
in Section 4.4.3. Abbreviations indue SEIR = Southeast Indian Ridge, GT = Gascoyne Tablemount,
SIR = South Tasman Rise, ETP = East Tasman Plateau, CV = Cookson Volcanics, DV = Dunedin
Volcanics, BP = Banks Peninsula, and WDS = Westland and Otago dyke swarm.
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al., 1989; Lanyon et al., 1993). Separation of these continental fragments, all of which were

juxtaposed prior to the breakup of Gondwana, occurred as a result of opening of the Tasman

Sea and southwest Pacific Ocean which commenced during the Cretaceous (e.g. Weissel et

al., 1977). The temporal proximity of these rifting events to the possible initiation of the

Balleny Plume, the latter distinguished by its HIMU-like isotopic signature (Chapter 3), needs

to be investigated in order to establish whether or not these events may be linked.

4.4.1 The Separation of Australia, New Zealand And West Antarctica:

Although rifting between eastern Australia and Lord Howe Rise/New Zealand

commenced at -96 Ma, coincident with the onset of seafloor spreading between Australia

and Antarctica (Veevers et al., 1991), the major period of oceanic crust production and

development of the Tasman Sea basin occurred between -82 Ma (A34) (Weissel and Hayes,

1977) and 55.5 Ma (A24) (Veevers et al., 1991). At approximately the same time as

significant seafloor spreading commenced in the Tasman Sea, the Campbell Plateau (part of

the New Zealand Plateau) and West Antarctica were rifted apart (-81 m.y. ago; Christoffel

and Falconer, 1972; Molnar et al., 1975) as a result of the westward propagation of the

southwest Pacific-Antarctic Ridge (Bradshaw 1989). The recognition of 90-110 Ma mafic

dykes along the coast of Marie Byrd Land (Grindley and Oliver, 1983), however, suggests

that continental rifting between Antarctica and the New Zealand Plateau may have

commenced at about the same time as Australian-New Zealand and Australian-Antarctic

rifting began.

The initiation of Balleny Plume volcanism is also assumed to be roughly comparable

in age to the onset of significant seafloor spreading (at -82 Ma) in the Tasman Sea and

southwest Pacific Ocean, based on the proposal by Jenkins et al. (1992) that undated

seamounts northeast of Heemskirk Seamount, on the western flank of Lord Howe Rise,

most likely represent pre-71 Ma Balleny Plume eruptives.

4.4.2 Tasmanian Tertiary Volcanism:

As discussed in Section 4.2, Tasmanian Tertiary alkaline volcanism bears a

distinctive radiogenic isotope and trace element signature which distinguishes it from other

eastern Australian CainozOic volcanism and closely resembles the systematics of the HIMU-

like Balleny Plume volcanics. The identification of a HIMU-like signature in the -58 Ma

Tasmanian Bream Creek alkali basalt means that the timing of Tasmanian volcanism cannot,

however, be reconciled with the passage of this region of the Indian-Australian Plate over

the Balleny Plume as proposed by Lanyon et al. (1993).

Closure of the Tasman Sea would place the Zeehan-Heemskirk Seamount region of

the Lord Howe Rise (Chapter 3), and therefore the proposed region of initial surface

expression of the Balleny Plume, close to eastern Tasmania prior to the onset of rifting

between eastern Australia and Lord Howe Rise and the opening of the Tasman Sea.
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Lithospheric intersection and underplating by the Balleny Plume at the time of
commencement of significant seafloorspreading inthe Tasman Sea (-82 Ma; Weissel and

Hayes, 1977) may have resulted in a significant amount ofHIMU-like asthenospheric mantle

becoming attached to the overlying lithosphere at this time. Lithospheric stresses

responsible for the Tertiary volcanism ofTasmania, from -58 Ma onwards, may have been

related to the final stages of Tasman Sea opening. However, Veevers et al. (1991) describe

a period of post-breakup extension from -64 Ma which affected the Tasmanian region,

including the South Tasman Rise. These proposed extensional tectonics may have

precipitated decompression melting of the underlying HIMU-like material and the

subsequent onset of Tasmanian volcanism bearing a Balleny Plume signature while the

plume tail was still overlain bythe central southTasman Sea basin.

4.4.3 Calnozoic Mafic Volcanism on the South island and Offshore Islands

of New Zealand:

Outcrops of Cainozoic mafic volcanics scattered throughout the South Island of New

Zealand are generally assumed to be of continental intraplate origin and range in age from

Lower Eocene to Pliocene (Sewell and Weaver, 1989). Available isotope data for alkaline

volcanics and/or intrusives from some of the more major centres (Figure 4.12) are dominated

by low ®^Sr/®®Sr and high ""^Nd/ '̂̂ '̂ Nd values (Table 4.5; Rgure 4.13), similar to those of

the Balleny Plumeand Tasmanian Tertiary alkaline volcanics and overlapping with the HIMU

OIB isotopic field. New Zealand ®7Sr/®®Sr data do extend to slightly higher values with

respect to both the Balleny Plume and Tasmanian Tertiary alkaline volcanics. The only Pb

isotope data availablefor the South Island, from the Westland and Otago lamprophyric dyke

swarm (Figures 4.12 and 4.13), comprise a scatter of 207pb/204pb values, within the Balleny

Plume range but apparently extending towards a component with higher 207pb/204pb than
MORB. The slightly higher ®^Sr/®®Sr and higher 207p5/204pb at similar 206pb/204pb values

of some New Zealand rocks may be due to contamination of a HIMU-like asthenospheric

plume component by continental lithosphere in this region, rather than by depleted upper

mantle.

The South Island alkaline volcanics also possess similar trace element characteristics

to the Balleny plume and Tasmanian Tertiary volcanics (Table 4.6; Figure 4.14). This is

particularly evident interms of their low Ba/Nb, La/Nb, K/Nb, Rb/Nb, Zr/Nb and Ba/Th values,

indicating a similar depletion in LILE and LREE relative to Nb to that of the Balleny Plume

volcanics. In terms of their trace element abundance ratios, the South Island volcanics

consistently overlap with the HIMU field in Figure 4.14.

A low ®7Sr/®®Sr and high i'̂ 3Nd/'''̂ '̂ Nd signature, similar to that recognised in the

South Island volcanics, is also evident in the Late Mesozoic to Cainozoic mafic volcanics of

the offshore and sub-Antarctic islands of New Zealand (Table 4.5; Figure 4.13). These HIMU-

like volcanics have been recognised on the Chatham, Campbell, Auckland and Antipodes

Islands (e.g. Sun et al., 1989; Weaver et al., 1989), located on the continental basement of
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Table 4.5: Ranges of measured Sr, Nd and Pb isotope ratios for tfie Balleny Plume (data from tliis study only) and HIMU-like alkaline volcanics and intrusives from the South Island and
offshore islandsof New Zealand, Marie Byrd Land and the Erebus Volcanic Province ofWestAntarctica, and Tasmaniaas compared to the extreme HIMU mantle end-member values(Table 1.1); where
known, the numberofsamplesanalysedis noted in parenttieses. Isotope data sources include: Tasmanian Tertiaiy volcanics - Compston et al. (1968), McDonough et al. (1985), Ewart et al. (1988), W.F.
McDonough (unpublished data) and R. Vame (unpublished data); South Island, New Zealand• Price and Compston (1973), Barriero and Cooper (1987), Coote (1987; cited in Weaver et al., 1989),
McDonough et a). (1986); McDonough (1987) and Weaver et al. (1989); NewZealand offshore islands - Morris (1986), McDonough et al. (1986) and McDonough (1987), Marie ByrdLand- Futaand
LeMasurier (1983); Erebus Volcanic Province • Sunand Hanson (1975b), Stuckless and Ericksen (1976) and Zhu and Fan (1989). Where possible ®^Sr/®®Sr and ''̂ ^Nd/^^^Nd datafrom theliterature are
normalised as for Figure 1.1. Data sources for ages of volcanism are: Cullen (1969), McDougall and Coombs (1973), Price and Compston (1973), Grindley et al. (1977), Adams et al. (1979), Adams
(1980), Price and Taylor (1980), LeMasurier and Rex(1982), Adams(1983), Sutherland and Wellman (1986), Sewell and Weaver(1989) and Zhuand Fan (1989); Balleny Plume ages are as discussed in
Chapter 3.

HIMU OIB

Age

SIOMa

-40 Ma

-55-71 Ma

58-8Ma

87sr/86sr

0.70285

0.70288-0.70308 (4)
0.70315-0.70323 (3)
0.70291-0.70334 (8)

0.70260-0.70335 (22)
0.70324-0.70780 (7)

143Nd/144Nd
0.51285

0.51293-0.51299 (4)
0.51286-0.51290 (3)
0.51291-0.51314 (8)

0.51293-0.51304 (22)
0.51277-0.51298 (3)

BALLENY PLUME:
Balleny Province
Soela Seamount

Tasman Sea Seamounts

SOUTHEAST AUSTRALIA:
Tasmanian Tertiary alkaline
Tasmanian Tertiary thoieiitic

NEW ZEALAND - South Island:
Westland and Otago
lamprophyric dyke swarm
Cookson volcanics,
Northern Canterbury
Dunedin Voicanic Group
Akaroa and Lyttleton
Volcanoes, Banks Peninsula

28-16 Ma 0.70285-0.70351 (15) 0.51282-0.51291 (15)

Oligocene 0.7029-0.7033 (?)
14.4 -10.1 Ma 0.70265-0.70314 (17)

12-5.8 Ma 0.7029-0.7032(7)

NEW ZEALAND - Offshore and sub-Antarctic Islands:
Chatham Islands 80 - 68 Ii4a 0.70282-0.70331 (8)
Auckland Islands 25.6 -12.3 Ma 0.70298-0.70360 (4)
Campbell Island 11.1-6.5 Ma 0.70373(1)
Antipodes isiands < 1 Ma 0.70293-0.70296 (2)

WEST ANTARCTICA:
Marie Byrd Land
Erebus Voicanic Province

28 - 0.8 Ma

^Ma
0.70259-0.70322 (12)
0.70300-0.70350 (24)

0.512822-0.512961 (5)

0.51296 (?)

0.51282-0.51291 (5)
0.51289-0.51294 (3)

0.51293-0.51294 (2)

0.51286-0.51300 (12)

206pb/204pb

21.80

19.685-19.849 (4)
20.015-20.061 (3)
19.958-20.727 (8)

19.141-19.656 (5)
18.994-19.690(2)

19.19-20.59 (13)

207pb/204p b

15.84

15.583-15.624 (4)
15.632-15.649 (3)
15.628-15.757 (8)

15.548-15.633(5)
15.591-15.676 (2)

15.64-15.71 (13)

208pb/204pb

40.73

39.337-39.692 (4)
39.762-39.898 (3)
39.773-40.466 (8)

38.643-39.336 (5)
38.935-38.965 (2)

39.03-40.42 (13)

18.741-20.280(25) 15.595-15.790(25) 38.332-39.824(25)
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Figure 4.13: Radiogenic isotope plots comparing measured data from the South Island of
New Zealand including the Dunedin Volcanics and the Westland and Otago lamprophyric dyke swarm
(filled circles), the offshore and sub-Antarctic islands of New Zealand including the Chatham.
Auckland and Antipodes Islands (oblique crosses - Sr-Nd plot only), the Marie Byrd Land alkaline
volcanics (filled diamonds - Sr-Nd plot only), and the Tasmanian Tertiary alkaline volcanics (open
squares) with the Balleny Plume volcanics (initial ratios - open triangles) and the HIMU, EMI and EMM
OIB anci MORB isotopic fields. Data sources for the isotopic end-members are as for Figure 1.1.
Balleny Plume volcanics include the Balleny Islands ratios of Hart (1988), age corrected as for Figure
3.20. Other data sources include: New Zealand South Island - Barreiro and Cooper (1987) and
McDonough (1987); New Zealand offshore islands - McDonough (1987); Marie Byrd Land - Futa and
LeMasurier (1983).
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Table 4.6: Trace element abundance rattos tor the alkaline volcanlcs ofthe Balleny Plume, Tasmania, theSouth Island andoffshore islands ofNew Zealand, Marie Byrd
Land in West Antarctica and the Erebus, Melbourne and Hallett Volcanic Provinces of the McMurdo Volcanic Group, West Antarctica as discussed in Sections 4.4 and 4.6. Data
are presented as ranges underlain bythe mean value ± to error (numbers in bold type are the most well constrained: o/means~10 %); numbers in parentheses indicate the number
of analyses used (n) to calculate both the ratio ranges and the mean values. Sourcesfor data derived from the literature include: Balleny Plume - Green (1992) andJ. Foden
(unpublisheddata); Tasmania- Prey et al. (1978), Ewartet al. (1988) and W.F. McDonough (unpublisheddata);

Rb/Nb Bs/Rb Ba/Th Ba/Nb Ba/La Th/U Th/Nb Th/La

BALLENY PLUME 0.11-0.98(41)
0.49±0.13

8.24-43.04 (23)
14.1717.05

57-99 (22)
74112

4.47-7.38 (33)
5.8210.72

3.17-1859(16)
8.591880

856-4.74 (14)
3.6210.52

0.07-0.15(30)
0.0910.02

0.04-0.15 (16)
0.1210.03

TASMANIAN TERTIARY 0.124).75(7)
0.2910.21

4.66-29.57 (22)
14.9015.93

12-114(22)
48125

2.285.40 (7)
3.9011.25

862-11.25(18)
5.6611.84

1.33-11.5(15)
3.9312.56

0.07-0.16 (7)
0.1010.03

0.050.43 (18)
0.1310.08

NEW ZEALAND: South Island
Westland and Otago
lamprophyrlc dyka swarm

0.2241.59 (3)
0.3710.19

10.68-2858 (4)
17.3918.19

54-71 (3)
6219

5.786.36 (3)
6.1610.33

6.92-10.02 (4)
8.4111.34

3.286.0 (3)
4.2511.52

0.080.12(3)
0.1010.02

0.10-0.15(4)
0.1310.03

Dunsdin Voloanle Qroup 0.18-0.62(8)
0.4810.14

11.18-3833(8)
16.0616.92

54-141 (8)
101127

5.788.26 (8)
6.9710.95

7.92-11.92(3)
9.611807

1.84.0(8)
3.0610.82

0.04-0.11 (8)
0.0710.02

0.080.15(3)
0.1210.03

Akaroa and Lyttlston
Voloanoss, Banka Psnlnaula

0.26-0.55 (3)
0.4410.16

7.25-21.43(3)
13.9017.13

41-127(8)
77125

3.988.12(8)
6.1611.20

6.5813.63 (8)
9.091804

2.94-4.20 (6)
3.7210.42

0.06-0.12(8)
0.0810.02

0.10-0.16 (8)
0.1210.02

NEW ZEALAND • Olfshors and
Chatham Islanda

sub-AntsrctIc Islsnds:
0.24-51(10) 1i84-37.53(11)
0.3710.08 20.0917.25

22-128(11)
48137

4.9813.87(10)
7.1812.75

88821.54 (10)
8.3615.29

0.080.25 (10)
0.1310.06

0.03-0.30 (10)
0.1610.09

Auckland Inlands 0.31-0.43 (3)
0.3610.06

1884-1585(3)
14.6711.61

41-61 (3)
52110

4.85.55 (3)
5.2410.33

8.5810.17(3)
9.1510.89

0.09-0.12(3)
0.1010.015

0.16-0.21 (3)
0.1810.03

Csmpbsll Island 0.46-0.62 (3)
0.5310.08

8.06-11.83 (3)
10.2711.97

42-53(3)
4716

5.02-6.04 (3)
5.3610.59

6.61-8.11 (3)
7.4410.76

0.09-0.13 (3)
0.1110.02

0.14-0.17(3)
0.1610.016

Antlpodss Islands 0.17-0.45 (3)
0.3310.15

10.9827.5 (3)
16.9219.18

37-52(3)
4518

4.64-4.94 (3)
4.7910.15

5.988.36 (3)
7.0611.22

0.09-0.13 (3)
0.1110.02

0.1341.19(3)
0.1610.03

WEST ANTARCTICA:
Msrts Byrd Lsnd 0.40-0.60 (5)

0.4910.08
10.81-20.18(5)

14.0113.61
48281 (4)

110156
5.488.54 (5)

6.7811.35
7.581838 (5)

9.3811.96
0.50-4.0 (2) 0.02-0.17(4)

0.1110.07
0.03-0.27 (4)

0.1610.10

Ersbus Volcanic Province 0.2441.57(10)
0.3810.10

8.4823.95(14)
12.1614.64

4866(8)
5617

2.01-8.57(9)
4.6012.21

3.889.29 (8)
6.9211.89

3.82-4.6 (5)
4.2310.35

0.04-0.10 (8)
0.0710.02

0.07-0.13(4)
0.1010.03

Mslboums Volcsnic Province 0.3041.70 (10)
0.5010.13

5.5819.5 (7)
12.3214.31

57-105(3)
79124

1.989.13(7)
8731863

832(1) 7.0 (2) 0.03-0.09 (6)
0.0710.03

0.11 (1)

Hsilstt Volcsnic Province 0.39(1) 1853 (1) 61 (1) 4.87-21.12(16)
11.6114.0

4.24-16.48(14)
9.2913.63

0.08 (1)
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Nb/U Nb/Pb

BAUENV PLUME 2Sa2(14)
4ati3

3-37(14)
20110

92-306 (41)
179139

0.56-Z33 (16)
0.7810.46

1.62-1201 (16)
3.391240

^v/ro

5.1-41.9 (14)
25.5111.4

ir/ND

3.11-7.20(41)
4.2211.12

TASMANIAN TERTIARY 20-42(4)
35±10

4-16 (4)
716

93-285(7)
158173

0.6441.88 (7)
0.8110.08

1.98-11.67(18)
5.631245

5.7-2883 (13)
14.6118.18

2484.00 (7)
3.5810.56

NEW ZEALAND: South Island
Wsstland and Otago
lamprophyrio dyka awarm

30-57(3)
42±14

9.8-10 (3)
9.910.1

90-163(3)
126136

0.71-0.84(3)
0.7910.07

1.84-5.79(4)
3.7711.83

129-180 (3)
14.5211.41

3.27-4.19 (3)
3.6510.48

Dunadln Volcanio Qroup 31-54(8)
42t9

13-23 (8)
16.213.8

104-226(8)
181139

0.66-0.77 (3)
0.7110.06

254-287 (2) 19.65-24.38 (2) 3.185.1 (8)
3.9610.53

Akaroa and Lyttlaton
Voloanoaa, Banks Paninaula

25«4(6)
4S±13

6-21(7)
1^6l5.8

122-257(8)
184142

0.6041.86 (8)
0.6810.08

248-5.28 (3)
3.4311.60

7.39-29.57 (7)
18.7118.16

297-525(6)
3.8410.72

NEW ZEALAND • Offahora and
Chatham Islands

aub-AntarotIo Islands:

103-215(10)
175142

009-2.0 (9)
0.9610.46

267-6.84 (10)
5.0311.37

3.73-6.15(10)
5.010.83

Auckland Islands 21-61 (3)
42120

144-164(3)
157111

0.55-0.61 (3)
0.5810.03

3.16-4.31 (3)
3.7910.58

2882(3)
56.7127.2

3.784.36 (3)
4.0310.31

Campball Island 148-185(3)
168119

0.66-0.76 (3)
0.7210.05

2.123.17(3)
27910.58

3.84-4.43 (3)
4.2010.31

Antlpodaa Islands 11-23 (3)
1816

90-140(3)
120126

0.56-0.83 (3)
0.7010.14

3.47-9.75 (3)
5.7813.45

1839(3)
29111

3.98591 (3)
4.9710.99

WEST ANTARCTICA:
Maria Byrd Land 26-30 (3)

27±2
9-14 (4)
11.312.5

159-252(5)
197139

0.62-0.92 (5)
0.7310.11

2.58-5.09 (5)
3.7710.97

11.2-33.3 (4)
20.510.5

3.586.0 (5)
4.4910.96

Erabua yolcanio Provlnca 58-124 (5)
87126

8-59(8)
25.9119.2

98-160(10)
127121

0.61-0.66 (3)
0.6410.03

1.87-4.04 (6)
3.1910.83

10.844.9 (6)
26.4112.3

2583.93 (6)
28910.52

Halbouma Volcanio Province 93-206(2) 11-20(2) 91-226(10)
152141

0.68 (1) 3.13(1) 287-553 (8)
4.0110.93

Hallatt Voloanio Provlnoa 63(1) 92-277(16)
166148

0.90-209 (14)
1.3710.39

1886.55 (16)
28511.13
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Rgure 4.14: Trace element abundance ratio plots comparing data from the South Island of New Zealand including the Dunedin Volcanics, Banks Peninsula and the
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Islands (oblique crosses - Sr-Nd plot only), the Marie Byrd Land alkaline volcanics (filled diamonds -Sr-Nd plot only), and the Tasmanian Tertiary alkaline volcanics (open squares)
with the Balleny Plume volcanics (initial ratios -open triangles) and the HIMU, EMI and EMM OIB fields. OIB end-member fields asfor Figure 43 Data sources asfor T^le 46



the Chatham Rise and Campbell Plateau south of New Zealand (Rgure 4.12). Unfortunately,

no Pb isotope data are available for any of these islands.

The trace element systematics of alkaline volcanics from the continental offshore

islands of New Zealand display many similar features to the volcanics of the South Island of

New Zealand and the Balleny Plume (Table 4.6), which can be considered as HIMU-like

(Figure 4.14) in terms of general LILE and LREE depletion. However, there are some

obvious variations in trace element chemistry between the various islands. Auckland Islands

samples extend to high Ce/Pb and Nb/Pb values, suggesting some Pb depletion relative to

the other islands, and samples from the Chatham Islands display the greatest range of Th/Nb

and Th/La values, the highest values implying a degree of Th enrichment relative to the

LILE, as well as high La/Nb values. Despite these variations, the similarity of the trace

element abundance ratios of the offshore islands of New Zealand, coupled with their low

87sr/86sr and high '''̂ Nd/''̂ '*Nd values, to the South Island, Tasmanian Tertiary andBalleny

Plume volcanics, and therefore to HIMU GIB, suggests involvement of a HIMU plume source.

Eruption of the offshore island volcanics through the continental lithosphere comprising the

Chatham Rise and Campbell Plateau could be the source of the observed inter-island trace

element variabilities, particularly considering the likelihood of lithospheric heterogeneities.

Eruption of mafic volcanics on the Chatham Islands at the eastem tip of the Chatham

Rise/Campbell Plateau at -80-68 Ma (Grindley et al., 1977) provides the earliest evidence for

influence from a HIMU source in the New Zealand region. The spatial and temporal

occurrence of these HIMU-like volcanics suggests a linkwith the rifting of Campbell Plateau

from Marie Byrd Land, which commenced at -81 Ma (Molnar et al., 1975). However, other

recognised areas of HIMU-like volcanism in the South Island and other offshore islands of

New Zealand display a range of ages (Table 4.5), inconsistent with lithospheric plate

migration over one or more fixed mantle plume sources, although suggestive of underlying

HIMU rr^ntle dating back to at least -80 Ma. The latter again raises the possibility of extensive

lithospheric underplating by the Balleny Plume, coincident with the onset of significant rifting

between eastem Australia, New Zealand and West Antarctica at -80 Ma.

4.4.4 Mafic Volcanism in Marie Byrd Land, West Antarctica:

The Late Cainozoic Marie Byrd Land volcanic province outcrops along 800 km of the

Pacific coast of West Antarctica (Figure 4.12), overlying a 30-38 km thick basement of

continental crust (Futa and LeMasurier, 1983). The volcanic province comprises a basal

succession of subhorizontal alkaline basaltic flows surmounted by a series of felsic,

predominantly trachytic, central shield volcanoes which are parasitised by alkali basaltic

cinder and tuff cones with similar isotopic and geochemical compositions to the basal

succession basalts (Futa and LeMasurier, 1983; LeMasurier and Rex, 1989; 1991).

The low ®^Sr/®®Sr and high ^SNd/l '̂̂ Nd values of the Marie Byrd Land alkali basalts
(Table 4.5; Figure 4.13) are similar to those of the Balleny Plume, Tasmanian Tertiary and

New Zealand (South Island and offshore islands) alkaline volcanics, overlapping with the
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HIMU OIB isotopic field. No Pb isotope data are available for these samples. The trace

element systematics of the Marie Byrd Land alkaline volcanics are also generally consistent

withderivation from a HIMU-like source, with low LILE/Nb and LREE/Nb ratios which overlap

with fields defined byHIMU OIB andthe Balleny Plume volcanics (Table 4.6; Figure 4.14).

Marie Byrd Land volcanism is thought to derive from an asthenospheric mantle

plume source underlying the Antarctic Plate, which has undergone little or no chemical
interaction with the continental lithospheric mantle or crust (LeMasurier and Rex, 1991).

Extensional tectonics within Marie Byrd Land, resulting in lithospheric thinning and fracturing

followed by decompression melting of the asthenospheric source and subsequent

volcanism, may be related to the West Antarctic intracontinental rift system, the axis ofwhich,

incentraland eastem Marie Byrd Land, parallels the line of rupturewith the Campbell Plateau

(LeMasurier and Rex, 1991). The onset ofthe proposed rift tectonics of Marie Byrd Land is

not easily explained, except by thermal processes, presumably the result of mantle plume

activity beneath a stationary lithospheric plate (LeMasurier and Rex, 1991), resulting in

crustal doming and the observed radial migration of felsic volcanic activity with time

(LeMasurier and Rex, 1989).

The suggestion of asthenospheric mantle involvement (LeMasurier and Rex, 1989;

1991), coupled with the observed isotope and trace element systematics of Marie Byrd Land

alkaline mafic volcanism, is consistent with derivation from a HIMU-like plume, with similar

radiogenic isotope and trace element systematics to the Balleny Plume, located beneath the

stationary Antarctic Plate. The idea of extensive lithospheric underplating by the Balleny

Plume at the time of onset of Australian-New Zealand-West Antarctic rifting, proposed to

explain the temporally diverse HIMU-like mafic volcanism of Tasmania and New Zealand,

could also explain the occurrence of HIMU-like volcanics in Marie Byrd Land close to the site

of rifting with the Campbell Plateau. However, the possibility of a second HIMU mantle plume

will also be considered in the ensuing discussion.

4.4.5 Discussion of a Possibie Baiieny Plume Influence on Continental

Rifting:

The presence of a regional HIMU isotopic and trace element signature, similar to that

of the Balleny Plume, in the alkaline mafic volcanics of the continental regions of southeast

Australia, New Zealand and West Antarctica, all of which were contiguous prior to the break

up of Gondwana (Figure 4.15), seems far too fortuitous not to be a product of their overall

tectonic relationship. Two possible scenarios, altematively proposing the involvement of

one or multiple HIMU mantle plume/s, will be presented in an attempt to explain the

widespread spatial and somewhat sporadic temporal occurrence of these HIMU volcanics.

The first scenario involves a widespread influence from a single plume, the Balleny

Plume, on both continental and oceanic volcanism in the Tasman Sea - southwest Pacific

Ocean region. Whereas the oceanic volcanism is related to the plume tail or conduit (Chapter

3), continental volcanism may be a product of the plume head. The Balleny Plume head is
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here assumed to have ascended beneath the region of Gondwana where Tasmania, New

Zealand and Antarctica were cojoined prior to the onset of significant continental break-up at

-80 Ma. Upon intersecting the base of the lithosphere, flattening and lateral spreading of the

plume head (Griffiths and Campbell, 1990) may have resulted in widespread lithospheric

underplating by HIMU-like plumematerial of this entire region.

Although there are many different ideas in the literature concerning the cause and

effect relationship between continental rifting, upwelling mantle plumes and flood volcanism,

according to White (1992) impingement of an upwelling plume head on the base of the

lithosphere will not in itself cause extensive surface volcanism. The latter would depend on

whether or not melting occurred, which in turn is dependent on the temperature of the

ascending mantle and the thickness of the lithosphere (Saunders et al., 1992). Both

Saunders et al. (1992) and White (1992) believe that lithospheric stretching and thinning

must have already taken place inorder for flood volcanism to occur. This is summed up in the

statement by White (1992: p. 12) that"... without thin lithosphere, melt volumes can only be

small". If a starting plume head was particularly 'cool', due to the entrainment of large amounts

of surrounding mantle during ascent, and/or it intersected unusually thick lithosphere, plume

head material may fail to reach its solidus and melt. In this case, plume head collapse and

horizontal flattening would stilj occur, but a large igneous province (LIP), such as the

continental flood basalts and oceanic plateaus attributed to other starting plume heads (e.g.

Coffin and Eldholm, 1992), would not.

In Chapter 3, several reasons were proposed as to why Balleny Plume volcanism is

likely to represent the trace of a relatively weak, in terms of buoyancy flux, mantle plume. If

the upwelling heads of weaker plumes, such as the Balleny Plume, can be expected to

entrain more ambient mantle than stronger plumes (Griffiths and Campbell, 1990), they could

also be expected to be somewhat cooler upon arriving at the base of the lithosphere, and

may therefore fail to undergo substantial melting and to produce surface volcanism. The

other factor which may have dictated whether or not melting occurred, namely the thickness

of the lithosphere that was intersected by the Balleny Plume head, is difficult to ascertain

due to the fact that extension associated with continental rifting may have resulted in

subsequent thinning of the lithosphere due to stretching (McKenzie, 1978) or detachment

faulting (Wernicke, 1981; 1985; Lister et al., 1986). The current thicknesses of the

continental crust comprising Lord Howe Rise and the New Zealand Plateau, the latter a

combination of the Chatham Rise and Campbell Plateau (Cullen, 1970), are considered to be

20-25 km (Officer, 1955) and 20±3 km (Adams, 1962) respectively, less than the 30-40 km

thick crust of the New Zealand land mass (Thomson and Evison, 1962). Although thinner

areas of crust, and hence lithosphere, could be expected to permit extensive surface

volcanism during plume head upwelling (Hill, 1991), prior to the production of the oldest

seafloor in an area where lithospheric rifting is occurring (White, 1992), the thinner crust of

the continental plateaus surrounding New Zealand may be a product of rifting subsequent to

the ascent and underplating of the Balleny Plume head. This idea stems from the proposal
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that initial lithospheric extension between eastern Australia and Lord Howe Rise involved

detachment faulting, whereby the southeast Australian margin is interpreted to be an upper-

plate margin whereas the western part of Lord Howe Rise represents the detached and

complementary lower plate margin (Etheridge et al.. 1989). This means that the lithosphere

associated with the eastern Australian margin would probably have been considerably

thicker at the time of intersection by the Balleny Plume head.

Although the structure of the conjugate Campbell Plateau-Marie Byrd Land margins

has not been studied to the same extent, detachment faulting may also have resulted in

lithospheric thinning in this region as submerged continental fragments, such as the

Campbell Plateau, are not readily explicable through more symmetrical models of extension

(Lister et al., 1986). Therefore, the preSent-day crustal thickness of the New Zealand Plateau

(Chatham Rise and Campbell Plateau) was also probably attained subsequent to

underplating by the Balleny Plume. A combination of thick lithosphere, prior to continental

rifting betweensoutheast Australia, New Zealand and WestAntarctica, plussignificant upper

mantle entrainment and cooling during the ascent of the relatively weak Balleny Plume head,

may therefore have confined its activities at this time to lithospheric underplating rather than

melting and extensive surface volcanism.

The actual timing of sub-Gondwana lithospheric intersection by the Balleny Plume is

not known, however, plumeconduit volcanism appears to have commenced prior to -71 Ma.

This is based on the presumption that the Balleny Plume trace extends northeast, beyond

the Zeehan and Heemskirk Seamounts, to even older seamounts located on the western

flank of Lord Howe Rise (Jenkins et al., 1992). Plume head upwelling can therefore be

inferred to at least coincide with the onset ofsignificant seafloor spreading between the Lord

Howe Rise and eastern Australia and between the New Zealand Plateau and Marie Byrd

Land at -80 Ma. However, it is possible that the Balleny Plume head was emplaced beneath

this region of Gondwana prior to -80 Ma, and maybe even prior to or coincident with the

commencement of Tasman Sea opening at -96 Ma (Veevers et al., 1991). Before the onset

of significant seafloor spreading within the Tasman Sea basin at -80 Ma, eastem Australia

and the Lord Howe Rise would have been no more than -200-250 km apart (based on

reconstructions performed using Reinemund (1984) and placing Cape Howe in southeast

Australia adjacent to the Lord Howe Rise priorto rifting). This short distance, combined with

proposals that initial lithospheric extension in this region may have involved detachment

faulting, supports the idea that the lithosphere in this region, at the time of Balleny Plume

head upwelling, would have been considerably thicker than current estimates.

The thermal effects of an upwelling plume head are considered to include

substantial buoyancy-induced uplift and weakening of the overlying lithosphere, due to the

presence of additional tensional forces, which may lead to rifting (White and McKenzie,

1989; Hill, 1991). Although the regional uplift produced bythe Balleny Plume may well have

been largely masked by later tectonic and/or erosional events, precipitation of rifting

between the Lord Howe Rise and eastern Australia at -96 Ma may be a possible
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consequence of plume head upwelling, especially when the uncertainty associated with the

timing of its initial ascent is taken into account.

The proposal by Hill (1991) that slow continental extension, activated by plate-scale

convection, may evolve into full-scale seafloor spreading with the arrival of a plume head

may, however, be more pertinent to the opening of the Tasman Sea, where significant

seafloor spreading only commenced -14 Ma after the initial onset of rifting. The arrival of the

Balleny Plume head beneath the Tasmania-New Zealand-West Antarctic 'triple point' at -80

Ma, into a region of already weakened and partially rifted lithosphere, may therefore have

resulted in the onset of full-scale seafloor spreading between Lord Howe Rise and

southeastern Australia, and between the Campbell Plateau and Marie Byrd Land. This

seems more reasonable than proposing that the Balleny Plume actually initiated the 96 Ma

onset, of Tasman Sea opening, due to the fact that rifting between the southern margin of

Australia and Antarctica also commenced at -96 Ma (Veevers et al., 1991) but was spatially

unrelated to the Balleny Plume. In support of the idea that the Balleny Plume may have

played a contributing rather than an initiating role for continental break-up in this region. Hill

(1991) observed that flood basalt provinces produced by starting plume heads are not

always associated with oceanic basins, and therefore that n^ntle plumes alone are unlikely to

initiate continental break-up. White (1992) also concluded that the regional uplift produced

by the ascent of a starting mantle plume, particularly in a region where the stress field is such

that incipient rifting is likely (White and McKenzie, 1989), may boost rifting but will not

necessarily in itself cause continental break-up.

This first scenario, therefore, suggests that the Balleny Plume head ascended at

-80 Ma and had an influence on the break-up of southeast Australia, New Zealand and West

Antarctica at this time. Rather than extruding extensive surface flood basalts, possibly due to

the relatively weak and cool properties of the plume plus the lithospheric thickness in this

region, it underplated the lithosphere of this part of eastern Gondwana during plume head

collapse and horizontal spreading, without experiencing substantial melting. Chatham

Islands HIMU-like volcanism from -80 Ma suggests that some melting did occur within the

plume head during underplating and the concurrent separation of the Campbell Plateau from

Marie Byrd Land. Later sporadic volcanism in the continental regions of Tasmania, New

Zealand and West Antarctica occurred in response to more localised extensional tectonic

regimes which caused decompression and melting of the Balleny plume material attached,

and therefore moving along with, the continental lithosphere in these regions. After plume

head underplating and the onset of significant continental break-up, the temporally

predictable volcanism associated withthe oceanic Balleny Plume trace occurred in response

to lithospheric plate movement over the plume conduit still located as a fixed source in the

asthenospheric mantle.

A second scenario proposes that more than one HIMU mantle plume is responsible

for the regional isotopicand trace element systematics observed in the continental regions

bordering the south Tasman Sea and southwest Pacific Ocean. If lithospheric underplating
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Figure 4.15: Cartoon representation of the morphological reconstruction of eastern
Gondwana prior to 96 Ma, modified after Griffiths and Varne (1972).

by the Balleny Plume head at -80 Ma was confined to the Tasmania-New Zealand region of

Gondwana, Marie Byrd Land volcanism could be the product of a second HIMU-like plume,

possibly originating from the same region as the Balleny Plume (Lanyon et al., 1993), but

intersecting the lithosphere beneath the stationary Antarctic Plate up to -50 m.y. later. The

observation that Marie Byrd Land Quaternary volcanism defines a hotspot with a diameter of

550-650 km, within which all the older areas of volcanism are also contained (LeMasurier and

Rex, 1989), plus the hypothesis that the extensional tectonics and resulting volcanism of

this region were initiated at -28 Ma by thermal activity (LeMasurier and Rex, 1991), do appear

to be inconsistent with the more long-term and possibly quite diffuse underplating by

Balleny Plume material associated with the first scenario. However, the 50 m.y. gap between

the proposed initial surface expression of the Balleny Plume head (-80 Ma volcanism on the

Chatham Islands) and the onset of Marie Byrd Land crustal doming (LeMasurier and Rex,

1989) and volcanism (-28 Ma; LeMasurier and Rex, 1982) does corresponds to the time lag

proposed by Smith and Drewry (1984) for continental uplift following the overiding of hot

asthenosphere by a continent. Therefore, if Marie Byrd Land was underplated by a small
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amount of hot asthenospheric Balleny plume material at -80 Ma, wrth uplift and resultant

volcanism delayed by 50 m.y., the need for a second plume may be negated. The fact that

this 50 m.y. delay did not occur in Tasmania or New Zealand may be due to extensional

events in these areas producing volcanism at an earlier time.

4.5 THE BALLENY PLUME AND MACQUARIE ISLAND:

Macquarie Island (54°35'S, 158°55'E) is a north-northeasterly trending linear feature

(-35 km long x <6 km wide) located -1500 km south-southeast of Tasmania and -1100 km

southwest of the southern tip of New Zealand atop the Macquarie Ridge system (Griffin and

Varne, 1980; Duncan and Varne, 1988; Varne, 1989) (Figure 4.12). The latter comprises an

arcuate and complex system of ridge, trench and fault morphologies separating the Indian-

Australian and Pacific Plates, between the Pacific-Antarctic Ridge and the Alpine Fault of

continental New Zealand in the southwest Pacific Ocean (Falconer, 1972; Hayes and

Talwani, 1972).

Macquarie Island, considered to comprise blocks of oceanic crust belonging to the

Indian-Australian Plate (e.g. Griffiths and Varne, 1972; Varne, 1989), comprises a southern

region of extrusive basalts, including pillow lavas, volcanic breccias, hyaloclastites and

massive lavas, cut by basaltic dykes, and a northern region of intrusive gabbros and

serpentinised peridotites (originally harzburgite and dunite assemblages) cut by a series of

dolerite dykes which form a sheeted dyke complex (Varne and Rubenach, 1972; Griffin and

Varne, 1980; Varne, 1989). These two regions, separated by a northwest trending fault

zone (Varne and Rubenach, 1972), may represent diachronous blocks of oceanic

lithosphere which were uplifted and tilted during the formation of the Macquarie Ridge

(Duncan and Varne, 1988) due to oblique compression (transpression) between the Indian-

Australian and Pacific plates (Williamson, 1988). This transpressional regime, possibly a

consequence of the proximity of the Macquarie Ridge to the Indian-Australian - Pacific pole

of relative motion (Griffiths and Varne, 1972) is thought to have commenced -10 m.y. ago

following on from earlier strike-slip and extensional regimes (Williamson, 1988).

Radiometric '̂ ^Ar-^^Ar ages for the Macquarie Island basalts range from 11.5 to 9.7

Ma (Duncan and Varne, 1988). However, a significantly older age of -27 Ma is assigned to

the formation of this section of oceanic crust at the SEIR, based on the magnetic seafloor

lineation (A7) observed west of, and interpreted as crossing, Macquarie Island (Williamson,

1988). This latter age is generally consistent with the findings of Quilty et al. (1973) that

calcareous Globigerina ooze interstitial to, and essentially coeval with, the pillow lavas at the

extreme northern end (North Head) of Macquarie Island have an Early to Middle Miocene

age. The discrepancy between the radiometric ages and those derived through geophysical

and micropalaeontological studies could suggest some volcanic reactivation on Macquarie
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Island approximately synchronous with the onset of the transpressional regime along the

Macquarie Ridge which was responsible forthe uplift of blocks of older oceanic lithosphere.

Six Macquarie Island basaltic (pillow rim) glass samples were analysed during the

course of this study for Sr, Nd and Pb isotope ratios; details of sampling localitiesare listed in

Appendix 1 (Table A1.2). Sample compositions range from alkali basalt and trachybasalts to

olivine and quartz tholeiites (A.J. Crawford and V.S. Kamenetsky; pers. comm., 1992). The

main impetus for performing these isotopic analyses stemmed from the recognition of major

and trace element features within Macquarie Island basalts which appeared inconsistent with

derivation from a depleted upper mantle MORE source alone (Griffin and Varne, 1980; A.J.

Crawford and V.S.Kamenetsky, pers. comm., 1992). Despite the recognition by Varne et al.

(1969) that the Macquarie Island basalts are generally similar in composition to Mid-Atlantic

Ridge basalts, certain samples were found to have higher Nb and lower Zr/Nb, Y/Nb, Ti/Zr

and K/Rb values plus enrichments in Kand Sr relative to N-MORB (Griffin and Varne, 1980).

The high Nb (20-60 ppm) and low Zr/Nb (3-7) values of these Macquarie Island basalts,

prompted the analysis of -30 more basaltic glasses (>6 wt % MgO) and the subsequent

discovery that a positive correlation between K2O and P2O5 trends from depleted N-MORB

values to those more typical of enriched GIB sources (1.82 % K2O, 0.66 % P2O5 in

trachybasalt sample 47963; A.J. Crawford and V.S. Kamenetsky, pers. comm. 1992).

Sr, Nd and Pb isotope results (Table 4.7; Figure 4.16) indicate a general overlap

between the Macquarie Island basalts and Pacific Ocean MORB (see Chapter 8 for a

comparison between Pacific and Indian Ocean MORB radiogenic isotopes). However, the

Macquarie Island data form a linear array, particularly in Pb-Pb space, which may well

represent a mixing line between a depleted upper mantle MORB source and a HIMU-like OIB

component, similar in isotopic composKion to the Balleny Plume. This array is less obvious

on the Sr-Nd plot of Figure 4.16 due to the relatively high ®^Sr/®®Sr value of trachybasalt

sample 47978. It should be noted that, as proposed by Jenner (1987; cited in Varne, 1989),

the Macquarie Island tholeiites have generally lower ®^Sr/®®Sr and higher I'̂ ^NcV'̂ '̂ Nd

values than the alkaline basalts. In terms of Pb isotope ratios, the distinction is slightly less

clear. The two trachybasalts possess the highest 206pb/204pb and 208pb/204pb contents

as well as slightly higher 207pb/204pb values, although the distinction isvery small in terms of

the latter ratio, and the olivine tholeiite basalt (sample 47979) has the lowest Pb isotope

ratios. Therefore, rt appears that, ifa HIMU-like OIBsource which is isotopically similar to the

Balleny Plume is involved, the tholeiites, produced through higher degrees of melting, may

be a product of greater upper mantle dilution of the OIB source than the more alkaline

samples. This is also consistent with the major element compositions of these six Macquarie

Island samples (A.J. Crawford and V.S. Kamenetsky, pers. comm. 1992). All of these

samples have K2O and P2O5 contents whichare greater than N-MORB values. However, the

tholeiites possess significantly lower contents of both elements than the alkali basalt and

trachybasalt samples. This relative depletion in incompatible elements such as K and P

would be expected with greater degrees of partial melting, as in the case of the tholeiitic
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Table 4.7: Sr. Nd and Pb isotope data for Macquarie Island glasses; errors (2amean) associated with individual measurements indicate within-run precision only. Rock
types are classified according to the scheme of LeBas et al. (1986) based on the major element compositions determined by A.J. Crawford and V.S. Kamenetsky (pers comm
1992); transitional tholeiites refer to basalts with no normative hypersthene, but which plot on or below the Macdonald and Katsura (1964) line, as defined for the Hawaiian basalts
Analytical methods are described in Appendix 2. Present day epsilon values were calculated as described in Appendix 6.

Sample No. Rock Type 87sr/86sr ±2o eSr 143Nd/144Nd ±2o eNd 286pb/204pb 207p|j/204pb 208pb/204pb
47979 Olivine tholeiite basalt 0.702551 10 -27.7 0.513100 6 8.8 18.951 15.528 38.523

25637 Transitional tholeiite 0.702614 13 -26.8 0.513095 15 8.7 19.384 15.562 38.876

38287 Quartz tholeiite basalt 0.702636 7 -26.5 0.513071 4 8.2 19.275 15.559 38.828

25601 Alkali basalt 0.702748 3 -24.9 0.513061 9 8.0 19.294 15.565 38.808

47978 Trachybasalt 0.703315 8 -16.8 0.513040 10 7.6 19.410 15.574 38.927

47963 T rachybasalt 0.702743 14 -24.9 0.513050 9 7.8 19.493 15.589 38.979
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basalts, but the trend to high OIB-like values also appears to represent a mixing line,

whereby greater input from the OIB source is consistent with lower degrees of partial

melting.

The Macquarie Island basalts appear to be a product of mixing between two sources,

a depleted upper mantle MORB source and an OIB source which is isotopically similar to the

HIMU-like Balleny Plume. If Macquarie Island was formed by seafloor spreading at the SEIR in

the Late Oligocene to Middle Miocene (Guilty et al., 1973; Williamson, 1988), the younger

40Ar-39Ar basaltic ages (Duncan and Varne, 1988) may reflectvolcanic reactivation during

the transpressional regime which has dominated the Macquarie Ridge complex during the

last -10 m.y. and resulted in the uplift of the oceanic lithosphere which forms Macquarie

Island. Underplating by Balleny Plume material during the passage of the Macquarie Island

region of the Indian-Australian Plate over the plume conduit, may have resulted in

subsequent volcanism bearing a HIMU-like signature, but diluted by depleted upper MORB

mantle. Although this may explain the occurrence of both the depleted MORB and more

OIB-like geochemical and isotopic signatures of Macquarie Island basalts, underplating by

the plume would have had to extend some 400 km or so from the actual Balleny plume trace.

If this explanation for the HIMU-like OIB signature on Macquarie Island is correct, radiometric

dating of the island's basement rocks could be expected to yield ages consistent with that of

the adjoining magnetic seafloor lineations (A7 and A8 - 28 to 26 Ma) in samples with N-MORB

isotopic affinities.

An alternative explanation, but one which does not explain the location of Macquarie

Island adjacent to older magnetic anomaly lineations or the calcareous ooze ages derived by

Guilty et al. (1973), is that plume contamination occurred during production of the oceanic

crust which now comprises Macquarie Island at the time that the Balleny Plume was over

ridden by the spreading ridge, sometime between 10 and 20 Ma (Chapter 3).

Another possible explanation for the isotopic and geochemical systematics of

Macquarie Island is that volcanic reactivation in response to the transpressional regime along

the Macquarie Ridge Complex was influenced by a second HIMU plume responsible for the

formation of Scott Island on the Antarctic Plate (Chapter 5). Further study is required to test

which, ifany, of these hypotheses is likelyto be correct.

4.6 THE BALLENY PLUME AND THE McMURDO VOLCANIC GROUP, WEST

ANTARCTICA:

The relative paucity of available radiogenic isotope and trace element data for the

McMurdo Volcanic Group severely limits geochemical comparison with the Balleny Plume

Volcanics. However, the location of the McMurdo Volcanic Group relative to the Balleny

Islands (Figure 4.17), and claims in the literature that some link may exist between the
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Balleny and Hallett Volcanic Provinces (e.g. Johnson et a!., 1982), prompts this comparative

study.

4.6.1 Regional Setting:

The McMurdo Volcanic Group (McMurdo Volcanics) of West Antarctica was originally

defined as including all Quaternary and possibly Upper Tertiary volcanics of the Ross

Archipelago and other Ross Sea islands, the Balleny and Scott Islands, and the Victoria Land

coast (Harrington, 1958; Harrington et al., 1967; Nathan and Schulte, 1968). This 2000 km

long region of volcanics, east and northeast of the Transantarctic Mountains, was later

subdivided into four volcanic provinces, entitled the Balleny, Hallett, Melboume and Erebus

Provinces (Figure 4.17), all of which comprise Late Cainozoic intraplate, alkaline

undersaturated, volcanics (Hamilton, 1972; Kyle and Cole, 1974; Kyle, 1976). However, the

Balleny Volcanic Province has since been excluded from the McMurdo Volcanic Group due

to its location on oceanic crust with no obvious geographic or tectonic relationship to the

other McMurdo volcanic provinces (Kyle, 1990a).

Kyle and Cole (1974) considered volcanism in each of the McMurdo Group

provinces to be related to unique structural features. The Balleny Province volcanics,

situated at the southern end of the Balleny Fracture Zone, have been likened to the linear

Hallett Province volcanics (Harrington et al., 1967; Johnson et al., 1982), due to the

suggested alignment of the Balleny Fracture Zone with the Adare Peninsula at the northern

end of the Hallett Volcanic Province and the inference that the latter is situated along a

continental extension of this fracture zone (Kyle and Cole, 1974; Johnson et al., 1982).

However, the proposedrelationship between Balleny Island volcanism and a leaky transform

fault, the Balleny Fracture Zone (Kyle and Cole, 1974; Vanney et al., 1981; Johnson et al.,

1982), has now been superseded by the mantle plume proposal discussed in Chapter 3.

Likewise, the distribution ofHallett Province volcanism is now considered to be controlled by

the major crustal suture which separates the Transantarctic Mountains from the Ross

Embayment (Fitzgerald et al., 1987; Kyle 1990a). The locations of Melboume Province

volcanoes are thought to be controlled primarily by north-northwest trending graben and

fault stmctures, whereas the Erebus Volcanic Province is situated at the southern end of the

Terror Rift, in a region marked by flexure in the trend of the Transantarctic Mountain chain

and the intersection ofseveral major fault zones (Kyle and Cole, 1974; Kyle, 1990a).

No obvious temporal pattern or migration of volcanic activity has been observed

within the McMurdo Volcanic Group (Kyle, 1976). The oldest dated lavas, from Sheridan

Bluff, within the Erebus Volcanic Province yielded an age of 19.8 Ma, alkaline intrusives

within the Melbourne Volcanic Province range up to 25 Ma, and volcanogenic sediments

from drill holes within McMurdo Sound may be >35 Ma (Kyle, 1990a). Extensive K-Ar dating

by Armstrong (1978) revealed that the majority of McMurdo Group volcanics are, however,

<4 Ma.

165



165»E

\ ^^ Balleny Islands

180»

SOUTHWEST PACIFIC OCEAN

Melbourne

Volcanic
Province

McMurdo Sound

200 km ,

Hallett

Volcanic
Province

ROSS SEA

Ross Island

Erebus
0^ Volcanic

Province

Figure 4.17: Map showing the location of the volcanic provinces comprising the McMurdo
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Islands (modified from Kyle, 1976).

The Transantarctic Mountains - Ross Embayment region is generally considered to

have resulted from continental extension during rifting (e.g. Kyle and Cole, 1974; Moore

and Kyle, 1987). The Ross Embayment comprises an 800 km wide region of continental

crust with an average thickness of -25 km (Bentley, 1983; McGinnis et al., 1983), a minimum

thickness of -21 km within McMurdo Sound (McGinnis et al., 1985), and a proposed original

thickness, prior to rifting, of 35-40 km (Fitzgerald et al., 1987). The Transantarctic Mountains

to the west comprise an uplifted region of 40-45 km thick continental crust, step-faulted

down towards, and bounded abruptly by, the anomalously thin crust of the Ross

Embayment. To the east of the Ross Embayment, the continental crust gradually increases

in thickness to 35 km under Marie Byrd Land. The latter area and the Ross Embayment are

considered to represent complementary lower and upper plate margins, resulting from

detachment faulting (e.g. Lister et al., 1986) during continental rifting, whereas the
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Transantarctic Mountains are a product of underplating and uplift of tfie upper plate margin

(Fitzgerald et al., 1987). Extension in the Ross Sea region, interpreted as being spatially

continuous with Tasman Sea extension, is thought to have ceased either just before or just

after the onset of seafloor spreading in the Tasman Sea (Etheridge et al., 1989).

Several mechanisms have been proposed to explain the occurrence of the

McMurdo Group Volcanics. Fitzgerald et al. (1987) believe that McMurdo Group volcanism is

related to continental rifting within the Ross Sea Embayment. However, its onset, possibly as

early as -35 Ma, does appear to post-date both rifting and uplift (Kyle, 1981), the latter

thought to have commenced at -50 Ma (Fitzgerald et al., 1987). Smith and Drewry (1984)

interpreted Late Cainozoic volcanism and uplift in the Ross Sea - Transantarctic Mountains

region of Antarctica as a delayed product of the over-riding of a hot linear asthenospheric

source, the site of a former oceanic ridge, by heated lithosphere during Australian-Antarctic

separation (Smith and Drewry, 1984). Kyle (1976) concluded that the McMurdo Sound area

of the Erebus Volcanic Province overlies two mantle plumes, each of which is responsible for

the doming and radial symmetry of both fractures and volcanic vents associated with Mt.

Erebus and Mt. Discovery.

4.6.2 Radiogenic Isotope Characteristics of the McMurdo Volcanic Group:

Sr and Pb isotope data are only available for samples from the Erebus Volcanic

Province, most of which were collected fromvarious sites on, and in the immediate vicinity of,

Ross Island; no '̂̂ Nd/ '̂̂ '̂ Nd data are available. Low ®^Sr/®®Sr and high Pb isotope ratios

appear to be a general feature of the alkaline volcanics of this province (Table 4.5; Figure

4.18). Further reports of low Sr isotopic values include an average ®^Sr/®®Sr value of

0.70366±25 for 38 volcanics collected from Ross Island and southern Victoria Land (Jones

and Walker, 1972) and an average ®^Sr/®®Sr value of 0.70345 for three salt samples

collected from the summit of Mount Erebus and considered to represent Sr derived from the

exposed summit rocks and the emitted volcanic gases (Jones et al., 1983). Two rock

samples with higher ®^Sr/®®Sr values, 0.70480 (trachyte sample 29; Stuckless and Ericksen,
1976) and 0.70453 (tephrite sample CB2; Zhu and Fan, 1989), interpreted as a product of

crustal contamination and input from a Kerguelen-type OIB source respectively, have been

omitted from the data sets used here due to their anomalous nature compared to the bulk of

Erebus Volcanic Province samples analysed.

The overall isotopic trends displayed by the Erebus Province alkaline volcanics

(Figure 4.18) are generally consistent with mixing between a HIMU-like source and a MORB

source (DMM). There is considerable overlap with the Balleny Plume volcanics in both the Sr

and Pb isotopic systems, although the Erebus Province volcanics extend to values

indicative of greater upper mantle contamination. In Pb-Pb space, the Erebus Province

volcanics display some anomalous features with respect to the Balleny Plume array. A

second linear array, subparallel to the proposed HIMU-DMM array, but comprising higher
207p|3/204pi3 al similar 206pb/204pb values, plus the scatter evident within the less
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radiogenic end of the 206pj3/204pi3.208pij/204p5 array, may be products of crustal

contamination during eruption. However, considering the abundance of Ross Island

samples which have been analysed for ®^Sr/®®Sr, the fact that only two samples have been

found to have relatively high values suggests that crustal contamination was minimal,

possibly due to rapid eruption through thinned continental crust post-rifting. Despite these

features, the Erebus Volcanic Province, and the Ross Island region in particular, has a similar

HIMU-DMM isotopic signature to the Balleny Plume volcanics.

4.6.3 Trace Element Characteristics of the McMurdo Volcanic Group:

Trace element data for relatively unevolved samples wt % whole-rock MgO) from

the McMurdo Volcanic Group, and the Hallett Volcanic Province in particular, are relatively

scarce. Therefore, little can be concluded about the trace element systematics of the

source/s of the McMurdo Group Volcanics on the basis of the trace element ratio ranges and

mean values documented for each of the McMurdo Group provinces in Table 4.6. The

Melboume and Erebus Volcanic Provinces have similar low LILE/Nb, La/Nb and Zr/Nb values

to the Balleny Plume volcanics but the available Hallett Province data are characterised by

higher mean Ba/Nb and La/Nb values and a greater range of Ba/La values.

4.6.4 Possible Balleny Plume Influence on the McMurdo Volcanic Group:

Based on the HIMU-DMM Sr and Pb isotope characteristics of the Erebus Province

alkaline volcanics, it seems likely that their derivation has involved melting of a HIMU-like

mantle plume source, similar to the Balleny Plume, and its entrained depleted upper mantle

material. However, a more detailed study, involving comprehensive radiogenic isotope and

trace element analyses of relatively unevolved alkaline volcanics from all three McMurdo

Group provinces, is necessary before any conclusions can be made about the source/s of

the McMurdo Volcanic Group as a whole.

The location of the McMurdo Volcanic Group, bordering a region of continental

rifting, the Ross Embayment, may be significant when attempting to determine the cause of

volcanism and the source of the HIMU-like isotopic signature of the Erebus Volcanic

Province. This region of continental extension is thought to have been continuous with

Tasman Sea extension (Etheridge et al., 1989) prior to the westward propagation of the

Pacific-Antarctic Ridge at -80 Ma (Bradshaw, 1989). If upwelling of the Balleny Plume head

did result in extensive lithospheric underplating by HIMU plume material prior to or

synchronous with the onset of significant seafloor spreading in the Tasman Sea at -80 Ma

(Section 4.4.5), it seems likely that the spatially continuous region of West Antarctica at this

time would also have been underplated. The fact that rifting within the Ross Sea Embayment

is thought to have ceased either just before or just after the onset of seafloor spreading in

the Tasman Sea (Etheridge et al., 1989) means that the lithosphere in this region may

already have undergone significant thinning prior to plume head underplating, depending

on when the latter occurred relative to rifting. Although the intersection of the Balleny plume

169



head with this thinned lithosphere, as opposed to the pre-rifted lithospheric thickness

proposed for the New Zealand region at this time (Section 4.4.5), may be expected to have

produced surface volcanism in the Ross Embayment region, sporadic McMurdo Group

volcanism is thought to have commenced up to 45 m.y. later (-35 Ma; Kyle, 1990a) in

response to more localised stresses (Kyle and Cole, 1974; Kyle 1990a).

4.7 CONCLUSIONS:

A regional HIMU mantle signature, characterised predominantly by low ®^Sr/®®Sr,

high '''̂ 3N(j/l44fyjd and high Pb isotope values, is evident in the mafic volcanism of

continental regions of southeast Australia (Tasmania), the South Island, offshore and sub-

Antarctic islands of New Zealand, and Marie Byrd Land and the Erebus Volcanic Province of

West Antarctica. The trace element systematics of these regions are also generally

characterised by HIMU-like low LILE/Nb, LREE/Nb and Zr/Nb values, although data are

somewhat sketchy. These regional radiogenic isotope, and to a lesser extent trace element,

features are similar to those of the Balleny Plume volcanics (Chapter 3). On the basis of the

spatial proximity of these continental areas to each other and to the proposed site of initial

Balleny Plume upwelling prior to the break-up of Gondwana, they are likely to be related to

the same HIMU plume source. This HIMU signature is, however, absent from the Cretaceous

hypabyssal rocks of Cape Portland and Port Cygnet in Tasmania and the Cretaceous to

Tertiary Older and Newer volcanics of Victoria.

It is here proposed that the head of a relatively weak starting plume, the Balleny

Plume, ascended beneath the region of Gondwana defined by the intersection of what were

to become, with future rifting, the continental regions of Tasmania (southeast Australia), New

Zealand, Marie Byrd Land (Antarctica) and Victoria Land (Antarctica). Entrainment of

significant amounts of cooler ambient mantle during ascent, and subsequent intersection

with relatively thick continental lithosphere prevented the plume head from melting.

Flattening and horizontal spreading of the plume head therefore resulted in extensive

lithospheric underplating, unaccompanied by the significant melting and surface volcanism

often associated with starting plume heads.

The Balleny Plume head ascended at or prior to -80 Ma, into a region within which

continental rifting had already commenced between Lord Howe Rise and eastern Australia

and between Marie Byrd Land and Victoria Land in Antarctica, now represented by the

Tasman Sea and Ross Embayment respectively. Plume head interaction with the already

weakened lithosphere in these regions may have been responsible for the concurrent onset

of seafloor spreading in the Tasman Sea region and the westward propagation of the Pacific-

Antarctic Ridge between the Campbell Plateau and Marie Byrd Land at -80 Ma. Mafic

volcanism on the Chatham Islands at this time attests to the presence of a HIMU mantle

source in this region. The sporadic nature of subsequent HIMU-like volcanism in the
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previously contiguous continental regions of Australia, New Zealand and Antarctica is best

explained by decompression, melting and subsequent volcanism of underplated Balleny

Plume head-entrained upper mantle material in response to localised tectonic stresses in

those regions.

As continental rifting proceeded, movement of the Indian-Australian Plate over the

Balleny Plume conduit or tail resulted in the linear hotspot trace described in Chapter 3. The

Macquarie Island region of the Indian-Australian Plate may have been contaminated by

plume material during its passage close to the plume tail, resulting in subsequent volcanism

bearing a HIMU-DMM signature, although it is likely that a second HIMU plume was involved

(Chapter 5). Once the SEIR had passed over the plume tail, it was then overlain by the

relatively stationary Antarctic Plate. The linear nature of subsequent Balleny Plume

volcanism, as defined by the Balleny Island/Seamount chain extending between magnetic

anomalies A5 and A6 on the Antarctic Plate and therefore superimposed on 10 to 20 Ma

seafloor, suggests however, that some north-northwesterly lithospheric migration must be

associated with the Antarctic Plate.

Further, more detailed, studies of these various continental regions should be

aimed at relating the isotopic and trace element systematics of mafic volcanism to radiogenic

ages, locations and known tensional regimes in order to more precisely define the chain of

events resulting in this broad region of HIMU volcanism surrounding the southern Tasman

Sea and southwest Pacific Ocean.
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CHAPTER 5

Scott Island - the Site of

Another HIMU Mantle Plume?

5.1 INTRODUCTION:

The model presented in Chapters 3 and 4, whereby the HIMU isotopic and trace

element signature which dominates the dispersed fragments of eastern Gondwana and the

intervening seafloor in the southwest Pacific Ocean region is ascribed solely to the Balleny

Plume, may be somewhat simplistic. The presence of HIMU volcanics in the Scott Island

region, located -650 km east of, but at approximately the same latitude as, the Balleny

Islands, may reflect the presence of more than one HIMU mantle plume currently underlying

the Antarctic Plate.

Isotopicand geochemical analyses of samples dredged from the Scott Island region,

and from four sites located on seafloor northwest of the Balleny Islands and northwest to

north-northwest of Scott Island, are aimed at testing for the possible presence of a second

HIMU plume in this region and on examining the interaction of both this and the Balleny

Plume with volcanism at the Pacific-Antarctic and Southeast Indian spreading ridges

respectively. This second HIMU plume may also be the source of the HIMU-DMM signature of

the Macquarie Island alkaline volcanics discussed in Chapter 4.

5.2 GEOLOGICAL SETTING:

All samples examined in this chapter are submarine rocks, dredged by the USNS

Eltanin. Details of sampling locations (latitudes, longitudes, water depths) are listed in

Appendix 1 - Table A1.1; bathymetric profiles are presented in Figure A1.1. They will be

subdivided in the following sections into Scott Island samples and southwest Pacific Ocean

seafloor samples.
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5.2.1 Scott Island:

The Scott Island samples were collected from four dredge sites on and adjacent to

the Scott Plateau (Figure 5.1). Samples collected from each location are relatively evolved

and fairly uniform in composition, comprising phonolites at three sites (E27-34A. E27-34B

and E27-34D) and phonotephrites at site E27-34C (Figure 5.2).

Scott Island (67°30'S 180°00'), a flat-topped island which rises -100 m above sea

level, plus an adjacent isolated rocky pillar known as Haggit's Pillar, are located at the eastern

boundary of the Balleny Basin on the northernmost end of the elongate submarine Scott

Plateau (Figure 5.1). This 30 km wide plateau extends for -145 km in a north-south direction

along the 180° parallel (Wright and Kyle, 1990d). Three unsampled seamounts, the Scott

Seamounts, are situated -100 km southwest of Scott Island (Johnson et al., 1982).

Although the Scott Plateau has a predominant north-south trend, which is inconsistent with

the northwest-southeast fracture zone pattern of the region and the trend of the Balleny

Islands chain (Vanney et al., 1981; Johnson et al., 1982), it does display northwest-

southeast trending features (Figure 5.1b) which parallel the overall alignment of the Scott

Seamounts.

No radiomefric age data are available for Scott Island or Plateau, but the former is

located in the vicinityof magnetic lineation A6 on the Antarctic Plate, atop -20 Ma seafloor.

5.2.2 Southwest Pacific Ocean Seafloor:

The southwest Pacific Ocean seafloor samples examined in this chapter derive from

three dredge sites on the Antarctic Plate and one site on the Pacific Plate north of the

Pacific-Antarctic Ridge (Figure 5.1). These samples are all alkaline in nature and display a

range of compositions both withinand between the various dredge sites (Figure 5.2).

Dredge site E27-02A is located on the Pacific Plate, approximately 150 km north of

the Pacific-Antarctic spreading ridge and -430 km north-northwest of Scott Island. It is also

situated north of magnetic lineation A6, on very rugged seafloor >20 Ma, at a depth of 3660

m. Dredge E27-03 was sited on the Antarctic Plate -120 km southwest of the Pacific-

Antarctic Ridge axis and -200 km northwest of Scott Island. Although located close to the

southern ridge flank, at a depth of 3541 m, the seafloor is less rugged than at site E27-02A

near the northern ridge flank (Figure Al .1). Site E27-03 is also located on seafloor older than

20 Ma (south of A6).

Dredge sites E27-36 and E27-37 are both located on the Antarctic Plate northwest

of the Balleny Islands. Dredge E27-36 was sited -240 km southwest of the SEIR on 2837 m

deep seafloor directly north of the Balleny Seamounts and magnetic lineation A5 (9 Ma). Site

E27-37 is situated on the southern flank of the SEIR, -370 km northwest of Young Island

and immediately adjacent to the ridge crest. It has therefore sampled virtually zero-age ridge

volcanism.
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5.3 PETROGRAPHY AND MINERAL CHEMISTRY:

The petrography and mineral chemistry of the Scott Island and southwest Pacific

Ocean seafloor samples which have been analysed for major and trace element chemistry

(Sections 5.4 and 5.5), are summarised here. Electron microprobe data for representative

silicate and oxide phenocryst/microphenocryst phases are presented in Appendix 3, along

with the notation used for mineral chemistry throughout this thesis. Calculated olivine Mg-

values (Mg#) in equilibrium with whole-rock compositions are presented in Appendix 3

(Table A3.10).

5.3.1 Scott Island Samples:

The petrography and mineral chemistry of ten submarine Scott Island samples is

summarised in Table 5.1. Due to the similarity of samples from each dredge site in terms of

igneous textures, mineral components and mineral chemistry, a general description is given

for each location. Representative electron microprobe analyses of feldspar crystals are

depicted in Figure 5.3.

The phonotephrites from dredge site E27-34C are feldspar-phyric, comprising

phenocryst and groundmass-sized plagioclase, olivine, titanomagnetite and very rare

kaersutite within an altered glassy matrix. The phonolites (from dredge sites E27-34A, E27'

34B and E27-34D) are dominated by a feldspar-rich pilotaxitic groundmass, comprising both

elongate laths and more irregularly-shaped interlocking grains, paralleled by tabular

microphenocrysts of slightly less potassic feldspar. Titanomagnetite and olivine are present

as both microphenocryst and groundmass phases within all but the E27-34A phonolites,

from which olivine is absent.

It is interesting to note that the submarine Scott Island phonolites from each of the

three dredge sites differ in hand-specimen appearance, ranging from slightly vesicular light

greenish-grey rocks at site E27-34A to dark grey or black aphanitic to glassy-looking and

conchoidally fractured samples at site E27-34B to the grey 'moth-eaten' and pitted

appearance of sample 34D-1. A great range in appearance and colour has also been

observed within the subaerial Scott Island phonolites (I.E.M. Smith, pers. comm., 1993).

The phonotephrites (site E27-34C) contain the most anorthitic feldspars (up to

An55) and the most magnesian olivines (up to Mg#59,3) of all the submarine Scott Island

samples. Phonolites from each of the other three dredges have similar within-site mineral

chemistry, but vary slightly between sites. Samples from sites E27-34B and E27-34D show

similar ranges in both feldspar and olivine chemistry, although the former extend to slightly

more Mg-rich olivine (up to Mg#2o.o) compositions and have elongate anorthoclase

microlites with bubble-like inclusions and more potassic compositions (up to Ani5Ab560r29)

than sample 34D-1 feldspars. Olivines within E27-34B and E27-34D samples contain -3 to 4

wt % MnO and -1 to 2 wt % CaO, but 34D-1 olivines are yellow whereas E27-34B phonolites
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Table 5.1: Petrography of submarine Scott Island samples. Notation as for Table 3.1.

Sample No. Rock Type Texture Phenocrysts and microphenocrysts Groundmass

E27-34A-1

E27-34A-2

E27-34A-4

Phonolite Microporphyritic/
Pilotaxitic groundmass
Slightly vesicular

1) feldspar microphenocrysts (An2iAb720r7-An8Ab7oOr22 -
oligoclase to anorthbclase)
2) titanomagnetite microphenocrysts

subparallel anorthoclase to sanidine
laths (Ani8Ab7iOrii-An3Ab620r35);
fine Fe-oxides

E27-34B-1

E27-34B-2

E27-34B-3

E27-34B-4

Phonollte Microporphyritic/
Pilotaxitic groundmass

1) feldspar microphenocrysts (An3iAb640r5-An2i/Vb7oOr9 -
andesine-oligoclase); zoning (N,U), olivine inclusions
2) olivine microphenocrysts (Mg#i4.3.19.5): may be enclosed
by feldspar
3) titanomagnetite microphenocrysts

subparallel feldspar (An36Ab560r8-
Ani8Ab670ri5 - andesine-oligoclase-
anorthoclase) laths; microlites of
anorthoclase (Ani5Ab560r29-
Ani3Ab650r22): olivine
(Mg#i 8.5-20.0): titanomagnetite;
accessory apatite needles

E27-34C-1

E27-34C-2

Phonotephrlte Microporphyritic/
Hypocrystalline
Vesicular

1) plagiodase microphenocrysts (Ansi-ss - labradorite): zoning (N, U)
2) olivine microphenocrysts( Mg#57.o.59.3): melt inclusions
3) titanomagnetite microphenocrysts
4) rare kaersutite microphenocrysts

plagiodase (An4o.54 - labradorite-
andesine); olivine (Mg#5e.4.58.5); and
fine titaniferous magnetites in a dark
brown glassy matrix

E27-34D-1 Phonollte Microporphyritic/
Pilotaxitic groundmass

1) plagiodase microphenocrysts (AnsoAbgsOrs- An25Ab7oOr5 -
andesine-oligoclase); rare anorthoclase (An2oAb670ri3) cores:
zoning (U, R, N)
2) titaniferous magnetite microphenocrysts
3) olivine microphenocrysts (Mg#ie.i-18.7)

feldspar (AnsoAbesOrs -
Ani2Ab7oOri8 - andesine-oligoclase-
anorthoclase); olivine (Mg#i8.2);
titaniferous magnetite; accessory
apatite crystals
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have green glassy oih/ine crystals. Phonolites from site E27-34A extend to the most potassic

feldspar compositions (up to An3Ab620r35).

Sparse evidence of crystal-liquid disequilibrium is visible as partial resorption of

plagioclase microphenocrysts in sample 34C-2 and reverse zoning of some plagioclase

microphenocrysts in sample 34D-1. Samples 34C-2 and 34D-1 also contain some olivine

crystals (up to Mg#59.3 and Mg#i8.7 respectively) which are more Mg-rich than predicted

(Mg#55.i and Mg#i7,o respectively) by the equilibrium whole-rock - olivine calculations of

Table A3.10. All of the submarine Scott Island samples are characterised by a lack of

clinopyroxene.

5.3.2 Southwest Pacific Ocean Seafioor Sampies:

The petrography and mineral chemistry of ten seafioor samples from the four

southwest Pacific Ocean dredge sites is summarised iri Table 5.2. Representative electron

microprobe analyses of silicate and oxide minerals are depicted in Figures 5.4 and 5.5

respectively.

5.3.2.1 Dredge E27-02A:

The single trachybasalt (sample 02A-2) analysed from this locality, comprises

microphenocrysts of olivine, plagioclase and titanomagnetite within a groundmass

composed of the same mineral phases. Microphenocryst and groundmass olivine crystals

(up to Mg#60.5) display extensive iddingsite alteration; plagioclase microphenocrysts (up to

An55) may be partly resorbed, and groundmass plagioclase occurs as quenched microlites.

5.3.2.2 Dredge E27-03:

Sample 03 is a plagioclase-phyric phonotephrite with scattered plagioclase

phenocrysts and microphenocrysts of partially altered olivine, green salite and

titanomagnetite. These three microphenocryst phases also occur in the groundmass where

they are intergranular to aligned plagioclase laths, and as inclusions within the plagioclase

phenocrysts, suggesting that plagioclase was the last phase to crystallise. Olivine (up to

Mg#60.7) and plagioclase (up to Ansy) have similar compositions to those in trachybasalt

sample 02A-2 from the previous dredge site, although the latter is distinct in its lack of

clinopyroxene.

5.3.2.3 Dredge E27-36:

Of the five samples analysed from dredge E27-36, four are basanites with variable

hand-specimen appearances. Most of them are grey to brown, vesicular, and porphyritic to

microporphyritic, but sample 36-4 is a rubbly agglomerate of rounded to angular brown

vesicular pebbles. Three of the basanites collected from this site (samples 36-2, 36-4 and

36-7) have seriate textures (grainsizefrom <0.1 to 4 mm) involving anhedral to euhedral and

skeletal olivine and clinopyroxene crystals, commonly displaying resorbed rims. Olivine

178



Table 5.2: Petrography of southwest Pacific Ocean seafloor samples. Notatbn as for Table 3.1.

Sample No. Rock Type Texture Phenocryete and microphenocrysts Groundmass

E27-02A-2 Trachybasalt Microporphyritic
Vesicular

1) plagioclase microphenocrysts (An46-55 - labradorite-andesine):
zoning (N)
2) oIK/ine mbrophenocrysts (Mg#eo.5): Fe-oxWeindusbns
3) Mg-AI titanomagnetite mbrophenocrysts

olivine; plagiodase; Fe-oxides

E27-03 Phonotephrite Porphyritic/
Pibtaxitic groundmass
Sparsely vesicular

1) plagioclase phenocrysts (An43-57 - labradorite-andesine): zoning
(N, U, R), olivine (Mg#35.8-49.o). cp* and Fe-oxbe indusbns
2) olivine microphenocrysts (Mg#48.8-60.7 """ts: Mg#48.8.56.8.
core: Mg#54.1.60.7): zoning (N)
3) cpx microphenocrysts (Mg#62.4-65.4 *salite)
4) Mg-AFtitanomagnetite microphenocrysts

plagioclase (An4i.52 - labradorite-
andesine); olivine (Mg#49.2-53.o):
cpx finely divbed opaques

E27-36-2

E27-36-4
CO

Basanite

Basanite

Seriate-textured/

Glomeroporphyritic
.Vesicular

1) olivine phenocrysts and mbrophenocrysts (Mg#7o.5-88.l): zoning
(N, R), indusbns of spinel (Cr-pleonaste and Mg-AI-titanomagnetite in
phenocrysts, Cr-pleonaste in mbrophenocrysts) and cpx (Mg#72.2-
78.6 - salite), rare cpx (Mg#68.3-70.5 - salite) overgrowth rims
2) cpx phenocrysts and microphenocrysts (Mg#65.3-84.3 - diopsido-
salite-augite): zoning (P, O, R), olivine (Mg#79 3.81.5), kaersutite,
spinel (pleonaste, Mg-AI-titanomagnetite), and rare diopside (Mg#84.i)
inclusions

3) plagioclase phenocrysts (rims:Ah72-75 - bytownite, cores:
An45.46 - andesine)
4) spinel (Cr-pleonaste, Cr-AI-titanomagnetite, Mg-AI-titanomagnetite)
microphenocrysts
5) gbmerocrysts: olivine ; cpx± olivine ± spinel (Mg-AI-titanomagnetite)

olivine (Mg#66.4-79.4): cp*
(Mg#73.4.82.6 *dbpsWe-salite-
augite); plagiodase (An48.74 -
bytownite-labradorite); Fe-oxides
(magnesioferrite ± ilmenite)

E27-36-5 Basanite Microporphyritic/
Hypocrystalline
groundmass
Vesicular

1) olivine microphenocrysts and rare phenocrysts (Mg#76.2-87.5):
zoning (N, R), spinel indusbns
2) spinel (pleonaste) mbrophenocrysts

olivine (Mg#78.o-87.5): plagioclase
(An68-72" bytownite-labradorite);
cpx (Mg#7o.4-75.2 - salite);
Al-titanomagnetite; devitrified glass
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Table 5.2: (continued)

^tam£l^No^_^Rock^^ge
E27-36-7 Basanite

E27-36-8 Trachy basalt

Texture

Seriate-textured/

Glomeroporphyritlc
Slightly vesicular

Seriate-textured/

Glomeroporphyritic

Phenocrysts and mlcrophenocryets
1) divinephenocrysts (Mg#80.7-86.7) and microphenocrysts
(Mg#69.1-86.9): zoning (N), spinel (Cr-pleonaste, pleonaste
Cr-AI-titanomagnetite, ^^-AI-titanomagnetite) inclusions, rare more
Fe-richolivine overgrowth rims
2) cpx phenocrysts {Mg#7o.9-83.5 *diopsido-salite, mayhave
diopside coreand salite rim) and microphenocrysts (rims: dbpside or
salite - Mg#72.9-78.8' cores:salite- Mg#66.0-72.7i fafoapple-
green cores of more Fe-rich salite - Mg#6i.8): zoning (N.R. P. O),
olivine (Mg#81.5) inclusions
3) feldspar phenocrysts (An48-4g - andesine; rare cores of andesine -
An35zoned to sanidine - An8Ab540r38)
4) glomerocrysts: olivine (Mg#7g,g.86.g); salite (Mg#72.g-
78.5): or olivine (Mg#76.8-84.0) surrounded by cpx (^^#76.6-82.8)
1)olivine phenocrysts and microphenocrysts (Mg#75.5.87.o): zoning
(U, N, R), spinel (Cr-pleonaste, Cr-AI-titanomagnetite) inclusions,
cpx overgrowths (Mg#08.6-78.5 - salite)
2) phenocrysts and microphenocrysts - predominantly
salite (Mg#68.1-81.3)' rafo diopside (Mg#83.3-83.9). rafo apple-green
salitecores: zoning (N,R,0), simple or sector twinning, spinel
(Cr-pleonaste), olivine (Mg#7g.o-83.4) and devitrified melt inclusbns
3) rareanorthoclase phenocrysts (An2i AbegOrio to
Ani4Ab7iOri5): sievetextures due to bands ofgroundmass
and melt inclusions
4)glomerocrysts: cpx (Mg#69.0-83.6 - salite) ±olivine (Mg#77,o-82 S)
± spinel

Groundmass

olivine (Mg#65.5-80.8): cpx (Mg#
69.3-81.1 - salite); plagioclase
(An48.6l ~iabradorite);
Mg-AI-titanomagnetite

cpx (Mg#72.7.80.9 - salite); olivine
(Mg#7i.5-82.7): plagioclase (An4i.
71 - t>ytownite-labradorite-
andesine); spinel (Mg-AI-
titanomagnetite,Cr-AI-
titanomagnetite)
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Table 5.2: (continued)

Sample No.
E27-37-2

E27-37-3

Rock Type
Alkali ollvlne

basalt

Tephrlphonollte

Texture
Glomeroporphytitle/
Hypocrystalllne
Vesicular

Aphyrlc/Pllotaxltic
Vesicular

Phenocryste and mlcrophenocrysts
1) cpx phenocrysts and mlcrophenocrysts (Mg#72.6.82.8 *
diopslde-sallte): zoning (U, R, P), twinning, plaglodase (An73.a3 •
bytownlte) Inclusions
2) ollvlne phenocrysts (Mg#80.4-85.7) and mlcrophenocrysts
(Mg#75.6-79.1): spinel (Cr-pleonaste) and diopslde (Mg#82.8-84 2)
Inclusions
3) plagloclase phenocrysts and mlcrophenocrysts (Ang4.86 -
bytownlte-labradorite): zoning (O, R), plagloclase (An8i-83 - bytownlte)
Inclusions, sieve-textures
4) glomerocrysts: plagloclase( An73.83 - bytownlte) ± ollvlne
(Mg#76.6.77.5) ± cpx (Mg#76.3.79.i - salite)

Groundmass

plagloclase (An58-77 - bytownlte-
labradorite); cpx (Mg#66.5-87.2 -
dlopslde-sallte-auglte); completely
altered ollvlne; Mg-AI-
tltanomagnetlte; dusty devltrifled
brown glass

1) plagloclase laths (An32H46 -
andeslne);
2) yellow ollvlnes (Mg#28.7-33.7):
zoning (N,R)
3) Al-tltanomagnetlte
4) Intersertal orange-yeltow
alteration material
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crystals within sample 36-4 are partially to completely altered. Where seriate textures are

discussed, an arbitrary grainsize classification has been adopted to distinguish phenocryst

(>1 mm), microphenocryst (0.2 to 1 mm) and groundmass (<0.2 mm) crystals, as used for the

Balleny Plume volcanics described in Chapter 3. Plagioclase occurs as phenocryst and

groundmass sized crystals only. Monomineralic and polymineralic glomerocrysts of olivine

and/or clinopyroxene and spinel are also scattered throughout these rocks.

The fourth basanite (sample 36-5) has rare phenocrysts and slightly more abundant

microphenocrysts of pleonaste, and partially to completely altered subhedral, euhedral and

skeletal olivine within a hypocrystalline groundmass. The latter, although dominated by

devitrified glass, also comprises scattered plagioclase laths, olivine, clinopyroxene and

titanomagnetite.

Trachybasalt sample 36-8 has a similar seriate textureand mineralogy to three of the

basanite samples from this locality. Olivine displays a range of morphologies, including

skeletal, embayed, hollow and rare elongate parallel growth crystals; overgrowth rims of salite

are uncommon. Glomerocrysts of olivine and/or clinopyroxene generally comprise

groundmass-sized crystals. Rare plagioclase phenocrysts have sieve textures produced by

bands of fine melt inclusions.

In terms of their mineral chemistry, basanite samples 36-2and 36-4 are very similar.

Reverse compositional zoning, although a common feature of the olivine (up to Mg#88.i)

and clinopyroxene (up to Mg#84.3) phenocryst/microphenocryst phases, is most marked

within the plagioclase phenocrysts which have andesine cores (up to An46) and bytownite

(up to Anys) rims. Groundmass plagioclase compositions overlap with that ofthe phenocryst

rims. Spinel compositions are varied. Cr-pleonaste occurs as microphenocrysts and as

inclusions within olivine phenocrysts, suggesting that olivine and spinel were early co-

crystallising phases. The occurrence of Cr-aluminous titanomagnetite and Mg-aluminous

titanomagnetite microphenocrysts and inclusions within clinopyroxene phenocrysts, and

Mg-aluminous titanomagnetite within olivine microphenocrysts, suggest that less Cr-rich

spinel was co-crystallising with later-formedclinopyroxene and olivine. The rare occurrence

of salitic clinopyroxene overgrowth rims (up to Mg#7o,5) around olivine phenocrysts in

sample 36-2 and the presence of olivine inclusions within clinopyroxene are also indicative

of olivine representing an early crystallisation phase. However, clinopyroxene, with a more

Mg-rich composition (up to Mg#78.6) than that rimming olivine, also occurs as inclusions

within olivine.

Despite its similar petrographic texture and mineralogy, basanite sample 36-7 has

slightly different mineral chemistry to samples 36-2 and 36-4. Olivine (up to Mg#86.9) and

clinopyroxene (up to Mg#83.6) extend to slightly less Mg-rich compositions. Feldspar

phenocrysts, although still of andesine (up to An49) composition, may be rimmed by

sanidine rather than bytownite. Groundmass plagioclase isagain more anorthitic (up to Anei)

than the phenocrysts. Other distinctive features of sample 36-7 include rare more Fe-rich

olivine overgrowth rims (Mg#72.9) around olivine phenocrysts (Mg#79,9), and angular apple-
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green Fe-rich salite cores (Mg#6i.8) with overgrowth rims of less Fe-rich salite (Mg#77.6).

Clinopyroxene crystals with homogeneous light-brown to pink cores and slightly lighter

coloured rims may have either normal or less marked reverse compositional zoning.

Basanite sample 36-5 has phenocrystic and groundmass olivine with similar

compositional ranges (up to Mg#87.5), overlapping witholivine compositions withinthe other

basanites but extending to slightly greater Mg-values than in sample 36-7. Groundmass

plagioclase crystals withinsample 36-5 are also more anorthitic (up to An72) than in sample

35A-7, but similar to that found in samples 36-2 and 36-4. The most magnesian

clinopyroxenes found (Mg#75.2) are more Fe-rich than in the other basanites, and Cr-rich

spinel is absent.

Trachybasalt sample 36-8 has similar mineral chemistry to the basanite samples 36-2,

36-4 and 36-7, with which it also displays textural similarites. Olivine (up to Mg#87.o) and

predominantly greenish-brown clinopyroxene (diopside and salite up to Mg#83,9), the

former sometimes rimmed by the latter, both display reverse compositional zoning and some

clinopyroxenes also have sector twinning. As in sample 36-7, angular apple-green

clinopyroxene cores may be rimmed with pinkish-brown, more Ti-rich and Fe-poor

clinopyroxene, all of which have salitic compositions. Cr-pleonaste occurs as inclusions

within both olivine and clinopyroxene, but is absent as a microphenocryst phase;

phenocrystic feldspar has a more potassic composition (anorthoclase up to Ani4Ab7iOri5)

than groundmass plagioclase (An4i-7i).

Probable textural and compositional disequilibrium features are abundant in the

dredge E27-36 rocks. Reverse compositional zoning of olivine, clinopyroxene and

plagioclase is commonplace, as are partly resorbed crystal rims in olivine and clinopyroxene.

There are olivine phenocrysts and/or microphenocrysts in all of the olivine-bearing samples

which have higher Mg-values than predicted to be in equilibrium with their corresponding

whole-rock compositions (Table A3.10) and they may therefore represent inherited

xenocrystic or cumulate phases. Other possible inherited minerals include the apple-green

Fe-rich cores in sample 36-7 and 36-8 clinopyroxenes, and the feldspar phenocrysts or

phenocryst cores within samples 36-2, 36-4, 36-7 and 36-8. Medium- to coarse-grained clots

of olivine and clinopyroxene up to 1.5 cm in diameter appear to represent inherited material

in sample 36-7.

5.3.2.4 Dredge E27-37:

Alkali olivine basalt sample 37-2 comprises phenocrysts and microphenocrysts of

clinopyroxene, olivine and plagioclase within a hypocrystalNne matrix. Scattered

glomerocrysts may be monomineralic or they may comprise any combination of plagioclase,

slightly altered subhedral olivine, and greenish-brown subhedral to euhedral clinopyroxene

crystals, the latter often partially or completely enclosing plagioclase. Groundmass olivine is

completely altered. Tephriphonolite sample 37-3 is aphyric and dominated by a pilotaxitic
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arrangement of plagioclase laths with intersertal yellow olivine, cube-shaped Fe-oxides and

alteration material.

The mineral chemistry of sample 37-2 is somewhat similar to that of the dredge E27-

36 seriate-textured basanites, with phenocrysts of olivine ranging up to Mg#85.7. Olivine

microphenocrysts have lower Mg-values (up to Mg#79 1) than the phenocrysts, groundmass

clinopyroxene crystals (up to Mg#87.2) extend to higher Mg-values than analysed

clinopyroxene phenocrysts and microphenocrysts (up to Mg#82.8). and sieve-textured

plagioclase phenocrysts and microphenocrysts extend to more anorthitic compositions

(An86) than any of the dredge E27-36 rocks. Disequilibriumfeatures of sample 37-2 include

reverse compositional zoning in both clinopyroxene and plagioclase phenocrysts, and more

Mg-rich olivine compositions than predicted by whole-rock olivine equilibrium calculations

(Table A3.10).

Sample 37-2 contains olivines with homogeneous Fe-rich compositions (up to

Mg#33.7), andesine plagioclase laths (up to An46) and aluminous titanomagnetite crystals.

5.4 MAJOR ELEMENT GEOCHEMISTRY:

The major element compositions of the submarine Scott Island and southwest

Pacific Ocean seafloor samples (Tables 5.3 and 5.4 respectively) were determined by X-ray

fluorescence (XRF) spectrometry (Philips PW 1410 spectrometer) as described in Appendix

2.

5.4.1 Scott island Samples:

The submarine Scott Island samples are all alkaline and define a Si02-undersatured

(Figure 5.6) trend from the phonotephrites of dredge E27-34C through the phonolites of

dredges E27-34B and E27-34D to the slightly more evolved phonolites of dredge E27-34A

(Figure 5.2). This trend is defined in the major element plots of Figure 5.7 by increasing

Si02, Na20, K2O and AI2O3 and decreasing Ti02, FeO*, CaO and P2O5 with decreasing

MgO. The chemical variation of these relatively evolved rocks is consistent with fractionation

involving Fe-rich olivine, titanomagnetite, apatite and feldspar.

Previous work on this region was limited to the geochemical analysis of five samples,

all of which have similar alkaline affinities to those analysed during the course of this study,

and to rocks outcropping at Cape Crozier on Ross Island (Johnson et al., 1982; Campsie et

al., 1983). Four of these samples (Campsie et al., 1983) are from the same Eltanin dredges

and have similar compositions to those analysed herein (Figure 5.8), although what is here

classified as a phonotephrite (dredge E27-34C) has been previously described as a ne-

mugearite (Wright and Kyle, 1990d). Likewise, a subaerial Scott Island sample (Prior, 1907),

described as a phonolite (Wrightand Kyle 1990d), is classified here as a tephriphonolite.
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Table 5.3: Major and trace element chemistry of submarine Scott Island samples; notation as for Chapter 3 (Section 3.5).

Sample No: E27-34A-1 E27-34A-2 E27-34A-4 E27-34B-1 E27-34B-2 E27-34B-3 E27-34B-4 E27-34C-1 E27-34C-2 E27-34D-1

Major Elements (wt %):
SIO2 58.52 58.40 58.57 56.72 56.52 56.66 56.33 50.67 50.24 56.87

TIO2 0.10 0.09 0.10 0.34 0.32 0.33 0.31 1.56 1.59 0.35
AI2O3 18.99 18.90 18.99 18.59 18.45 18.77 18.40 17.78 17.68 18.67
Fe203 5.96 5.81 5.65 8.51 8.31 8.43 8.40 10.81 10.94 8.08
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.23 0.20 0.20 0.29 0.30 0.28 0.30 0.28 0.25 0.25
MgO 0.11 0.15 0.23 0.32 0.31 0.32 0.38 2.10 2.03 0.25
CaO 1.55 1.51 1.62 2.58 2.59 2.59 2.58 6.02 5.95 2.65
Na20 9.07 8.69 8.67 8.04 8.49 8.06 8.30 6.21 6.38 8.61
K2O 4.13 4.15 4.11 3.70 3.81 3.65 3.72 2.49 2.56 3.78
P2O5 0.11 0.12 0.10 0.22 0.24 0.23 0.24 0.86 0.87 0.22
LOI 0.74 1.78 1.60 0.10 0.07 0.04 0.53 1.14 1.22 0.29
Total 99.51 99.80 99.84 99.41 99.41 99.36 99.49 99.92 99.71 100.02

Mg« 4.13 5.69 8.69 8.08 8.02 8.15 9.56 31.22 30.25 6.74
FeO* 5.36 5.23 5.08 7.66 7.48 7.59 7.56 9.73 9.84 7.27

Trace Elements (ppm):
Be 942 964 923 1095 1106 1067 747 704 1168
Rb 121 107 112 101 103 103 52 54 101
Nb 221 216 220 230 230 229 168 170 228
Sr 377 422 384 671 673 672 1104 1114 707
Zr 886 850 871 742 746 748 477 483 733
Y 39 39 38 40 39 40 39 39 40
Nl 3 2 4 2 <1 <1 6 6 <1
Or <2 <2 2 <2 <2 <2 3 <2 <2
V <3 <3 4 <3 <3 4 39 36 <3
So <1 <1 1 1 <1 <1 5 5 2
Zn 167 159 168 161 156 161 137 137 149
Cu <2 <2 2 5 <2 3 13 11 <2
Cs 1.24 1.07 0.93 1.25 1.06 1.06 1.00 0.79 0.58 1.11
Hf 15.99 14.89 15.39 14.06 13.62 13.52 13.28 9.45 9.20 13.77
Ta 15.79 14.53 15.03 14.66 14.35 14.03 13.94 10.33 10.11 14.25
Th 23.92 22.05 23.02 21.09 20.28 20.33 19.66 12.20 11.84 20.22



This sample is intermediate in composition to the phonotephrites of dredge E27-34C and

the phonolites of dredges E27-34B and E27-34D (Figure 5.8).

The rocks of Scott Island and Plateau define a narrow range of evolved major

element compositions from phonotephrite through tephriphonolite to phonolite. It has been

suggested that they may have evolved by fractional crystallisation from an alkali basalt or

basanite similar to that found in the Balleny Islands region (Johnson et al., 1982; Campsie et

al., 1983).

Si-undersaturated

Figure 5.6: Projection of the normative basalt tetrahedron (Yoder and Tilley, 1962) for
submarine Scott Island and southwest Pacific Ocean seafloor samples as for Figure 3.9. Dredge
symbols are: E27-02A (filled square), E27-03 (cross within square), E27-34A (filled circles), E27-34B
(oblique crosses), E27-34C (open diamonds), E27-34D (open triangle), E27-36 (open circles) and E27-
37 (crosses).

5.4.2 Southwest Pacific Ocean Seafloor Samples:

5.4.2.1 Dredges E27-02A and E27-03:

Trachybasalt sample 02A-2 and phonotephrite sample 03, although collected from

dredge sites -300 km apart, no less than -200 km from Scott Island, and on different sides

of the Pacific-Antarctic spreading ridge appear to form a less evolved continuation of the

fractionatbn trend displayed by the samples collectedfromthe Scott Island region (Figures

5.2 and 5.7). They are both Si02-undersaturated rocks (Rgure 5.6) which lack the tholeiitic

affinitiesof N-MORB (Rgure 5.2), and are therefore notsimplya product of mid-ocean ridge

volcanism. They may derive from a similarsource to the Scott Island/Plateau rocks.
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Table 5.4: Major and trace element chemistry ofsouthwest Pacific Ocean seafloor samples; notation as for Chapter 3 (Section 3.5).

Sample No: E27-02A-2 E27-03 E27-36-2 E27-36-4 E27-36-5 E27-36-7 E27-36-8 E27-37-2 E27-37-3
Major Elements (wt %):
SIO2 46.56 49.29 44.35 . 43.62 44.37 44.67 47.34 46.61 54.34
TIO2 2.56 1.82 3.03 2.75 2.61 3.01 2.51 2.77 0.67
AI2O3 15.38 17.67 13.96 14.32 14.67 14.10 14.85 15.13 18.92
Fe203 13.45 11.26 12.12 12.24 12.00 12.19 11.35 12.82 9.00
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.26 0.22 0.20 0.17 0.18 0.20 0.19 0.17 0.22
MgO 4.01 2.52 9.62 10.03 9.36 9.37 7.70 6.47 0.83
CaO 7.45 6.45 11.11 10.20 10.30 11.02 9.28 11.36 3.77
Na20 4.27 5.99 3.60 3.85 3.81 3.62 4.52 2.97 7.54
K2O 1.81 2.40 1.24 0.90 1.35 1.18 1.51 0.93 3.52
P2O5 1.90 1.09 0.75 0.52 0.63 0.77 0.66 0.45 0.39
LCI 2.19 0.85 0.02 1.46 0.23 0.07 -0.23 0.66 1.01
Total 99.84 99.56 100.00 100.06 99.51 100.20 99.68 100.34 100.21

Mg# 41.06 34.34 64.97 65.69 64.57 64.24 61.32 54.11 17.73
FeO* 12.10 10.13 10.91 11.01 10.80 10.97 10.21 11.54 8.10

Trace Elements (ppm):
Be 594 571 431 343 406 452 560 283 714
Rb 40 57 27 24 35 26 45 20 102
Nb 107 98 89 61 76 90 111 43 122
Sr 825 886 782 618 683 775 743 499 703
Zr 349 422 287 217 250 286 361 193 593
Y 45 38 31 30 31 30 32 29 33
Nl 5 5.6 206 227 190 201 153 110 3
Or 4 3 453 368 379 421 321 197 <2
V 107 49 272 222 223 270 202 297 <3
So 20 6 27 30 37 25 20 29 2.5
Zn 138 111 99 88 91 98 103 115 132
Cu 16 25 62 31 54 62 44 66 10
Cs <1 <1 <1 0.61 <1 <1 <1 <1 1.14
Hf 9.13 6.59 5.02 5.44 6.39 6.75 5.21 11.09
Ta 7.03 6.91 6.20 4.17 4.92 5.90 6.43 3.03 8.41
Th 7.80 8.78 6.95 4.74 5.96 6.90 7.71 3.59 14.81



5.4.2.2 Dredges E27-36 and E27-37:

Dredge E27-36 and E27-37 samples are alkaline, Si02-undersaturated (Figures 5.2

and 5.6), basanites and trachybasalts with MgO contents of -8-10 wt %. Dredge E27-37

samples have lower MgO contents, and include an alkali olivine basalt and a tephriphonolite.

These samples do not appear to lie along the same fractionation trends defined by the

dredge samples collected further to the east, in and to the northwest of the Scott Island

region (Figure 5.7).

Dredge E27-36 comprises primitive basanites, with whole-rock Mg# up to 65.69 and

Ni contents up to 227 ppm (sample 36-4). They are compositionally similar to the least

evolved submarine Balleny Province rocks (Figure 5.9), and together with the E27-37

samples, follow similar fractionation trends, controlled predominantly by olivine,

clinopyroxene and Cr-spinel down to -4 wt % MgO.

Importantly, these dredges have not sampled seafloor with MORB-type geochemical

features, despite their proximity to the SEIR.

16

14

12

?
5 10

o

S? 8
6

FoUlta

honotephnt

Tephrito

Picfo-
basaft

Trachyla ^

Rhyolto

• E27-34-this study

X Subaerlal Scott Is.

O E27-34 - literature

40 45 50 55 60 65 70 75

SIO2 (wt %)

Figure 5.8: TAB diagram of Le Bas et al. (1986) comparing the normalised compositions of
the submarine Scott Island samples analysed during this sudy (filled circles) with four submarine
samples from the same dredge sites analysed by Campsie et al. (1983) (open diamonds) and one
subaerial Scott Island analysis of .Prior (1907) (oblique cross). Alkaline and tholeiitic fields are
separated by the diagonal (dashed) line of Macdonald and Katsura (1964), as applied to the Hawaiian
basalts.

194



CO
cn

<|8

i
CO

O
CM

<

(Figure 5.9)

4 6 8

MgO (wt %)

4 6 8

MgO (wt %)

3 -

t 2
CM

O
F

1

+

14

12 -

% 10 -

o

-1 1 I I ' _i I I i_

4 6 8

MgO (wt %)

4 6 8

MgO (wt %)

10 12

10 12



CO
o>

(Figure 5.9)

MgO (wt %)

4 6 8

MgO (wt %)

S5

4 6 8

MgO (wt %)

4 6 8

MgO (wt %)



<o
-nI

350

300

250

1 200
o.

_ 150
z

100

50

0 •p Jl JL

4 6 8

MgO (wt %)

•o

10 12

id
a

300
u

4 6 8

MgO (wt %)
10 12

Figure 5.9: MgO (wt %) versus major elements plus Ni and Crfor submarine Balleny Province (dredges E27-35A and E27-35B - filled circles) versus dredge E27-36
(open circles) and dredge ^7-37 (crosses) samples.



5.5 TRACE ELEMENT GEOCHEMISTRY:

The trace element abundances of the submarine Scott Island and southwest Pacific

Ocean seafloor samples were mostly determined by XRF spectrometry (Philips PW 1410

spectrometer): Cs, Hf, TaandTh abundances were measured by INAA. REE concentrations

were analysed by ion exchange - XRF spectrometry (Philips PW 1410 spectrometer). All

analytical procedures are described inAppendix 2.

Table 5.5: Submarine Scott Island REE contents.

Sample No: E27-34A-4 E27-34B-1 E27-34C-2 E27-34D-1

La 145.00 129.00 95.40 131.00

Ce 256.00 241.00 193.00 254.00

Pr 26.50 25.70 21.60 24.90

Nd 76.00 78.70 79.60 84.30

Sm 9.59 9.63 13.30 12.40

Eu 1.94 2.16 4.42 3.17

Gd 5.05 6.11 9.94 7.06

Dy 6.70 7.37 8.03 7.53

Er 4.49 4.12 4.44 4.22

Yb 4.32 4.03 3.76 3.61

5.5.1 Scott Island Samples:

The trace element and REE contents of the submarine Scott Island samples are

presented in Tables 5.3 and 5.5 respectively.

The four Scott Island samples plotted in Figure 5.10 have similar primitive mantle-

normalised incompatible element patterns, characterised by a relative enrichment in the most

incompatible elements and a progressive increase in elemental abundance with increasing

fractionation. The latter feature results in the three phonolites generally plotting above the

pattern produced by the slightly less evolved phonotephrite (sample 34C). The main

characteristics of these patterns include a negative Kanomaly, greater abundances of the

HFSE Nb and Ta relative to the adjacent LILE, a general decrease in the abundance of

elements more incompatible than Ta, and positive Zr and Hf anomalies. These general

features displayed by the incompatible element patterns of the submarine Scott Island

samples are extremely similar to those of the Balleny Plume volcanics described in Chapter 3

(Figures 3.13 and 3.15), and are probably source-related. However, the pronounced

negative P, Sr and Ti anomalies, which increase from the phonotephrite (340-2) through the

least evolved phonolites (34B-1 and 34D-1) to the most evolved phonolite (34A-4), appear

to be produced by protracted fractionation involving feldspar, apatite and titanomagnetite.

The chondrite-normalised REE contents of these same four submarine Scott Island

samples display broadly similar patterns of LREE enrichment relative to the MREE and HREE

(Figure 5.11). However, all of the phonolites show relatively flat MREE and HREE, most

pronounced in the most evolved phonolite (sample 34A-4), and a strong increase in

(La/Sm)n compared to sample 340-2. This same pattern, evident in the Balleny Province
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trachyte sample 35A-2 (Figure 3.14) can be ascribed to late-stage amphibole fractionation

(Chapter 3). The slightly positive Eu anomaly of sample 340-2 may be a product of the ion

exchange - XRFtechnique (chapter 3) and is not evident in any of the other samples.

Despite their evolved nature, the submarine Scott Island samples have retained

certain trace element abundance ratios, particularly those comprising more incompatible

elements, which probably reflect their source chemistry. It is significant therefore that they

possess similarly low LILE/HFSE and LREE/HFSE values to both the Balleny Plume

Volcanics and the HIMU OIB fields (Figure 5.12), and that they define a more limited range

than the former.
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Table 5.6: Southwest Pacific Ocean seafloor REE contents.

Sample No: E27-02A-2 E27-03 E27-36-2 E27-36-8 E27-37-2 E27-37-3

La 80.10 67.80 61.40 70.50 29.30 86.00

Ce 180.00 147.00 134.00 148.00 66.90 168.00

Pr 21.30 16.40 15.00 16.11 8.00 17.20

Nd 84.40 62.70 62.70 62.50 32.20 59.00

Sm 14.10 11.60 13.20 12.00 5.99 9.83

Eu 4.37 3.57 4.70 3.83 2.00 2.90

Gd 12.40 9.31 10.80 9.00 6.58 6.68

Dy 10.40 7.61 7.59 6.87 6.18 6.23

Er 5.12 3.89 3.72 3.46 3.19 3.78

Yb 3.47 3.16 2.58 2.59 2.26 3.39

5.5.2 Southwest Pacific Ocean Seafloor Samples:

The trace element and REE contents of the southwest Pacific Ocean seafloor

samples are presented in Tables 5.4 and 5.6 respectively.

The primitive mantle-normalised patterns ofallthe southwest Pacific Oceanseafloor

samples (Figure 5.13) display the general enrichment in incompatible elements characteristic

of OIB (e.g. Sun, 1980; Wood et al., 1981; Sun and McDonough, 1989), and are remarkably

similar to both the submarine Scott Island (Figure 5.10) and Balleny Plume patterns (Figures

3.13 and 3.15). The predominant features once again include a negative Kanomaly, greater

abundances of the HFSE Nb and Ta relative to the adjacent LILE, a general decrease in the

abundance of elements more incompatible than Ta, and positive Zr and Hf anomalies.

Tephriphonolite sample37-3 appears, at first glance, to be markedly different than the other

seafloor samples, but this is in facta function of its greaterdegree offractionation compared

to the alkali olivine basalt (37-2) against which it is plotted. This greater fractionation has

resulted in sample 37-3 plotting significantly above sample 37-2 and having much more

pronounced negative Ti , P and Sr anomalies. The slightly negative Ba anomaly relative to

the other highly incompatible LILE may suggest some inter-element fractionation between

these elements, or may reflect Ba leaching during seafloor alteration processes.

The chondrite-normalised REE patterns of the southwest Pacific Ocean seafloor

samples (Figure 5.14) all display the LREE/HREE enrichment pattems typical of OIB derived

from small degrees of melting of a garnet-bearing source (e.g. Kay and Gast, 1973; Frey et

al., 1978). Dredge E27-36 samples have srnall positive Eu anomalies which may be a

function of the ion exchange - XRF analytical technique. Tephriphonolite sample 37-3

displays the same pattern of MREE to HREE flattening and the steep trend from Sm to La

which is visible in all of the submarine Scott Island phonolites and the Balleny Province

trachyte sample 35A-2. This REE pattern is a feature common to the most evolved rocks

from this region, and is suggestive of late-stage amphibole fractionation.

In terms of their trace element abundance ratios, the southwest Pacific Ocean

seafloor samples are remarkably similar to both the submarine Scott Islandand Balleny Plume

values, plotting within or close to the HIMU OIB fields in Figure5.12.
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To emphasise the fact that the southwest Pacific Ocean seafloor samples examined
here are not simply products of mid-ocean ridge volcanism, their incompatible element
contents have been normalised to N-MORB values in Figure 5.15. The consistently steep

trends of these patterns, with increasing elemental abundances accompanying increasing

degrees of incompatibility confirm that seafloor volcanism in these regions has had at least
some input from a geochemically enriched source/s.

5.6 RADIOGENIC ISOTOPE CHEMISTRY:

Radiogenic isotope data for the submarine Scott Island and southwest Pacific

Ocean seafloor samples are presented in Table 5.7; analytical methods are described in

Appendix 2. Due to the complete lack of radiogenic or other age data as well as the lack of U
and Pb contents for these samples, initial isotopic ratios have not been calculated.

5.6.1 Scott Island Samples:

Despite the statement by Hart (1988) that Scott Island volcanics have a HIMU Pb

isotopic signature similar tothat of both the Balleny Islands and Ross Island as well as similar

low ®7Sr/®®Sr values to the young basaltic volcanics from Marie Byrd Land, no radiogenic

isotope data from Scott Island areavailable in the literature. However, Sr, Nd and Pb isotope

data for three Scott Island samples analysed during the course of this study (Table 5.7;

Figure 5.16) do substantiate the claim of Hart (1988).

The submarine Scott Island samples extend to slightly lower measured 87sr/86sr

values than the Balleny Plume volcanics, and overlap with the least enriched ends of the

HIMU-DMM mixing trends produced by the Balleny Plume volcanics in Pb-Pb space, a similar

position to that occupied by samples from the Balleny Islands region. Isotopically, they

therefore appear to be products of mixing between a HIMU plume component, with a similar

isotopic composition tothat of the Balleny Plume, and DMM material.

5.6.2 Southwest Pacific Ocean Seafloor Samples:

5.6.2.1 Dredges E27-02A and E27-03:

Sample 03 hasradiogenic isotope values consistent with derivation from a MORB

source enriched by a HIMU component. It plots within both theHIMU and MORB fields in Sr-

Nd space and within oradjacent tothemost enriched end of theMORB field in Pb-Pb space,

along a hypothetical extension ofthe HIMU-DMM mixing array produced by the Balleny

Plume volcanics (Figure 5.16).

206



to
o
->4

Table 5.7: Sr, Nd and Pb isotope data for the submarine Scott Island and southwest Pacific Ocean seafloor samples discussed in the text; errors (2amean) associated
with individual sample measurements indicate within-run precision only. Present-day epsilon values were calculated as described in Appendix 6.

Sample No. ®7sr/86sr ±2o eSr 143Nd/144Nd ±2a sNd 206p|j/204p|j 207pb/204pb 208p|,/204p(,

Scott Island:

E27-34A-4 0.702766 23 -24.6 0.513006 4 6.9 19.731 15.603 39.304

E27-34C-2 0.702815 29 -23.9 0.513019 10 7.2 19.661 15.608 39.229

E27-34D-1 0.702781 21 -24.4 0.513008 8 7.0 19.664 15.603 39.235

Southwest Pacific seafloor samples:
E27-02A-2 0.703765 11 -10.4 0.512918 6 5.2 19.786 15.654 39.311

0.703732 21 -10.9 0.512943 11 5.7

E27-03 0.703079 25 -20.2 0.512965 8 6.1 19.428 15.578 39.230

E27-36-2 0.702917 8 -22.5 0.512994 10 6.7 20.165 15.650 39.674

E27-36-8 0.702945 21 -22.1 0.512989 9 6.6 20.179 15.659 39.698

E27-37-2 0.703117 10 -19.6 0.512964 8 6.1 19.768 15.620 39.622

E27-37-3 0.703113 23 -19.7 0.512981 5 6.5 19.435 15.583 39.253
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Sample 02A-2 is more difficult to interpret. It has a similar high l'^Ncl/''^Nd value to

both the HIMU and MORB fields, but significantly higher ®7Sr/®®Sr. In Pb-Pbspace, sample

02A-2 has similar high 206pt3/204pb (q the Balleny Plume volcanics, but slightly higher
207pb/204pij and slightly lower 208p5/204pb compared to the Balleny Plume mixing array.

This sample is here interpreted to have an isotopic composition produced by HIMU-DMM

mixing, but with a contaminated ®^Sr/®®Sr composition. The source of the latter is not

known, but the similar ®^Sr/®®Sr data obtained for replicate analyses of leached aliquots

suggest that it is unlikely that this sample suffers from the effects of seafloor contamination

and/or alteration which are not evident in other samples subjected to the same analytical

technique.

5.6.2.2 Dredges E27-36 and E27-37:

In Sr-Nd space, the two samples from dredge E27-36 plot close to the boundary

between the MORB and HIMU isotopic fields (Rgure 5.16), overlapping with several of the

submarine Balleny Province samples. However, both samples have very radiogenic

206pt)/204pb isotope contents, closest to those of the oldest and most radiogenic Balleny

Plume seamount, the Heemskirk Seamount. Dredge E27-36 207pb/204pb apj
208pb/204pb values are slightly lower, however, the latter plotting well below the NHRL and

similar to values for other known HIMU OIB.

Dredge E27-37 samples have similar ®^Sr/®®Sr and '''̂ ^Nd/^^^Nd values to each

other, and to the dredge E27-03 phonotephrite (sample 03) and the Balleny Plume

volcanics, once again plotting within both the MORB and HIMU isotopic fields in Figure 5.16.

In Pb-Pb space, however, sample 37-3 has virtually identical isotopic values to sample 03,

plotting within or adjacent to the enriched end of the MORB field, whereas sample 37-2 has

slightly more radiogenic values and plots in a similar position to the submarine Balleny

Province data.

5.7 POSSIBLE LINKS WITH THE BALLENY PLUME?:

It is evident from the data presented here that volcanism on the Balleny and Scott

Islands has a similar and distinctive geochemical and isotopic composition, consistent with

derivation by mixing between HIMU and DMM mantle material. It is also evident that the

southwest Pacific Ocean seafloor located between the Balleny and Scott island regions and

the Southeast Indian and Pacific-Antarctic Ridges respectively, has a corresponding source

signature. The distance of -650 km between the Balleny Islands, the postulated current site

of the Balleny Plume, and Scott Island tends to negate the idea that a single plume could be

responsible for both occurrences of HIMU volcanism. However, their similar latitudinal

locations on the Antarctic Plate imply that parallel plumes, possibly deriving from the same

deep mantle HIMU source region, may be responsible for the Balleny and Scott Island
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regions, the latter here termed the Scott Plume. A good example of closely-spaced parallel

plume traces is provided by the Tasmantid, Lord Howeand eastern Australian hotspot tracks

further north on the eastern edge of the Indian-Australian Plate, all of which appear to bear

similar, and predominantly EMI, isotopic signatures.

The alkaline, Si02-undersaturated nature, the HIMU-like trace element contents,

and the E-MORB to HIMU-DMM isotopic compositions of the southwest Pacific Ocean

seafloor samples, combined with their location close to the proposed Balleny and Scott

Island plume traces, implies that they too are products of these HIMU plumes. The observed

lack of islands or seamounts along the Balleny Plume trace between the region just south of

anomaly 8 on the Indian-Australian Plate to anomaly 5 on the Antarctic Plate suggests that

the Balleny Plume may have become trapped by the SEIR sometime after -28 Ma (A8).

Sleep (1992) has proposed that the crossing of an upwelling off-ridge plume by a spreading

ridge may result in a period during which the top of the plume is entrained by, and supplies

hriaterial to, the ridge. Once the lower part of the plume conduit is far enough away from the

ridge on the other side, its observed surface position would jump off the ridge axis, thereby

producing a region on either side of the ridge free of plume-related seamounts and/or

islands. This is consistent with both the proposed Balleny and Scott plumes, whereby a

period of plume entrainment by the Southeast Indian and Pacific-Antarctic Ridges

respectively has resulted in ridge volcanism being contaminated to varying extents by HIMU

plume material, and therefore resulting in the HIMU-DMM compositions of the southwest

Pacific Ocean seafloor samples examined here. The fact that dredge E27-37 samples,

located in virtually zero-age oceanic crust on the southern flank of the SEIR, bear this same

isotopic and trace element signature implies that the spreading ridge may still, or has recently

been, entraining significant amounts of HIMU plume material.

Ifthere is a separate HIMU Scott Plume, as this study suggests, it could well explain

the HIMU contribution to the isotopic composition of the Macquarie Island basalts (Chapter

4). According to the age of the magnetic seafloor lineations adjacent to Macquarie Island, it

was produced by seafloor spreading at the Southeast Indian - Pacific-Antarctic Ridge at -27

Ma. Significantly younger ages (11.5 to 9.7 Ma; Duncan and Varne, 1988) are recorded,

however, for the alkaline volcanics of Macquarie Island, shown in Chapter 4 to have HIMU-

DMM radiogenic isotope affinities. Temporal projection of the proposed Scott Plume trace

would extend it back in a north-nothwesterly direction to the vicinity of Macquarie Island. If

the Scott Plume was entrained by, and supplied HIMU material to, the spreading ridge as far

back as -28 Ma, the oceanic crust, which was later uplifted to form Macquarie Island, may

have been contaminated and/or underplated by plume material. The lack of radiogenic

isotope data for the older basement rocks of Macquarie Island makes this idea difficult to test.

However, the HIMU-DMM signature of the younger alkaline volcanics of Macquarie Island may

be a product of the remelting of underplated Scott Plume material during the transpressional

regime which resulted in the uplift of Macquarie Island.
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No attempt has been made to trace the proposed Scott Plume further back in time

than Macquarie Island due to the currently poor bathymetric coverage of the south Tasman

Sea. However, if this plume trace does parallel that of the Balleny Plume both in time and

space, it is possible that it too may have contributed to the lithospheric underplating of

eastern Gondwana prior to continental break-up.
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CHAPTER 6

HIMU OIB AND THE Balleny

Plume - a Summary

6.1 THE GEOCHEMISTRY OF HIMU, EMI AND EMM OIB:

Radiogenic isotope ratios are generally favoured as a mantle source-tracing tool due

to their non-fractionating behaviour during partial melting and fractional crystallisation, and

their subsequent ability to reflect the timing and nature of the processes responsible for the

formation of geochemically distinct mantle source regions. As a result, the definition of four

mantle end-member components, DMM, HIMU, EMI and EMM, invoked to explain OIB

heterogeneity (e.g. Zindler and Hart, 1986; Hart, 1988), has been based primarily on their

isotope systematics (Chapter 1), with considerably less emphasis on their comparative major

(Chauvel et al., 1992; Hauri and Hart, 1993) and trace element (e.g. Sun and McDonough,

1989; Weaver, 1991) compositions.

An attempt has been made to characterise the major and trace element

characteristics which distinguish the HIMU, EMI and EMM mantle end-members (Chapter 2).

This has concentrated on an examination of literature-derived data for those OIB which most

closely approach the proposed extreme end-member isotope compositions. The propensity

for magma major and trace element contents to reflect mantle melting and crystallisation

processes, rather than just source geochemistry, has been minimised by the use of samples

with >5 wt % MgO (thereby avoiding late stage fractionation effects) for trace element

comparisons, ratios of incompatible trace elements which are presumed to remain relatively

unfractionated, and relatively primitive samples with > 9.5 wt % MgO for major element

comparisons. The results indicate that isotopically-defined HIMU, EMI and EMM OIB do

possess some distinct major and trace element features.

HIMU OIB, characterised by the highest Pb isotope ratios (Hart, 1988), have lower

LILE/HFSE and LREE/HFSE abundance ratios, intermediate Th/La and Th/Nb, lower Zr/Nb

and higher Nb/Pb and Ce/Pb values than either of the EM components. EMM basalts,

characterised by the highest ®^Sr/®®Sr values (Hart, 1988), have lower Ba/Th, higher Th/La

and higher Th/Nb values than EMI OIB. Despite their poorly defined trace element

systematics, EMI OIB, characterised by the lowest '•'̂ Nd/'''̂ '̂ Nd values (Hart, 1988), have
the highest Si02 and the lowest FeO*, CaO, Ti02, P2O5and K2O values. HIMU and EMM OIB
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tend to overlap somewhat in terms of their major element compositions, although EMM

basalts extend to the highest K2O and Ti02 values and HIMU basaKs have the highest CaO.

End-member major element systematics have been interpreted to primarily reflect

differences in source chemistry, rather than differences in the pressure and temperature of

melting involved in OIB production. However, the supposition that EMI OIB, with their

relatively low incompatible major element (e.g. K2O, P2O5 and Ti02) and CaO abundances,

may derive from a more refractory source than HIMU OIB is complicated by the observation

that the latter possess lower LILE/HFSE and LREE/HFSE values as well as isotopic ratios

which result from time-integrated low Rb/Sr and Nd/Sm, and thereby imply long-term

incompatible element depletion. The origin of the observed end-member geochemical

distinctions may therefore be more complex than any of the simple models presented in

Chapter 2, whereby the apparently contradicting major and trace element systematics of

HIMU OIB, for example, may imply the involvement of a range of processes in source

formation.

6.2 HlUflU PLUME INFLUENCE IN THE TASMAN SEA - SOUTHWEST PACIFIC

OCEAN REGION:

HIMU volcanics are widespread throughout the dispersed continental fragments of

eastem Gondwana and the Tasman Sea - southwest Pacific Ocean seafloor (e.g. Coombs et

al., 1986; Sun et al., 1989; Lanyon et al., 1993). At least two HIMU mantle plumes have been

advocated as causing underplating of the lithosphere in this region, as a result of plume

head upwelling prior to or coincident with continental break-up, and/or seafloor volcanism in

response to lithospheric plate movement over the remaining plume conduits.

The Balleny Plume (Chapter 3), currently located beneath the Balleny Islands in the

Ross Sea region of Antarctica, is here assumed to be a relatively weak plume which has been

contaminated by significant amounts of depleted upper mantle (DMM) material during

upwelling. Although its eruptives are characterised by the low ®^Sr/®®Sr, high ^^Nd/'' '̂̂ Nd

and Pb isotope ratios, low LILE/HFSE, LREE/HFSE and Zr/Nb values and high Nb/Pb and

Ce/Pb values characteristic of HIMU OIB, linear trends in Pb-Pb isotope space are indicative

of HIMU-DMM mixing. The Balleny Plume also appears to have slightly higher time-integrated

Th/U than other known HIMU sources, resulting in the most radiogenic Balleny Plume

samples plotting above the HIMU field in 206pb/204pb-208pb/204pb space, and thereby

potentially expanding the known range of HIMU isotopic values.

The regional HIMU-DMM signature evident in the mafic continental volcanics of

southeast Australia (Tasmania), the South Island, offshore and sub-Antarctic islands of New

Zealand, and Marie Byrd Land and the McMurdo Volcanic Group of West Antarctica has been

attributed to the Balleny Plume (Chapter 4) on the basis of their spatial proximity, to each

other and to the proposed site of initial Balleny Plume upwelling, prior to the break-up of
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Gondwana. Although the Balleny Plume head is assumed to have ascended at -80 Ma into a

region within which continental rifting had already commenced between Lord Howe Rise and

eastern Australia and between Marie Byrd Land and Victoria Land in Antarctica, the weak

nature of the plume is thought to have combined with thick continental lithosphere to

prevent the significant melting and surface volcanism generally associated with starting

plume heads (e.g. Coffin and Eldholm, 1992). In addition to the extensive lithospheric

underplating of these continental regions with HIMU-DMM material, Balleny Plume head

interaction with already weakened lithosphere may have been responsible for the

concurrent onset of significant seafloor spreading in the Tasman Sea region and the

westward propagation of the Pacific-Antarctic Ridge between the Campbell Plateau and

Marie Byrd Land at -80 Ma. Subsequent, and temporally sporadic, HIMU-DMM volcanism in

the previously contiguous regions of Australia, New Zealand and Antarctica is here attributed

to decompression and melting of underplated Balleny Plume head-entrained upper mantle

material in response to localised tectonic stresses.

Continental rifting between eastern Australia, New Zealand and Antarctica resulted

in the opening of the Tasman Sea and southwest Pacific Ocean. Progressive younging of a

4000 km long curved chain of islands and seamounts extending from the western flank of

Lord Howe Rise to the Balleny Islands (Duncan, 1981; Duncan and McDougall, 1989;

Jenkins et al., 1992), as well as a HIMU-DMM isotopic and trace element signature, suggests

that their eruption is consistent with movement of the Indian-Australian Plate, and eventually

the Antarctic Plate, over the Balleny Plume conduit (Chapter 3).

A temporal significance can also be attached to the linear mixing arrays defined by

the Balleny Plume ocean floor volcanics in Pb-Pb space. The progressive dilution of the

HIMU plume component by depleted upper mantle (DMM) material with time may imply either

increasing amounts of upper mantle entrainment or progressive preferential melting of

entrained material. Whereas the former suggests a gradual weakening of the plume,

whereby increasing conduit inclination due to upper mantle shear stresses would promote

ambient mantle entrainment (Griffiths and Campbell, 1991), the latter implies that the plume

is heterogeneous with respect to its inherent and entrained components, so that differential

melting is occurring with time.

A second HIMU plume is necessary to explain the apparent parallel trace of HIMU-

DMM volcanism extending between Macquarie and Scott Islands in the southwest Pacific

Ocean - Ross Sea region (Chapter 5). The location of Scott Island at the same latitude on the

Antarctic Plate as the Balleny Islands, but -650 kmfurther to the east, precludes derivation

from the Balleny Plume, despite its remarkably similar isotopic signature. The E-MORB to

HIMU-DMM isotopic compositions of samples dredged from the southwest Pacific Ocean

seafloor located between the Balleny and Scott island regions and the Southeast Indian and

Pacific-Antarctic Ridges respectively implies that the Balleny and Scott Plumeconduits may

have been trapped by, and supplied HIMU material to, these spreading ridges sometime

after -28 Ma (A8). Scott Plume underplating of the ridge segment which was later uplifted to
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form Macquarie Island may also have occurred at this time. The fact that samples dredged

from virtually zero-age oceanic crust on the southern flank of the SEIR, northwest of the

Balleny Islands, also bear thisdistinctive isotopic and trace element signature implies that the

supply of HIMU material to this region ofthe SEIR has continued until very recently, and may

even be an on-going phenomenon.
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PART 2

MANTLE RESERVOIRS AND MAFIC MAGMATISM

ASSOCIATED WITH THE BREAK-UP OF GONDWANA

THE AUSTRALIAN-ANTARCTIC DISCORDANCE

s
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CHAPTER 7

THE Effects of Changing Spreading

Rate on the Geochemistry of the

Southern Ocean Seafloor

7.1 INTRODUCTION:

The Southern Ocean, extending between the southern margin of Australia and

Wilkes Land in Antarctica, comprises a region of seafloor which has the potential to address

at least two globally important tectono-magmatic problems:

1. The first of these is related to a major change in seafloor spreading rate along the SEIR at

-44.5 Ma. Although variations in seafloor spreading rates have been correlated with certain

mid-ocean ridge morphological and geochemical parameters (e.g. Menard, 1967; Flower,

1981; Macdonald, 1982; Francheteau and Ballard, 1983; Phipps Morgan et al., 1987

Langmuir et al., 1992; Sinton and Detrick, 1992; Niu and Batiza, 1993), comparisons have

so far been confined to separate mid-ocean ridge systems, such as that between the fast

spreading East Pacific Rise (EPR) and the slow spreading Mid-Atlantic Ridge (MAR). The

Southern Ocean seafloor therefore provides a unique opportunity to compare MORB

geochemistry resulting from different spreading rates along a single mid-ocean ridge.

An attempt is made in this chapter to find geochemical differences, similar to those

described in the literature as correlatable with variations in seafloor spreading rate, between

basalts dredged from four Southern Ocean dredge sites north of the SEIR. Two of these

sites are located on oceanic crust formed during a period of relatively slow seafloor spreading

prior to 49 Ma, the other two correspond to a period of more rapid seafloor spreading after

44.5 Ma.

2. Another globally important feature of the Southern Ocean is the Australian-Antarctic

Discordance (AAD). This is an approximately 500 km long region of the SEIR which is

markedly different from the adjacent sections of mid-ocean ridge, and apparently unique on

a globalscale in terms of its geophysical, morphological and geochemical characteristics (e.g.

Weissel and Hayes, 1971; Hayes and Conolly, 1972; Klein et al., 1988; Pyle et al., 1992).

Mantle flow models invoked to explain the relationship between the observed physical and
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geochemical characteristics of this region range from those that suggest these features are

intimately related, to others which suggest that they are entirely coincidental. In terms of this

particular study (Chapter 8), the most important observation made in relation to the AAD is

the presence of an abrupt change inthe radiogenic isotope composition of zero-age basalts

erupted within it. This suggests that a boundary between distinct Indian (to the west) and

Pacific (to the east) Ocean upper mantle isotope reservoirs exists beneath the eastern

section of the AAD. Radiogenic isotope and geochemical studies of MORB erupted within

this region have so far been confined to 0 to 4 Ma rocks. Therefore, although these studies

have helped to constrain the recent history of the AAD, an examination of the more long-

term evolution of the proposed isotopic boundary has not been possible until now. Chapter

8 will address this problem using Pb, Sr and Nd isotope data obtained for samples dredged

from the four -36 to 66 Ma Southern Ocean seafloor sites, located on either side of the

northward extrapolation of the AAD.

7.2 AUSTRALIAN-ANTARCTIC RIFTING:

Several hundred kilometres (-360 km) of continental extension between Australia

and Antarctica commenced during the Jurassic and preceded the mid-Cretaceous (-96 Ma)

initiation of seafloor spreading between these continents (Veevers et al., 1990). Based on

the revised anomaly identifications of Cande and Mutter (1982), the oldest magnetic

anomaly observed south of the Australian margin's Magnetic Quiet Zone is anomaly 34 (82

Ma) which also closely corresponds to the initiation of Tasman Sea opening (-80 to 82 Ma;

Hayes and Ringis, 1973; Weissel and Hayes, 1977), the start of seafloor spreading between

New Zealand and Antarctica (-81 Ma; Molnar et al., 1975), and a major reorganisation of plate

boundaries in the Indian Ocean (80-90 Ma; Norton and Sclater, 1979).

Australian-Antarctic breakup propagated from west to east at a rate of -2 cm/yr at the

end of continental rifting and commencement of seafloor spreading (Mutter et al., 1985).

Since the Cretaceous, the Indlaii-Australlan Plate has moved north-northeast (In the hotspot

frame of reference) away from the relatively stationary Antarctic Plate, while the SEIR has

migrated to the northeast (Minster and Jordan, 1978; Gordon and Jurdy, 1986) by more than

10° latitude (Norton and Sclater, 1979). Breakup is thought to have involved three stages of

seafloor spreading. According to Veevers et al. (1990) and Veevers and Li (1991), the full

spreading rate from 96 to 49 Ma was -9 mm/yr. Therefore, following this first period of

separation Australia and Antarctica were still only -500 km apart. The spreading rate then

increased to -20 mm/yr between 49 and 44.5 Ma before a dramatic increase in spreading

rate at 44.5 Ma (Veevers et al., 1990) which coincided with a change in spreading direction

along the SEIR from north-south to northeast-southwest (N45°E) and a major change in the

rate and direction of seafloor spreading along the Southwest Indian Ocean and Central

Indian Ocean ridges (Madagascar, Crozet and Central Indian basins) at A19 time (Sclater et
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Figure 7.1: a) Map of the Earth showing the location of the Southeast Indian Ridge
(modified from Klein et al., 1991) and the outline of the area enlarged in b). The latter depicts the three
zones defined by Weissel and Hayes (1971), including zone B, the Australian-Antarctic Discordance
(modified from Anderson et al., 1980); filled circles represent AV Uema cruise 33 dredge sites, from
which the samples of Anderson et al. (1980), Klein et al. (1988) and Klein et al. (1991) were collected.
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al., 1981). It also corresponds closely to the time of Pacific Plate reorganisation, as indicated

by the age ofthe Hawaiian-Emperor bend (42±1.4 Ma: Dalrymple and Clague, 1976).
Seafloor spreading along the SEIR since the dramatic change in spreading rate at

44.5 Ma is generally considered to comprise a full spreading rate (e.g. Macdonald, 1982;

Phipps Morgan et al., 1987; Sempere et al., 1991) ofsomewhere between 58-59 mm/yr (P.

Symonds, pers. comm., 1993), -62 mm/yr (Royer and Sandwell, 1989) and 74 mm/yr

(Palmer et al., 1993). However, Veevers et al. (1990) and Veevers and Li (1991) propose a

full spreading rateofonly 40 mm/yr from 44.5 Ma to the present day, or at least until -32 Ma

(south of A13), corresponding to the definition of a slow spreading rate (<50 mm/yr: e.g.

Macdonald, 1982; Phipps Morgan et al., 1987; Chen and Morgan, 1990; Sinton and Detrick,

1992; Niu and Batiza, 1993; Palmer et al., 1993). Weissel and Hayes (1971) also calculated

slower spreading rates of 44 mm/yr to 62 mm/yr between 38 Ma and 10 Ma with an increase

to rates in excess of 70 mm/yr from 10 Ma to the present day. Based on the widespread

proposals for a spreading rate between 60-74 mm/yr since 44.5 Ma, the SEIR will here be

assumed to have had an intermediate (refer to Section 7.6.1) spreading rate since that time.

7.3 MORPHOLOGY OF THE SOUTHEAST INDIAN RIDGE:

The SEIR is an east-west trending mid-ocean ridge which separates the Indian-

Australian and Antarctic plates between the Indian Ocean triple junction (central Indian

Ocean) and the Macquarie triple junction (southwest Pacific Ocean). Between 105°E and

138°E, the ridge is considered to comprise three distinct morphological and geophysical

zones (Weissel and Hayes, 1971) (Figure 7.1). Zone B, an approximately 500 km long,

anomalously deep and morphologically complex region of the SEIR located between 120°E

and 128°E at a latitude of 48°S to 51 °S, was named the Australian-Antarctic Discordance by

Hayes and Conolly (1972). It is bounded to both the east and west by major transform faults

with >100 km of offset, including 175 km of right lateral offset along the eastern transform

(Weissel and Hayes, 1971; 1972; Sempere et al., 1991; Palmeretal., 1993).

The morphological and geophysical features which serve to differentiate between

the AAD and the adjacent regions (zones A and C) of the SEIR will be discussed in greater

detail in Chapter 8 (Section 8.2.1). It should be noted here, however, that the well-defined

axial rift valley and segmented nature of the AAD are considered more typical of slow

spreading centres, rather than the intermediate spreading rate of the SEIR (Phipps Morgan

et al., 1987; Sempere et al., 1991). Incontrast, zone A is characterised by a 500 m high axial

ridge, considered to be more characteristic of faster spreading centres (Sempere et al.,

1991).
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7.4 GEOCHEMICAL FEATURES OF ZERO-AGE BASALTS FROM THE

SOUTHEAST INDIAN RIDGE:

Previous geochemical studies of basalts dredged from zones A to C of tfie SEIR

have concentrated on attempting to find differences which could be correlated with along-

ridge morphological and geophysical changes and interpreted in terms of variations in the

temperature and extent of melting. Therefore, although the findings of these studies will be

presented here, the literature-derived interpretations mainly have implications for the models

presented in Chapter 8 (Section 8.2.3) concerning the origin of the AAD.

Anderson et al. (1980) discovered anomalously high Ti02 and FeO whole-rock

abundances in lavas dredged from the SEIR axis within zone A east of the AAD. They

inferred a positive correlation between whole-rock FeOVMgO, % titanomagnetite, magnetic

anomaly amplitude, the intensity of natural remanent magnetization, and the variation in

depth anomalies along this region of the SEIR.

Christie et al. (1988) found that MORB dredged from the AAD comprise relatively

uniform and unfractionated (Mg#6o-7i) lavas which are distinguished from those of zone A

by their higher Na, K, Al and Si abundances and lower Ca, Ti, Fe, and Ca/AI contents at a

given MgO content, variations which are also evident in the data of Anderson et al. (1980)

and Klein et al. (1991) plotted in Figure 7.2. Based on these along-axis major element

differences and the observation that zone A basalts are generally more compositionally

varied and more fractionated (Mg#4i.68) than samples collected from the AAD, Christie et al.

(1988) suggested that a major geochemical boundary, resulting from "discontinuity in the

post-melting processes", is coincident with the eastern boundary of the AAD.

Klein et al. (1991) confirmed that zone A basalts have higher Ti02 and FeO contents

than zone B and C lavas (Figure 7.2), but concluded that they were still within the N-MORB

compositional range. Based on the proposal that MORB chemistry can be correlated with

axial depth, crustal thickness and mantle temperature (Klein and Langmuir, 1987), they

noted a correlation between maximum ridge axis depth, lowest CaO/Al203 and Fee.o and

highest Nag o and Sig o (Figure 7.3), which they interpreted In terms of the global

component of MORB chemical variability of Klein and Langmuir (1989).

Incompatible element plots of the natural basaltic glass data of Klein et al. (1991)

from zones A to C of the SEIR (Figure 7.4) reveal generally flat patterns of the less

incompatible elements, from Lu to P, consistent with their classification as N-MORB.

However, the LILE and LREE define more irregular patterns in most samples, suggesting

variable levels of enrichment in the most incompatible elements. Zone A sample Dl-2 is

unusual in that it displays a gradual increase in the normalised abundances of elements more

incompatible than Sm, but a generally flat pattern in terms of the less incompatible elements,

the latter similar to N-MORB. It may therefore be representative of a T-MORB composition,

transitional between N-MORB and E-MORB. The other zone A glasses all have similar

patterns, characterised by a relative depletion in the most incompatible elements, K, Ba and
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the ranges of whole-rock Na20, Si02 and FeO normalised to 8 wt % MgO and Ca0/Al203 (modified
from Klein et al., 1991).



100

m
oc

9 10

0)

E 1
®

Ui

0.1

100

T—I—I—\—I—I—I—\—I—I—I—I—r

Zone A

J L J I I I I I

-•—D4-1«

-O—D3-4

-O—D2-19

H D1-2

RbBa K LaCeSr P NdSmZr Eu Ti GdDy Y ErVbLu

Element

Zone B (AAO) D7-7a

D7-3b

m
oc
0
s

1

z

c
V

E

is

10 r

0.1

100

ffi
OC
o

10

c

1 1
iZi

0.1

RbBa K LaCeSr P NdSmZr Eu Ti GdDy Y ErYbLu
Element

T—I—T T—T T—I—T

ZoneC D11-6

D1(Md

-I 1 1 1 1 1 1 1 1 1 1 I I 'III!

RbBa K LaCeSr P NdSmZr Eu Ti GdDy Y ErYbLu
Element

Figure 7.4: Incompatible element patterns of natural basaltic glasses (Klein et a!., 1991 •
Table 5) dredged from zones A to 0 of the SEIR and normalised to the N-MORB values of Sun and
McDonough (1989).

226



Rb. The slightly positive Zr anomalies displayed by zone A samples are also present in the

zone B glasses, but the latter also possess slight positive Sr and negative Ti anomalies,

similar to those of the zone C samples. The lower nomrialised abundances of Ti in the zone B

and C samples are consistent with the observation that zone A basalts have generally higher

Ti02 than those erupted further west along the SEIR (Anderson et al., 1980; Christie et al.,

1988; Klein et al., 1991). Apart from sample D5-5, collected from the eastern AAD, zone B

samples are characterised in Figure 7.4 by relative enrichments in K, Rb and Ba, quite

distinct to samples dredged from further east at sites 5, 2, 3 and 4. Zone B samples D7-3b

and D8-8 are also slightly enriched in LREE. Zone 0 glasses display generally flat

incompatible element patterns with less marked Rb and Ba enrichments than the AAD

samples.

The flat patterns displayed by the zero-age SEIR glasses in terms of elements less

incompatible than Sr (Figure 7.4) suggest that most samples have N-MORB geochemical

affinities. However, the enrichment in the most incompatible LILE relative to N-MORB in the

zone B (except sample D5-5), and to a lesser extent zone 0, samples, plus the distinct

pattern of sample D1-2 from zone A suggests that the SEIR may also be erupting some

basalts with slightly more enriched (T-MORB) compositions.

7.5 SOUTHERN OCEAN SEAFLOOR SAMPLES:

7.5.1 Sampling Locations:

The sampling locations for the Southern Ocean seafloor samples, dredged during

Southern Margins cruise 102 of the RA/ Rig Seismic, are listed in Appendix 1 - Table A1.1

and depicted in Figure 7.5. All four sites are located on the Southern Ocean abyssal plain at

depths in excess of 4000 m. Dredges 102/DR09 and 102/DR10 are located east of the

northward extrapolation of the AAD, the former just south of magnetic seafloor lineation A22

(53.5 Ma), the latter just south of A13 (36 Ma). Dredges 102/DR11 and 102/DR13 are

located west of the northward extrapolation of the AAD, the former just north of Al 3 (36 Ma),

the latter just south of A29 (66 Ma). Seafloor magnetic lineation ages are from Reinemund

(1984).

These Southern Ocean seafloor samples are the products of two different

spreading regimes along the SEIR. Those from sites 102/DR09 and 102/DR13 were

erupted during the first period of slowspreading between Australia and Antarctica (9 mm/yr

full rate; Veevers et al., 1990; Veevers and Li, 1991) prior to 49 Ma. Dredge sites 102/DR10

and 102/DR11 correspond to a period of more rapid seafloor spreading, following the

increase in spreading rate along the SEIR at 44.5 Ma (Veevers et al., 1990).

The majority of samples collected from these four sites are extremely altered, many

showing signs of hydrothermal activity. Greenschist facies metamorphism is also evident as

clinopyroxene uralitisation insome samples from site 102/DR13. However, sixteen samples
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with lesser degrees of pervasive microscopic alteration were considered suitable for major

and trace element analysis, and 13 were also analysed, following acid leaching, for their

radiogenic (Sr, Nd and Pb) isotope compositions (Chapter 8).

110*E

AUSTRALIA

102/DR13

SOUTHEAST

3

ntrE

INDIAN^

102/DR09

V102/DRIO

RIDGE
2amm

130*E

Figure 7.5: Map of the Southern Ocean region between the southern margin of Australia
and the SEIR showing the location of the four FW Rig Seismic dredge sites relative to the location of
the AAD and recognised magnetic seafloor lineations (modified from Reinemund, 1984).

7.5.2 Petrography:

The Southern Ocean seafloor samples range in grain size from basaltic at dredge

sites 102/DR09 and 102/DR11 through doleritic at sites 102/DR10 and 102/DR13 to

gabbroic at site 102/DR10. No basalts were dredged from site 102/DR10. The petrography

of the samples analysed for major and trace element geochemistry is summarised in Table

7.1.

The basalts are generally characterised by sparsely porphyritic to glomeroporphyritic

textures with plagioclase ± clinopyroxene ± olivine phenocrysts and/or microphenocrysts

and plagioclase-phryric groundmasses devoid of olivine. Groundmass plagioclase and

clinopyroxene may form subophitic textures, or clinopyroxene may infill columnar plagioclase
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Table 7.1: Petrography of the Southern Ocean seafloor samples discussed in the text.

Dredge 09:
09-4A

Rock 2m

divine tholeiite

basalt

09-4 B(l) Transitional
tholeiite basalt

09-4B(ll) divine tholeiite
basait

09-4B4

09-4B5

09-4C

Transitional
tholeiite basait

divine tholeiite
basait

Transitional
tholeiite basait

Dredge 10:
10-1B Tholeiitic gabbro

10-1C Tholeiitic
metagabbro

Texture

Subophitic
Siighdy vesicular

Sparsely porphyritic/
giomeoporphyritic
Slightly vesicular

Porphyritic/
Glomeroporphyritic
Slightly vesicular

Sparsely porphyritic/
giomeoporphyritic
Slightly vesicular

Sparsely porphyritic/
glomeroporphyritic
Vesicular

Spheruiltic
Vesicular

Consertal texture

Consertal texture

Phenocrysts and mlcrophenocrysts

1) plagioclase phenocrysts and glomerocrysts

1) subhedral to euhedral cpx micropherxxxysts
2) elongate plagioclase mlcrophenocrysts
3) plagioclase ± cpx glomerocrysts

1) plagioclase phenocrysts and glomerocrysts

1) rare plagioclase pherrocrysts: some with partly resorbed rims
2) glomerocrysts of dinopyroxene ± plagioclase

1) rare plagioclase microphervKxysts
2) glomerocrysts of plagioclase ± cpx

1) spherulesof plagioclase and partiaiiy altered cpx phenocrysts
and/or mlcrophenocrysts
2) oiivine mlcrophenocrysts completely altered to caldte and smectite
3) Fe-stained elongate feather-iike structures overprinting sphemiites
- ? quenched olMnes

Groundmass

anhedral to subhedral cpx subophitically
endosing, or Intergranular to, plagiodase
laths; smectite cbts; skeletal to finely
disseminated Fe-oxides

plagiodase; cpx - may subophitically
endose plagiodase; skeletal Fe-oxides;
clay

plagiodase laths; cpx may infill columnar
plagiodase laths, subophitically endose
plagioclase, or be Interstitial to plagiodase
laths; fine skeletal Fe-oxIdes; alteration
material

plagiodase laths are often columnar and
Infiiiedwith cpx and finer groundmass; fine
Fe-oxides; alteration material

subhedral cpx; plagiodase laths;
disseminated Fe-oxIdes; finer grained than
previous samples

Finely divided Fe-oxIdes; smectite

PsuHally altered anhedral dMrre, rimmed by
caldte and dusters of fine-grained Fe-oxide;
anhedral, partly uralltlsed cpx; Interlocking
Irreguistr-shsiped plagioclase; coarse
Fe-oxides

Interlocking cpx, plagioclase and Fe-oxIdes;
partial cpx replacement bychlorite and
fibrous green amphibole



N3
CO
o

Table 7.1: (continued)

Sample No. Rock Type Texture Phenocrysts and microphenocrysts Groundmaaa
Dredge 10:
10-3A Tholeinic

metadclerite
SubophlUc/sparsely
porphyrltic

1) plagiodase pher»crysts: anhedral zoned crystals to elongate laths
with partly resorbed rims
2) scattered ptaglodase glomerocrysts

plagloclase laths may be columnar arxf
Infilled with cpx; cpx partially altered to
fibrous amphibole may subophltically
endose plagiodase; scattered Fe-oxides

Dredge 11:
11-2A

11-2A(lv)
OlMne tholellte
basalt

Hypocrystalllne/
subophltic

1) microphenocrysts of cpx subophltically enclosing plagloclase devitrifiedglass; finely divided Fe-oxIdes

Vesicular

11-2A(III) Ollvine tholellte
basalt

Hypocrystalllne/
glomeroporphyrltic
Vesicular

1) glomerocrysts of ollvine -t- cpx plagloclase
2) plagiodase micropherxxxysts: may tw hollow arxJ columrtar
3) dinopyroxene microphenocrysts: may subophltically endose plagloclase
4) ollvirre microphenocrysts

devitrlfied glass; finely divided Fe-oxides

11-2B Ollvine tholellte
basalt

Porphyrltic 1) plagiodase phenocrysts; partly resort)ed rimsor hollow columnar
crystals Infilled with cpx
2) olMne microphenocrysts altered to smectite

plagiodase needles Infilled withcpx;
?spherulitic structures; fine Fe-oxides

Dredge 13:
13-3(111)
13-3D

Tholelltic dolerite Subophltic
- plagiodase laths subophltically endosed

by cpx partially altered to chlorite and
amphibole; scattered Fe-oxIdes

13-3E Basalt Sutx>phltlc
- very fine-grained ptaglodase,subophltically

endosed try cpx; fine Fe-oxides



crystals. Most samples from site 102/DR11 have hypocrystalline groundmasses comprising

onlydevitrified glass and finely divided Fe-oxides.

The dolerites and gabbros are more equigranular, the former dominated by

subophitic enclosures of plagioclase by clinopyroxene whereas the latter are characterised

by consertal intergrowths ofthe dominant mineral phases.

• Qtz

Si-saturated

Figure 7.6; Projection of the normative basalt tetrahedron (Yoder and Tilley, 1962) for
samples dredged from the Southern Ocean seafloor: dredge 102/DR09 (filled circles), dredge
102/DR10 (open triangles), dredge 102/DR11 (oblique crosses) and dredge 102/DR13 (filled
diamonds): notation as for Figure 3.9.

7.5.3 Geochemistry:

The majorand trace element compositionsof the Southern Ocean seafloor samples

(Table 7.2) were determined by X-ray fluorescence (XRF) spectrometry (Philips PW 1480

spectrometer). REE, Hf and Th (as marked) abundances were measured by INAA. Analytical

procedures are described in Appendix 2.

Arthough CIPW norm (wt %) calculations indicate that most of the samples are Si02-

saturated olivine tholeiites, apart from three transitional tholeiites from site 102/DR09 which

plot at the boundary between the Si02-saturated and Si02-undersaturated fields (Figure

7.6), the pervasive microscopic alteration of these samples means that normative

calculations should be considered with caution.

The chondrite-normalised REE plots of basalts from dredge site 102/DR11 (Figure

7.7) display the characteristic concave-upward patterns and relative LREE depletions of N-

MORB, produced by relatively large degrees of melting of a depleted source. Despite its

lower REE abundances, the similar pattern of gabbro sample 10-1C to the dredge 102/DRl1

basalts indicates that the seafloor in the vicinity of dredge site 102/DR10 also has N-MORB
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Table 7.2: Major and trace element chemistry of Southern Ocean seafloor samples.

Sample No: 09-4 B4 09-4BS 09-4C

Major Elamantt (wt %):
Si02 50.22 50.79 51.72 49.78 50.93 48.10

T102 1.91 2.02 2.16 2.07 2.08 1.75

A»203 15.49 15.63 16.19 14.83 15.85 16.88

F82O3 10.41 9.26 7.56 12.09 9.14 10.43

FaO 0.00 0.00 0.00 0.00 0.00 0.00

MnO 0.16 0.16 0.14 0.19 0.14 0.14

MgO 5.64 5.14 5.38 4.73 5.17 4.34

CaO 10.56 10.70 10.85 9.73 10.56 9.93

NazO 3.65 4.11 3.91 4.00 3.77 3.81

K2O 0.56 0.51 0.35 0.81 0.57 0.44

P2O5 0.23 0.33 0.27 0.26 0.29 0.31

LOI 1.61 1.11 1.76 1.25 1.91 3.63
Total 100.44 99.76 100.29 99.74 100.41 99.76

Mo# 55.87 56.47 62.45 47.77 56.93 49.30
FWJ* 9.37 8.33 6.80 10.88 8.22 9.39

Traea Elamantt (ppm):
Ba 44 36 36 37 35 26
R> 15 9 3 23 14 11

M> 5.6 6.2 6.3 5.5 6.6 4.7
Sr 202 226 240 186 231 226
a 166 177 178 183 187 156
Y 45 46 49 50 48 44
M 54 41 47 27 43 99
Cr 246 171 176 94 171 352
V 305 296 312 321 284 277
Sc 42 42 48 44 45 43
HI 3.61 3.85

Th(XRF) <1.0 1.30 <1.0 <1.0 <1.0 <1.0
Th(INAA) 0.40 0.63

Pb 1.80 <1.5 <1.5 1.50 1.80 1.50

Rara Eath Elamantt (ppm):
La 7.03 7.18

Ce 18.50 21.40
Nd 15.30 17.20
Sm 4.98 5.22

Eu 1.59 1.76
lb 0.96 1.04

Ho 1.30 1.41

Yb 3.37 3.52
Lu 061 0.50

10-1B 10-IC 10-3A 11-2A 11-2A(III) 11-2A(lv) 11-2B 13-3(111) 13-30

50.26 50.22 49.87 50.45 49.68 50.12 48.11 48.70 50.21

0.59 0.72 1.29 1.36 1.35 1.34 1J9 1.10 0.99
16.25 16.11 16.70 15.92 15.76 15.87 17.30 15.72 16.00
6.44 6.54 8.79 9.53 10.30 9.28 10.14 9.38 9.10
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.12 0.12 0.15 0.16 0.16 0.15 0.15 0.19 0.18
9.23 9.01 8.03 6.50 6.71 6.73 5.49 8.48 8.03

13.69 12.86 11.05 12.00 11.80 11.89 11.63 10.06 7.71
2.50 2.78 3.08 3.10 3.00 3.09 3.04 3.22 4.27
0.06 0.07 0.09 0.26 0.27 0.21 027 0.18 0.16
0.06 0.08 0.13 0.18 0.18 0.17 0.17 0.14 0.12
0.95 1.22 0.81 0.80 0.90 1.04 2.46 2.65 3.02

100.15 99.73 99.99 100.26 100.11 99.89 100.15 99.82 99.79

77.01 76.30 68.10 61.45 60.35 62.89 55.85 67.87 67.34
5.79 5.88 7.91 8.58 9.27 8.35 9.12 8.44 8.19

14 4 7 16 59 19 15 80 99
1 <1 <1 5 3 4 5 3 2

0.4 0.4 0.8 3.1 2.9 2.9 3.2 7.9 8.0
113 155 124 168 153 166 147 184 210

31 51 86 96 91 96 98 80 98
17 22 32 33 34 33 34 27 26

162 158 134 71 54 80 62 89 99
572 1053 261 386 398 378 299 290 309
181 200 228 269 286 272 291 249 230
40 39 31 41 45 43 36 44 41

1.21 2.00 2.03 1.69 2.17
<1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 2.10 3.80

<0.1 0.39 0.29 0.93 2.34
<1.5 <1.5 <15 <1.5 <1.5 <15 <1.5 <1.5 <15

1.71
5.53

5.28

2.01

0.76
0.47
0.65

1.78
0.23

3.90

11.50

9.44

3.30

1.32

0.83

1.20

2.63

0.35

3.91

12.00

10.30

3.24

1.20

0.79

1.13

2.73
0.38

6.21

16.10

11.00

3.03

1.09

0.66

0.93
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19.50
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affinities; no REE data are available for dolerite sample 10-3A from this same location.
However, dredge 102/DR13 and, to a lesser extent, 102/DR09 basalts are more
characteristic of T-MORB compositions, displaying slight LREE enrichments, relative to the

MREE, and lacking significant HREE depletion.

The N-MORB-normalised incompatible element patterns of the Southern Ocean

seafloor basalts are similar in that they display gradually increasing elemental abundances

with increasing incompatibility, which is most evident within the dredge 102/DR13 samples
(Figure 7.8). The trace element patterns of the Southern Ocean seafloor samples are
therefore suggestive of T-MORB rather than N-MORB compositions. Dredge 102/DR09 and
102/DR11 samples have high normalised abundances of the LILE, K, Ba and Rb, relative to
the adjoining LREE and Nb, whereas samples from site 102/DR13 lack the positive Kspike
evident in basalts from theother dredge sites but have very high Ba abundances compared

to the adjoining elements.

The mobility of the LILE (e.g. Weaver, 1991) means that they are prime candidates
to reflect the effects of seafloor alteration processes. This may well be the case with the

Southern Ocean seafloor samples plotted in Figure 7.8, particularly as they all display
alteration effects, and the positive Kspikes of thedredge 102/DR09 and 102/DR11 samples

are absent from the zero-age SEIR glasses (Figure 7.4). However, as most ofthe samples
from sites 102/DR09 and 102/DR11 have relatively low LOI (loss on ignition) measurements

(<2 % in all samples plotted in Figure 7.8), the similarity of their incompatible element
patterns may reflect some degree of source enrichment in LILE, relative to the other highly
incompatible elements. The relatively large LOI values of the site 102/DR13 samples
suggest that they may well be more altered than most of the other Southern Ocean dredge
samples. This inference does, however, assume that the degree of LOI is a direct reflection
of the degree of alteration, which is not necessarily the case. The dredge 102/DR13 basalts
are also generally more enriched in incompatible elements. Their extremely high normalised
Ba contents (Figure 7.8) may also bedue to seafloor alteration, a proposal supported by the
unusually high Na20and low CaO ofsample 13-3D.

The geochemistry of the gabbros from site 102/DR10 will not be included in any

further discussions of the Southern Ocean seafloor samples in this chapter due to their

probable cumulate origin.

7.6 SLOW VERSUS FAST SPREADING MID-OCEAN RIDGES:

7.6.1 Background:

Spreading rates have been found to vary significantly along the world's mid-ocean

ridge system. These variations may be concurrent, occurring either between different
ridges, such as the slow spreading MAR and the fast spreading ERR, or along the length of a
single ridge, as evidenced by the ultra-fast spreading rate of the southern ERR compared to

235



the fast spreading rate of the northern EPR (e.g. Sinton and Detrick, 1992), or they may be

temporally related such as the change in spreading rate with time along the SEIR (Veevers et

al., 1990).

The definition of slow, intermediate and fast spreading rates varies slightly in the

literature. Although in general agreement that a full spreading rate of <50 mm/yr constitutes

slow spreading, Niu and Batiza (1993) classify fast spreading as >60 mm/yr whereas most

other researchers define fast spreading as either >80 mm/yr (Chen and Morgan, 1990;

Sinton and Detrick, 1992) or >90 mm/yr (Macdonald, 1982; Phipps Morgan et al., 1987;

Palmer et al., 1993).

Despite the lack of consensus over spreading rate classifications, there does appear

to be general agreement that ridge axis nriorphology is a function of spreading rate. Slow

spreading ridges are associated with well-developed deep axial rift valleys bounded by

mountainous ridge flanks which display rough topography; all features that are absent, or at

least far less pronounced, along fast spreading ridges (e.g. Macdonald, 1982; Francheteau

and Ballard, 1983; Phipps Morgan et al., 1987). Sinton and Detrick (1992) state that this

morphological change occurs over the intermediate spreading rate range of 50-70 mm/yr.

Morphological change is accompanied by an abrupt change in gravity signals, from high-

amplitude variable signals at slow spreading rates of <70 mm/yr (Chen and Morgan, 1990; Lin

et al., 1990; Lin and Phipps Morgan, 1992) to lower-amplitude and more uniform signals wrth

faster spreading >70 mm/yr (Chen and Morgan, 1990; Lin and Phipps Morgan, 1992).

Geochemical differences have also been observed within MORB erupted at various

spreading rates along different mid-ocean ridges. Comparisons of major element differences

are based on the assumption that the depleted upper mantle source of MORB is

homogeneous on a global scale. Flower (1981) proposed that basalts erupted at slow

spreading ridges generally define a narrower range of relatively undifferentiated

compositions compared to those erupted at faster spreading centres. Sinton and Detrick

(1992) compared the Mg-values of glasses erupted at a number of fast, intermediate and

slow spreading ridges and concluded that increased fractionation with faster spreading

actually begins at intermediate (50-80 mm/yr) spreading rates. Although Langmuir et al.

(1992) also agree that more primitive MORB compositions occur at slower spreading rates,

they propose that geochemical variability increases with decreasing spreading rate, so that

slow spreading ridge eruptives range from very primitive to very differentiated compositions,

whereas basalts produced at faster spreading ridges fail to extend to the more primitive

compositions but also possess a more limited range of MgO contents. They consider faster

spreading ridges to be associated with lower and more limited mantle temperature variations,

hence the lower and more homogeneous MgO contents of their eruptives.

There is some debate in the literature as to other possible geochemical effects of

variations in spreading rate. Niu and Batiza (1993) have correlated observed geochemical

differences between basalts erupted at fast and slow spreading ridges with the proposed

global and local MORB trends (Klein and Langmuir, 1987; Klein and Langmuir, 1989; Niu and
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Batiza, 1991; Langmuir et al., 1992). They observe the global MORB trend, defined by

increasing Fes.o and decreasing Sis.o/Fes.O with decreasing Nag.o and indicative of a

positive correlation between the extent and pressure of melting, at spreading rates in excess

of 60 mm/yr, corresponding to the intermediate spreading rates of most other researchers

(e.g. Macdonald, 1982; Phipps Morgan et al., 1987; Sinton and Detrick, 1992; Palmer et al.,

1993). The local trend, comprising a positive correlation between Feg.o and Nas.o

abundances and indicative of a negative correlation between the extent and pressure of

melting, is observed withinslow spreading ridge eruptives (Niu and Batiza, 1993). However,

Langmuir et al. (1992) state that the global trend is independent of spreading rate, due to

the fact that there is no recognisable correlation between Nas.o and spreading rate, except

in terms of variability; slow spreading ridges displaying the entire range of Nas.o

compositions whereas fast spreading ridges have only intermediate Nas.o values.

Langmuir et al. (1992) suggest that trace element differences can be correlated with

the difference in spreading rate between the MAR and the EPR. Segments of the slower

spreading MAR, distant to hotspot activity, were found to have lower Ce/Sm values than

EPR samples, suggestive of greater incompatible element depletion.

A variety of models proposed to explain the observed differences between fast

and slow spreading mid-ocean ridges (e.g. Sleep and Rosendahl, 1979; Chen and Morgan,

1990; Lin et al., 1990; Parmentier and Phipps Morgan, 1990; Lin and Phipps Morgan,

1992), mostly invoke variations in the dynamics of mantle upwelling and/or crustal-level

magma chamber processes. One common theme (Lin et al., 1990; Parmentier and Phipps

Morgan, 1990; Langmuir et al., 1992; Lin and Phipps Morgan, 1992; Niu and Batiza, 1993)

involves the transition between three-dimensional plume-like upwelling beneath slow

spreading ridges to more two-dimensional and sheet-like upwelling beneath fast spreading

ridges as a consequence of the large horizontal shear stresses produced by rapid overlying

plate motion.

Another recent model (Sinton and Detrick, 1992) proposes that fast spreading

ridges are associated with steady-state magma chambers comprising narrow sill-like bodies of

melt underlain by partially solidified crystal mush and transitional crystalline material forming a

low velocity zone (LVZ) which extends to the Moho Discontinuity. According to this model,

slow spreading centres, underlain only by a dyke-like crystal mush and transition zone

material, are characterised by a lack of steady-state melt lenses. This means that eruptive

activity at slow spreading ridges is virtually dependent on the intermittent injection of new

and more primitive magma into the crystal mush zone from the underlying mantle, resulting in

the observed higher Mg# of these basalts and the often complex chemical trends produced

by high pressure and/or polybaric fractionation and magma mixing (Flower, 1981). Sinton

and Detrick (1992) suggest that the morphological aspects of slow spreading ridges may also

be a product of the lack of steady state eruptable magma bodies in these regions of low

magma supply, so that amagmatic extension and the development of graben structures

ensue. They propose that simple high-level fractionation trends are more evident in basalts
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produced at intermediate and fast spreading centres due to the lack of compositional

buffering by magma reinjectionwhich is observed at slower spreading centres.

7.6.2 Southern Ocean Geochemistry Versus Spreading Rate:

In comparing the major element systematics of the Southern Ocean seafloor

samples erupted during slow spreading (sites 102/DR09 and 102/DR13) with those erupted

during the period of more rapid spreading after 44.5 Ma (sites 102/DR10, 102DR11 and

zero-age SEIR samples), samples from dredge sites with similar latitudes and crustal ages will

be treated here as individual geochemical groups, despite the fact that they are not

necessarily co-magmatic suites. The subdivision of the SEIR into zones A to C will be

maintained here due to the suggestion that the well-developed axial morphology obsen/ed

within zone B (AAD), compared to the adjacent ridge segments, is more like that of a slow

than an intermediate spreading ridge (Phipps Morgan et al., 1987; Sempere et al., 1991).

This suggests that the magma chamber processes occurring beneath zone B may also be

more similar to those associated with slow spreading ridges, thereby resulting in different

major element systematics compared to zone A and C eruptives.

As discussed in the previous section, some of the geochemical differences

obsen/ed along the world's mid-ocean ridge system have been correlated with variations in

spreading rate. One of the main geochemical parameters thought to reflect spreading rate,

Mg#, has been plotted against latitudinal location in Figure 7.9a. The off-axis Southern

Ocean seafloor samples have ranges of Mg# which overlap with each other and with the

zero-age basalts from the SEIR. Consistent with the observation of Christie et al. (1988),

zone A basalts display a bimodal distribution of Mg# and extend to the most evolved

compositions of the zero-age samples. In contrast, basalts from zones B and C have more

restricted ranges of Mg#, with zone B extending to the least fractionated compositions.

If the SEIR assumed an intermediate spreading rate at 44.5 Ma it is surprising that the

greater differentiation considered typical of intermediate to fast spreading centres (e.g.

Sinton and Detrick, 1992) is expressed only within the zone A eruptives. The fact that zone

B samples extend to slightly more primitive Mg-values could be indicative of magma chamber

processes generally associated with slower spreading ridges. Although the large range of

Mg# in zone B samples is also consistent with slow spreading proposals, zone C basalts

display a somewhat similar range.

The suggestion of Langmuir et al. (1992) that lower Ce/Sm abundances are

correlated with slow spreading rates is also not evident in the Southern Ocean seafloor

samples (Figure 7.9b). Dredge 102/DR13 samples, corresponding to a period of slow

spreading and distant from any known hotspot activity, extend to the highest Ce/Sm values,

whereas all other samples display similar ranges despite differences in spreading rate at their

relative times of eruption.

No significant and consistent differences between the slow and intermediate

spreading rate groups are evident in plots of MgO (wt %) versus various major element
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oxides (Figure 7.10). However, dredge 102/DR09 and 102/DR13 samples, plus some of the
zone B(AAD) basalts, have higher Na20 values over a range ofMgO contents thanthe other

Southern Ocean samples, possibly suggesting lower degrees of melting involved in their

production. Dredge 102/DR09 and some of the zone 8 samples also extend to the highest

K2O contents, although, at least in the off-axis samples, this may be an alteration-related

feature.

The proposal by Niu and Batiza (1993) that the observed global and local MORB

trends (Klein and Langmuir,1987: Klein and Langmuir, 1989; Niu and Batiza, 1991) are a

function of spreading rate is investigated in Figure 7.11 with respect to the SEIR. Sample 13-

3D has been excluded due to its anomalously high Na20 and low CaO values (Table 7.2;

Figure 7.10), as discussed in Section 7.5.3. The trends for the off-axis dredge sites,

particularly sites 102/DR09 and 102/DR13, are generally fairly ill-defined due to the paucity

of geochemical data, and are therefore difficult to interpret. However, they do appear to

show a mixture of global and local trends which are not correlated with variations in spreading

rate. According to Niu and Batiza (1993), samples from 102/DR09 and 102DR/13, the more

northerly dredge sites, would be expected to show the local trends associated with slow

spreading. All other samples, except possibly those from zone B with its well-defined ridge

axis morphology, would be expected to show the global geochemical trends predicted for

spreading rates >60 mm/yr (Niu and Batiza, 1993).

Global MORB trends are evident in Figure 7.11 in terms of the increasing Fea.o and

decreasing Sia.o/Fea.o which accompanies decreasing Naa.o values within the zone B(AAD)

basalts, the opposite to what would be expected if slow spreading magma chamber

processes underlie this region. All other zero-age SEIR basalts and samples from sites

102/DR10 and 1G2/DR11 display local trends on these particular plots, also the opposite to

the predictions of Niu and Batiza (1993). The SEIR zero-age rocks generally trend towards

increasing Sia.o with decreasing Nas.o- another local trend, whereas those from dredge sites

102/DR10 and 102/DR11 display the global trend. Data from dredge 102/DR09 and

102/DR13 samples do not define easily interpretable trends in Rgure 7.11.

If the zero-age samples are considered separately, those from zone B (AAD) do

appear to differ from both zone A and C basalts in terms their increasing Fee.o and

decreasing Sis.o/Fes.o with decreasing Nas.o. but these are considered to be global trends

associated with more rapid seafloor spreading rather than the slower spreading processes

predicted by the ridge axis morphology of the AAD.

The results of this study are inconclusive, but they do suggest that the pronounced

change in spreading rate along the SEIR at 44.5 Ma cannot be correlated with a systematic

change in geochemistry as suggested in the current literature. This may be due to the small

data base available here for off-axis Southern Ocegn seafloor, or the use of inappropriate

algorithms (Figure 7.11 caption) to correct the Southern Ocean data to 8 wt % MgO. The

latter is possible due to the fact that the algorithms in the literature are calculated for quite

different data sets and any differences between the slopes of the liquid lines of descent
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(LLD) used in the algorithms and the LLD slopes of the Southem Ocean data sets may have

resulted in the calculation of slightly inaccurate Sis.o. Nae.o and Fes.o values for the

Southem Ocean data (Langmuir et al., 1992). This can only be checked, however, once

specific algorithn^ have been calculated for SEIR MORB data.

A third possible explanation for the lack of observed systematic geochemical

variations with the change in spreading rate along the SEIR may be due to the fact that

although the increase in spreading rate at 44.5 Ma was quite pronounced, from -20 mm/yr

(Veevers et al., 1990) to ^0 mm/yr (e.g. Royer and Sandwell, 1989; P. Symonds, pers.

comm., 1993; Palmer et al., 1993), it only resulted in an intermediate spreading rate rather

than a fast spreading rate. If an intermediate spreading rate represents a transitional zone

where either slow or fast spreading geochemical correlatives can occur, this may explain the

lack of distinction between the Southern Ocean seafloor samples erupted during different

spreading regimes.

7.7 CONCLUSIONS:

Although the Southern Ocean seafloor samples examined in this study all display

pervasive microscopic alteration effects, their generally low LOI values suggest that their

major element compositions can still be used to compare seafloor chemistry at the various

dredge sites. Such comparisons have, however, failed to reveal systematic geochemical

differences which can be correlated with the pronounced change in spreading rate along the

SEIR at 44.5 Ma. Although the well-developed axial morphology of the AAD region of the

SEIR appears to be a product of processes associated with slow rather than intermediate

spreading rates (Phipps Morgan et al., 1987; Sempere et al., 1991), it lacks the

corresponding major element systematics described in the literature for slow spreading

ridges.

These results suggest that the change from slow to intermediate spreading which

occurred along the SEIR at 44.5 Ma, and the inferred change in underlying mantle

processes, may not have been great enough to result in the significant geochemical

variations which have been interpreted by other researchers to correspond with fast versus

slow spreading rates along different mid-ocean ridge systems. Alternatively, the off-axis

Southern Ocean basalt database may be insufficient to enable the detection of such

differences.
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CHAPTER 8

Radiogenic Isotope Systematics of the

Southern Ocean Seafloor North of

THE Southeast Indian Ridge

8.1 INTRODUCTION:

The Australian-Antarctic Discordance (AAD), zone B of the SEIR, was originally

defined as a globally anomalous region of mid-ocean ridge on the basis of its unique

morphological and geophysical characteristics (e.g. Weissel and Hayes, 1971; Hayes and

Conolly, 1972; Weissel and Hayes, 1972; 1974). However, the eastern AAD was

subsequently discovered to represent the current on-axis location of an isotopic boundary

between proposed Indian Ocean and Pacific Ocean upper mantle convective regimes (Klein

et al., 1988; Pyle et al., 1992). As the recognition of this isotopic boundary has so far been

confined to 0 to 4 Ma seafloor, in the immediate vicinity of the SEIR, it is not yet known how

long it has existed at its current location in the Southern Ocean. Is it a long term feature

intimately associated with the AAD since Australian-Antarctic rifting commenced? Or, does it

represent the apex of a progressively westward-migrating Pacific Ocean upper mantle

domain, so that its current on-axis position within the AAD is entirely coincidental.

Recent dredging of old (>35 Ma) oceanic crust north of the SEIR, in the Great

Australian Bight region of the Southern Ocean, provides an opportunity to investigate one

proposal about the longevrty of the Indian-Pacific Ocean isotopic boundary, namely that it

represents an intimate feature of the AAD which has been in existence since rifting between

Australia and Antarctica commenced during the Cretaceous. Comparison of the radiogenic

isotope compositions of off-axis Southern Ocean seafloor samples, dredged from either

side of the northward extrapolation of the AAD, with literature-derived Pacific and Indian

Ocean MORB data and previously analysed 0 to 4 Ma zone A to C SEIR samples is aimed at

determining whether or not the proposed Indian-Pacific Ocean isotopic boundary has

maintained its present position since at least -66 Ma.

245



IZONEB:

ZONEC

120®E 124°E 128<'E

'

132«E

I

51^-

Figure 8.1: Map of the SEIR within, and immediately adjacent to, the AAD (modified from
Palmer et a!., 1993), showing the major transform faults, the B1 to B5 spreading segments of Vogt et
al. (1983) and the location of the fW Moana Wave dredge sites for the samples of Pyle et al. (1992).
Dredge site symbols reflect the radiogenic isotope affinities assigned by Pyle et al. (1992); Indian
Ocean (filled circles). Pacific Ocean (crosses), transitional (open circles).

8.2 THE AUSTRALIAN-ANTARCTIC DISCORDANCE:

8.2.1 Geophysical and Morphoiogical Features:

The AAD is a highlyfractured, seismically active zone of the SEIR (Figure 7.1) with a

dominantly north-south physiographic fabric, normal to the ridge system orientation (Hayes

and Conolly, 1972). It is characterised by maximum crestal depths (~124°E: Klein et al.,

1988) greater than 4000 m (e.g. Welssel and Hayes, 1974), more than 1000 m deeper than

the average -2600 m crestal depth of mature ocean basins >75 Ma (Veevers, 1977), and a

crenulate geometry. The latter is defined by alternating north and south spreading ridge

offsets (Figure 8.1), resulting in five distinct transform-bounded ridge segments (B1 to B5

from west to east) in addition to non-transform discontinuities at 40 to 60 km intervals within

the AAD (Vogt et al., 1983; Sempere et al., 1991; Pyle et al., 1992; Palmer et al., 1993).

Ridge flank morphology is extremely rugged compared to the adjacent ridge segments, with

high amplitude local topographic relief (-600-1000 m) which becomes more marked in the

proximity of the ridge crest (Weissel and Hayes, 1971; Hayes and Conolly, 1972). Other

distinguishing features of the AAD include small amplitude magnetic anomalies (Weissel and

Hayes, 1972), a negative satellite free-air gravity anomaly (Anderson et al.,1973; Weissel and

Hayes, 1974), and a saddle-shaped negative geoid anomaly centred on the ridge axis at
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125°E (Marsh et al.. 1986). Forsyth et al. (1987) measured significantly faster Rayleigh wave

phase velocities in young seafloor (0 -10 Ma) with negative depth anomalies >500 m within

the AAD, as compared to normal ocean floor of similar age, and Woodhouse and Dziewonski

(1984) found an unusually high seismic wave velocity anomaly at depths of 250 to 350 km

beneath this region of the SEIR.

The AAD forms the central and most pronounced area of a 2000 km wide

morphotectonic depression (15x10® km^) which extends from the southem half of Australia

through the Southern Ocean to Wilkes Land, Antarctica (Veevers, 1982) (Figure 8.2a). This

depression is up to 1000 m deeper than expected from the empirical age versus depth

relationships of other ocean basins (Forsyth et al., 1987). Although this wide regional

negative depth anomaly in the Southem Ocean is thought to have existed since at least 30

Ma (Weissel and Hayes, 1974), and probably since rifting of Australia and Antarctica

commenced at -96 Ma (Veevers, 1982), the actual distinctive properties of the AAD are

generally confined to crust younger than -20 Ma (Weissel and Hayes, 1974) to 25 Ma (Vogt

etal., 1983).

Hayes (1988) and Marks et al. (1990) have also recognised a large scale residual

negative depth anomaly dominating the AAD (Figure 8.2b). This depth anomaly represents a

departure of the observed bathymetric depth from that predicted by the depth-age

relationship considered necessary to maintain isostatic equilibrium. According to Marks et al.

(1990), the depth anomaly is arcuate in shape and roughly symmetrical about the SEIR,

trending north-northeast across the Indian-Australian Plate and south-southeast across the

Antarctic Plate. It has two prominent lows associated with 15 Ma oceanic crust on either side

of the AAD (north flank - 45°S 128°E; south flank - 54°S 125°E), and extends for 1200 to

1700 km east-west and 2500 to 3000 km north-south. Contours of anomalous depth are

roughly perpendicular to the ridge axis orientation (Forsyth et al., 1987). Both the trend of

the depth anomaly and the prominent 15 Ma lows cross the major transform fault which marks

the eastern boundary of the AAD, and are therefore oblique to the spreading direction

(Marks et al., 1990). The prominent symmetrical lows at 15 Ma indicate that although the

source has varied In strength. It has remained positioned at the ridge axis as the ridge

migrated northeastward, whereas the arcuate shape of the depth anomaly suggests a

westward migration (-15 mm/yr) of the source along the ridge axis over the last 15 m.y.,

which may now have ceased.

The actual position of the plate boundaries within the AAD is difficult to ascertain

(Weissel and Hayes, 1971) due to the absence of a persistent pattern of magnetic anomalies

younger than -10 Ma (A5) within 350 to 400 km of the ridge crest (Weissel and Hayes,

1972). The position of the ridge axis can however be inferred from an east-west trending

band of epicentres between 49°S and 51°S which ends abruptly at the eastern boundary of

the AAD (128°E) (Hayes and Conolly, 1972). The diffuse nature of this band of seismic

activity is probably indicative of the displacement of short lengths of ridge crest along several

small offset transform faults (Weissel and Hayes, 1974). Fingers of the South Indian and
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South Australian abyssal plains extend for hundreds of kilometres into the AAD (Hayes and
Conolly, 1972). Seismic reflection profiles indicate that the sedimentary cover within the
vicinity of the AAD is generally <1000 mthick as compared to the 2000 to 5000 m of
sediment in the surrounding regions (Marks et al., 1990).

Attstr^

V—

wlnlwKtfCtt

45"'S

scs •

SS^S

GO'S

Ul

C7

IICE 120''E lao-E

Figure 8.2: Maps of a) the Australian-Antarctic morphotectonic depression of Veevers
(1982) - the dashed line depicts the extent of the depression whereas the heavy solid line represents
the median morphological axis of the depression; and b) the residual negative depth anomaly of Marks
et al. (1990) - solid lines represent depth anomaly contours at 200 mintervals, thin solid lines are key
isochrons (Ma), dashed lines aretransform faults, and the ridge axis (SEIR) is tiiatked by a thick line.

Weissel and Hayes (1971) describe the ridge within zoneA, east ofthe AAD (138°E

to 128''E), as being almost aseismic, owing to a lack of major transform faults, with a
morphologically distinct crestal zone, relatively low local topographic relief (-100-200 m),

large amplitude magnetic anomalies, and easily recognizable magnetic lineation anomalies

both north and south of the spreading ridge. West of the AAD (120°E to 105°E), zone C of

Weissel and Hayes (1971), the ridge is once again well developed with local relief similar to

that of zone A(generally <200-300 m), less seismic activity than the AAD, normal magnetic

anomaly amplitudes, and relatively well defined magnetic anomaly lineations on both ridge

flanks. In contrast to the morphological descriptions of Weissel and Hayes (1971), Palmeret
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al. (1993) describe zone Aas defining an axial high, whereas the ridge crest within zone B

(AAD) has a wide deep rift valley moretypical of slow spreading centres.

A period of continuous asymmetric spreading in zone Atook place between 38 Ma

(A13) and 10 Ma. This produced 30 % more oceanic crust on the northern ridge flank of

zone A at a time when zones B and C were experiencing symmetrical extension. This

differential spreading may explain the -175 km ridge crest offset of the zone A-B boundary

(Weissel and Hayes, 1971; Weissel and Hayes, 1972). Zone B (AAD) may also have

experienced asymmetric seafloorspreading from -10 ma to the present time (Hayes, 1976).

Observed zonal differences in magnetic lineation patterns, magnetic anomaly amplitudes,

morphology and seismicity may result from changes in the mechanics of crustal accretion

along the accreting plate boundary and/or later second order deformation within the plate

which has altered the thermal remanent magnetization and caused fracturing of the ridge

flanks (Weissel and Hayes, 1971). Weissel and Hayes (1974) also observed that the

southern flank of the SEIR between 105°E and ISO^E is at least 100 m shallower than the

northern flank of comparable age crust for -900 km on either side of the ridge axis. They

consider phenomena such as episodes of asymmetric seafloor spreading and north-south

ridge flank depth differences to reflect large differences in physical properties across the

accreting plate boundary.

8.2.2 Radiogenic Isotope Characteristics:

Radiogenic isotope studies of zero-age basaltic glasses collected from 11 /W Vema

dredge sites along the SEIR (Figure 7.1), within and adjacent to the AAD, indicate an abrupt

westward decrease in 206pb/204pb anj 208p|3/204pb gp increase in ®^Sr/®®Sr, and

systematically lower 207pb/204pb and ^44^^ values west of -127°E (Figure 8.3)

(Klein et al., 1988). These SEIR samples therefore comprise two distinct non-overlapping

isotopic groups which correspond to longitudinal location along the ridge axis. The western

group samples of Klein et al. (1988) show strong affinities with Indjan Ocean MORB (Table

8.1; Figure8.3). As well as extending to lower206pb/204pb values than other MORB, Indian

Ocean MORB are characterised by higher ®^Sr/®®Sr, lower '̂̂ ^Nd/ '̂̂ ^Nd, and higher
208pb/204pb and 207pb/204pb at a given 206pb/204pb valuethan Pacific and North Atlantic

Ocean MORB (e.g. Hedge et al., 1973; Subbarao and Hedge, 1973; Hedge et al., 1979

Dupre and Allegre, 1983; Hart, 1984; Hamelin and Allegre, 1985; Hamelin et al., 1986

Michard et al., 1986; Price et al., 1986; Ito et al., 1987; Dosso et al., 1988; Klein et al., 1988

Mahoney et al., 1989; Storey et al., 1989; Mahoney et al., 1992). The eastern group of Klein

et al. (1988), comprising all samples collected east of and including the dredge site (5) at

-127°E in the easternmost AAD, show isotopic affinities with Pacific Ocean MORB (Table

8.1; Figure 8.3). The distinct isotopic compositions of the eastern and western group

samples were used to infer the presence of an abrupt boundary between Indian Ocean and

Pacific Ocean isotope provinces within a 200 km long zone of ridge crest between -127°E

and 124°E (Klein et al., 1988).
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Figure 8.3: Plots of the radiogenic isotope data of Klein et al. (1988) and Pyle et al. (1992)
versus longitudinal position along the SEIR: zone A (filled circles), zone B or AAD (crosses) and zone
C (open circles). SEIR ®^Sr/®®Sr dataare normalised to ®®Sr/®®Sr = 0.1194, and are quoted relative
toa value of to®^Sr/®®Sr = 0.7080 for the Elmer and Amend SrCOs standard; SEIR '̂̂ Nd/^ ^^Nd data
are normalised to '̂̂ ®Nd/ '̂̂ '̂ Nd = 0.7219, and are quoted relative to a value of '̂̂ ^Nd/^ '̂̂ Nd =
0.51265 for the BCR-1 international rock standard. Thick horizontal lines depict the average values for
Indian and Pacific Ocean MORB samples as presented in Table 8.1.
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Table 8.1: Radiogenic isotope ratio data for Indian and Pacific Ocean MORB, compiled
from the following data sources: Cohen et al. (1980), Sun (1980), Cohen and O'Nions (1982), White
and Hofmann (1982), Dupre and Allegre (1983), Hamelin et al. (1984), Hamelin and Allegre (1985),
Hamelin et al. (1986), Macdougall and Lugmair (1986), Michard et al. (1986), Price et al. (1986), Ito et
al. (1987), White et al. (1987), Dosso et al. (1988), Mahoney et al. (1989) and Mahoney et al. (1992).
Indian and Pacific Ocean MORE data used here were selected in an attempt to avoid, where possible,
anomalous isotopic ratios and/or the recognised and documented influence of near ridge hotspots.
Data are presented as ranges underlain by the mean value ± la error; numbers in parentheses indicate
the number of analyses used (n) to calculate both the ratio ranges and the mean values. All MORB
87sr/86sr and ^'^'^Nd data are normalised as for Figure 1.1.

87sr/86sr

143Nd/144Nd

206p|j/204p|,

207pb/204p|,

208p|3/204p|,

Indian Ocean MORB

0.70253-0.70531 (100)
0.70320161

0.51238-0.51323 (95)
0.51301117

16.867-18.839 (103)

17.9031393

15.370-15.604 (103)
15.474143

37.084-39.077 (103)
37.8441402

Pacific Ocean MORB

0.70223-0.70313 (94)
0.70255115

0.51302-0.51330 (86)
0.5131715

17.721-19.240 (77)
18.4681253

15.309-15.573 (77)
15.498145

37.029-38.855 (77)
37.9661345

Consistent with the Sr, Nd and Pb isotope data of Klein et al. (1988), ^He/^He

measurements performed on the same zero-age basalts indicate a He isotope discontinuity

between the eastern and western group samples (Graham et al., 1990). Western group

MORB, with Indian Ocean Sr, Nd and Pb isotopic affinities, have lower and more variable

^He/^He ratios (6.3-7.3 Ra) compared to the eastern Pacific Ocean-like MORB samples with

a narrower range of higher ^He/^He values (7.3-7.6 R/v).

More recent Sr, Nd and Pb isotope analyses of zero-age MORB from this region of

the SEIR (Pyle et al., 1992) (Figure 8.3) have enabled the Pacific-Indian Ocean isotope

transition to be constrained to the B5 spreading segment (the easternmost of the five

spreading segments of Vogt et al. (1983): Rgure 8.1) between a non-transform discontinuity

near 127°E and the 110 km long B4/B5 transform -40 km to the west. Such a sharp

boundary between two such distinct upper mantle isotopic domains is unknown elsewhere

along the global mid-ocean ridge system. Ridge axis lavas west of the B4/B5 transform have

an Indian Ocean isotope signature, whereas those immediately to the east have a transitional

Pacific-Indian Ocean MORB signature (Figure 8.3). The isotopic boundary therefore appears

to be located close to the B4/B5 transform at ~126°E within the eastern section of the AAD.

Pyle et al. (1992) also discovered that 3-4 Ma seafloor south of the eastern B5 spreading

centre has Indian MORB Sr, Nd and Pb isotope ratios, in contrast to the Pacific Ocean MORB

isotope characteristics of the eastern B5 axial lavas. They therefore concluded that the

isotopic boundary has migrated -100 km westward during the last 3 to 4 m.y., implying a sub-

Pacific Ocean mantle migration rate of -25 mm/yr. Although this inferred migration rate is -10

mm/yr faster than the proposed depth anomaly migration rate (Marks et al.,1990), Pyle et al.
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(1992) state that if continuous mantle migration hasoccurred, the existing data allow for rates

of between 10 and 40 mm/yr.

8.2.3 Models Proposed for the Origin of the AAD:

The following models, invoked to explain the existence and characteristicfeatures of

the AAD, are not necessarily mutually exclusive:

8.2.3.1 Downward Convective Mantle Flow Models:

Proposed hotspots, such as Iceland and the Hawaiian Islands, are associated with

regional bathymetric and gravity highs, symptomatic of rising currents within the mantle

(Morgan, 1971). Therefore, it has been suggested that regional topographic lows, such as

the AAD, could be associated with colder areas of the upper mantle resulting from downward

convective flow within the asthenosphere (Hayes and Conolly, 1972; Menard, 1973;

Weissel and Hayes, 1974). This downwelling would cause a gradual deepening of the

lithospheric isotherms, reaching maximum depths under the AAD and resulting in greater

lithospheric thicknesses. Several of the observed geophysical and geochemical features of

the AAD have been interpreted as the products of cool asthenosphere beneath this region.

Anderson et al. (1973) infer a positive correlation between free air gravity anomalies

and crestal depths within the mid-ocean ridge system, whereby a positive gravity anomaly is

indicative of an ascending convective limb. The coexistence of a negative satellite free air

gravity anomaly and an extensive morphotectonic depression, centred on the AAD, may

therefore suggest that this region is underlain by downward convecting asthenosphere

(Veevers, 1982). Unusually fast Rayleigh wave phase velocities in the 0-10 Ma AAD oceanic

crust are indicative of high shear wave velocities in at least the upper 30 km, and possibly the

upper 150-200 km of mantle beneath this region, consistent with the presence of cooler,

more rigid materials (Forsyth et al., 1987). The seismic nature of the discordance zone (e.g.

Hayes and Conolly, 1972) is also consistent with underlying relatively cool asthenosphere,

as ridge morphologycapable of supporting earthquakes is considered to be a product of low

magmatic heat input (Phipps Morgan et al., 1987). The correspondence of gravity/geoid and

depth anomaly lows associated with the AAD (Marks et al., 1990) and the high calculated

geoid/topography ratios for this region are consistent with downwelling mantle convection

beneath young lithosphere, and imply an upper mantle temperature -170° C less than

normal (Marks et al., 1991).

Klein and Langmuir (1991) observed correlations between axial depth within the

AAD and geochemical parameters which are interpreted, according to the global component

of MORE chemical variability (Klein and Langmuir, 1989), to reflect the smallest degree of

melting at the lowest mean pressure of melting. These observations, implying that the depth

of solidus intersection is shallower beneath the AAD than beneath adjacent warmer sections

of mid-ocean ridge, suggest the presence of colder subsolidus mantle beneath the AAD
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(Klein at a!., 1991) which would therefore intersect the solidus at lower pressure during

adiabatic upwelling and melt less on ascent (Klein et al., 1988). Anderson et al. (1980)

attributed the Fe-Ti enrichment of zone A lavas to extensive shallow fractionation of

plagioclase, clinopyroxene andolivine at unusually low crystallisation temperatures, possibly

due to their close proximity to a region of downwelling asthenosphere.

One model which incorporates the idea of downward convective flow, the fixed

coldspot model, proposes that the AAD is underlain by a roughly equidimensional (in

planform) heatsink or 'coldspot' composed of downwelling convective currents that are

cooler than the surrounding upper mantle material and remain fixed in the mantle reference

frame (Hayes, 1976). If asymmetric spreading iscurrently occurring within the AAD, it may be

due to this stationary heatsink producing asymmetric temperature contrasts within the

lithosphere and upper asthenosphere (Hayes, 1976). Downwelling currents may also inhibit

the normal convective transfer of upper mantle material to the ridge, thereby resulting in the

observed depletion (-500 km^/unit length) of igneous material supplied to this region of

mid-ocean ridge over the past 10 m.y. (Hayes and Conolly, 1972). However, if there is a fixed

mantle coldspot currently positioned at the ridge axis, northeast migration of the SEIR during

the past -45 m.y. (Sclateret al., 1981) would have produced an oblique northeast trend.to

the residual depth anomaly on the Indian-Australian Plate parallel to the spreading direction

rather than the observed trend which crosses the major fracture zones and is therefore

oblique to spreading direction (Marks et al., 1990). As the Antarctic Plate has remained

virtually stationary since the Cretaceous (Minster and Jordan, 1978; Gordon and Jurdy,

1986), a fixed coldspot could also not have produced the observed depth anomaly on the

Antarctic Plate (Marks et al., 1990).

A second downward convective flow model proposes that the AAD is located above

the site of convergence of adjoining upper mantle convection cells which are elongated

parallel to spreading direction and downwell beneaththis region (Hayes, 1988). This idea is

in accordance with the results of numerical and laboratory studies (e.g. McKenzie et al.,

1973; Richter and Parsons, 1975; Buck, 1985) which can be used to predict the association

of negative gravity and depth atiotnalies, like tliuse associated with the AAD, with areas of

downwelling mantle currents. However, the observed pattern of the residual depth anomaly

(Marks et al., 1990) is inconsistent with the proposal of Richter and Parsons (1975) that small-

scale upper mantle convection involves a series of elongate convection cells which produce

a regular pattern of highs and lows (corresponding to the upwelling and downwelling limbs of

convection cells) oriented in the direction of absolute plate motion. In addrtion, the fact that

the Antarctic Plate has remained almost stationary (only a small amount of east-northeast

movement), since Australian-Antarctic rifting commenced, implies that any longitudinal

convective rolls resulting from the shear produced by overlying plate movement would only

occur on the north flank of the AAD (Marks et al., 1990).

The 'direct convergence' pattern suggested by Klein et al. (1988) is also related to

the idea of convergence and downwelling of adjoining mantle convection cells beneath the
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AAD, although it does not attempt to predict the scale of deep mantle convection involved.

Klein et al. (1988) suggest that the AAD may be continually supplied with Pacific Ocean

mantle by an eastern convective domain and Indian Ocean mantle by a western convective

domain. The isotopic boundary may therefore coincide with the position along the ridge axis

where the limbs of these two convective regimes converge and descend into the mantle.

This model of mantle flow implies the coexistence of deep convective mantle downwelling

with the shallow upwellingand melting associated with seafloor spreading beneath the same

region of mid-ocean ridge. As the latter is generally assumed to be a passive process, it may

be largely unrelated to the larger mantle convection pattern, apart from sampling whatever

mantle is overlain by the ridge axis at that time (Klein et al., 1988).

8.2.3.2 Thin Oceanic Crust Model:

Forsyth et al. (1987) suggest that the AAD is underlain by a region of anomalously

cool asthenosphere resulting from either the flow of viscous, cool or depleted mantle south

from beneath Australia into the AAD and subsequent mixing with normal mantle supplied

from along-ridge axial flow, or the presence of asthenosphere depleted in volatiles and

lower-melting temperature components. The presence of cool mantle and the subsequent

decrease in magma supply to a ridge axis witha constant spreading rate may have resulted in

the production of anomalously thick, brittle lithosphere and thin oceanic crust (possibly as

thin as 2000 to 3000 m) within the AAD, the latter being isostatically compensated at a

greater water depth than the surrounding areas of thicker crust (Forsyth et al., 1987; Palmer

etal., 1993).

Although the major element trends (Anderson et al., 1980; Christie et al., 1988;

Klein et al., 1991), high shear wave velocities in the upper 150-200 km of mantle below the

AAD (Forsyth et al., 1987), and certain morphological characteristics of the AAD, such as its

well-developed axial rift valley and highly segmented nature (Sempere et al., 1991; Palmer et

al., 1993) are consistent with the idea of cool asthenosphere. reduced mantle upwelling,

and possible thin crust in this region, neither the residual depth anomaly trend nor the

available seismic refraction data are in agreement with this idea. If the characteristics of the

AAD were simply associated with thinner than normal oceanic crust, and did not involve

source migration or strength variability with time, the depth anomaly would be expected to

trend at right angles to the ridge, parallel to the spreading direction, with no change in

amplitude or orientation with distance from the ridge (Marks et al., 1990). The results of

limited seismic refraction experiments along A6 north of the SEIR, indicate that oceanic

crustal thicknesses in this region range from -6 km beneath the maximum depth anomaly to

-9.5-10.5 km further east (Diebold et al., 1977), consistent with or greater than the usual 6

km thickness suggested by Turcotte and Schubert (1982). Geoid/topography ratios

calculated for the AAD region are also significantly larger than expected for a depth anomaly

resulting from decreased magma supply to the mid-ocean ridge and the production of

anomalously thin oceanic crust (Marks et al., 1991).
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8.2.3.3 Channelled Asthenospheric Flow Model:

Vogt and Johnson (1973) propose a model of hotspot convergence, whereby

subaxial asthenospheric flow, driven by the outpourings of mantle hotspots east and west of

the AAD, may converge beneath the AAD and either downwell or mix with cooler upwelling

material. The cool source may be either depleted residual mantle which hias separated from a

down-going circum-Pacific slab and ascended to its present location (Marks et al., 1990), or

downwelling currents in the upper mantle (e.g. Hayes and Conolly, 1972; Weissel and

Hayes, 1974). The hotspots responsible may include the Amsterdam hotspot to the west

and the Tasmantid and Balleny hotspots to the east of the AAD (Vogt and Johnson, 1973).

Marks et al. (1990) also suggest involvement of the Indian Ocean Kerguelen hotspot and the

'George V Complex hotspot' south of eastern Australia. The additional output and closer

proximityof the eastern plumes, particularly the 'George V Complex hotspot', may result in a

higher pressure gradient and therefore a greater driving force from the east than from the

more distant hotspots to the west. This could explain the proposed westward migration of

the source of the negative depth anomaly, a possible collision zone between east and west

asthenospheric flowalong the SEIR over at least the last 15 m.y..

Rifts, driven by sublithospheric flow beneath the ridge axis (Hey and Vogt, 1977),

are observed propagating down regional topographic gradients away from shallow seafloor

associated with hotspots on the Juan de Fuca Ridge (Johnson et al., 1983) and forming

borders for the Easter microplate (Hey et al., 1985). The presence of four propagating rifts

approaching the AAD from the east and west down regional topographic gradients towards

the deep discordance zone has been cited as support for the channelled asthenospheric

flow model (Vogt et al., 1983; Phipps Morgan et al., 1988).

Magnetic anomaly amplitude data indicate that the high amplitudes east of the AAD

terminate abruptly against the large offset transform fault which forms the eastem AAD

(Marks et al., 1990). As a number of hotspot-dominated spreading axes exhibit unusually

high magnetic anomaly amplitude zones, it has been suggested that hotspot flow blocked

by a transform fault (thicker lithosphere) would show a similar sharp termination of amplitudes

against the fracture zone. High amplitude magnetic anomalies, such as those of zone A east

of the AAD, are also frequently located behind propagating rifts (e.g. Marks et al., 1990).

Vogt and Johnson (1973) suggest that the complex stresses exerted on the axial

lithosphere by the converging flows may give rise to the seismicity, asymmetric spreading

and rough bathymetry associated with the AAD. Kuo (1993) also supports a model of

converging asthenospheric 'pipe flow' from mantle plumes both east and west of the AAD in

order to explain the faster shear wave velocities and a predicted negative temperature

anomaly of 80 to 250° C beneath this region.

Although Klein et al. (1988) state that analyses of zero-age rocks east of the AAD

indicate that they are all N-MORB, unenriched by hotspot outpourings, a re-examination of

the data (Chapter 7) suggests that the SEIR may be erupting some basalts with slightly more

enriched (T-MORB) compositions, particularly evident in sample Dl-2 (Klein et al., 1991)
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from zone A. Although this appears to be consistent with the expectations of the channelled

asthenospheric flow model, Pyle et al. (1992) tend to dismiss the model on the basis that the

proposed hotspots involved lie up to -3000 km away from the AAD and would therefore be

too distant to have any significant effect.

8.2.3.4 Pacific Basin Shrinkage Modei:

This model invokes an influx of Pacific upper mantle into the region south of

Australia due to shrinkage, at a current rate of -0.45 km^/yr (Garfunkel, 1975), of the Pacific

Ocean basin (Alvarez, 1982; 1990). Klein et al. (1988) note that the current Indian Ocean is

surrounded by continents which once formed Gondwana. They suggest that upper mantle

convection beneath Gondwana may have been decoupled from larger global convection

patterns during the Palaeozoic, resulting in the formation of a distinct upper mantle reservoir

whose isotopic signature reflects relatively localised events, such as contamination by

delamination/subduction and/or input from mantle plumes (e.g. the Kerguelen Plume),

during that time. Australian-Antarctic rifting may eventually have formed a corridor, as a result

of separation of the South Tasman Rise from the Antarctic continent at -36 (A13) to 43 (A18)

Ma (Royer and Sandwell, 1989) which enabled communication between the Pacific and

Indian Ocean upper mantles.

Alvarez (1982; 1990) proposes that upper mantle convection beneath the Pacific

Ocean is bounded by a ring of deep sub-continental lithospheric roots, viscously coupled

with the tops of lower mantle convection cells. According to this 'continental undertow'

hypothesis, only three gaps (the Caribbean Sea, the Drake Passage and the Southern

Ocean between Australia and Antarctica) allow upper mantle outflow from the shrinking

Pacific basin. This region of Southern Ocean may therefore represent the site of

convergence of upper mantle return flow from subduction zones in the Pacific basin and a

source area located at the Java-Sumatra trench as the Australian and Antarctic continents are

towed apart by diverging lower mantle convection cells. The AAD may represent a zone of

low pressure towards which circum-Australia upper mantle flow is moving (Alvarez, 1990).

This model incorporates a similar along-axis flow theme to the channelled asthenospheric

flow model of Vogt and Johnson (1973), although the source of flow is different in each

case.

8.2.4 Possible Reiationshlps Between the AAD and the Proposed Indian-

Pacific Ocean isotopic Boundary:

Although the long-term relationship between the proposed isotopic boundary and

the AAD region of the SEIR is not yet understood, the longevity of the Indian-Pacific Ocean

upper mantle boundary at its current position beneath the AAD must be a product of the

mantle flow dynamics of this region. Pyle et al. (1992) suggest that there are two categories

of mantle flow to be considered here - active versus passive flow. They classify passive flow
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as that which is occurring in the presence of cooler underlying asthenosphere whereas

active flow is due to forces external to the AAD.

Passive mantle flow (Pyle et al., 1992), represented by the fixed mantle coldspot

(Hayes, 1976) and thin oceanic crust (Forsyth et al., 1987) models, implies a long-term

relationship between the mantle dynamics responsible for the morphological and

geophysical features of the AAD and the proposed Indian-Pacific Ocean isotopic boundary.

Ideas involving passive flow may account for the long-lived features of the AAD, but they fail

to explain the observed westward migration of both the residual negative depth anomaly

(Marks et al., 1990) and the isotopic boundary (Pyle et al., 1992). Although the latter may

represent a localised perturbation of a long-standing isotopic boundary in this region, Pyle et

al. (1992) observed no transition zone between Indian and Pacific mantle west of the B4/B5

transform as would be expected with an oscillating contact. Transitional isotopic signatures in

basalts dredged from the ridge immediately east of the B4/B5 transform may therefore reflect

a certain amount of residual Indian Ocean upper mantle mixing with the westward migrating

front of Pacific Ocean upper mantle.

According to the flow classifications of Pyle et al. (1992) active mantle flow would be

represented by the direct convergence (Klein et al., 1988), channelled asthenospheric flow

(Vogt and Johnson, 1973; Marks et al., 1990) and Pacific basin shrinkage (Alvarez, 1982;

1990) models, all of which propose relatively cold upper mantle beneath the AAD as a result

of converging horizontal flow regimes. In each case, active flow could account for the

progressive westward migration of the residual negative depth anomaly (Marks et al., 1990)

and the isotopic boundary (Pyle et al., 1992). However, other rrxjre long-lived features of the

AAD, including the rrwrphotectonic depression extending between Australia and Antarctica

(Veevers, 1982) and many of the geophysical and morphological characteristics of up to 25

Ma crust both north and south of the AAD (e.g. Vogt et al., 1983) must have been in

existence prior to the recent (within the last 4 m.y. according to Pyle et al., 1992) arrival of the

isotopic boundary beneath the AAD. This therefore implies that the current location of the

isotopic boundary beneath such an anomalous region of mid-ocean ridge may be entirely

coincidental.

8.3 SOUTHERN OCEAN SEAFLOOR RADIOGENIC ISOTOPE CHEMISTRY:

8.3.1 Radiogenic Isotope Data:

Radiogenic (Sr, Nd and Pb) isotope data for the Southern Ocean seafloor samples

described in Chapter 7 are presented in Tables 8.2 and 8.3. Analytical methods, including

descriptions of the acid-leaching technique used to minimise the effects of seafloor

alteration processes, are described in Appendix 2. Initial isotopic ratios were calculated using

the age of the closest magnetic seafloor lineation to each dredge site and the equations
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Table 8.2: ^^Sr/S^Sr and •''̂ 3Nd/''44Nc| data for the
precision only. Initital isotopic ratios were calculated using the

Southern Ocean seafloor samples; errors (2omean) associated with individual measurements indicate within-run
N-MORB trace element values of Sun and McDonough (1989), as described in the text.

Sample No. Age 87sr/86sr ±2o (87sr/86sr)i (eSr)i 143Nd/144Nd ±2o (lASNd/I^^Nd)! (eNd)i
Dredge 09:
102/OR09-4A 53 Ma 0.703672

0.703661

13

24

0.703658

0.703647

-11.1

-11.2

0.512898

0.512953

49

10

0.512822

0.512877

4.7

5.8

102/DR09-4B(I) S3 Ma 0.703172
0.703199

12

13

0.703158

0.703185
-18.2

-17.8 0.513029 12 0.512953 7.2

102/DR09-4B(II) S3 Ma 0.703176

0.703182

15

20

0.703162

0.703168

-18.1

-18.0

0.513021

0.513002

17

7

0.512945

0.512926

7.1

6.7

102/DR09-4B4 53 Ma 0.703186 14 0.703172 -18.0 0.513031 8 0.512955 7.3

102/DR09-4B5 53 Ma 0.703189

0.703198

15

27

0.703175

0.703184
-17.9

-17.8 0.513036 6 0.512960 7.4

Dredge 10:
102/DR10-1B 36 Ma 0.702582

0.702578

0.702588

11

19

9

0.702573

0.702569

0.702579

-26.8

-26.8

-26.7

0.513120

0.513140
8

4

0.513069

0.513089

9.1

9.5

102/DR10-1C 36 Ma 0.703214

0.703244

0.703279

13

14

19

0.703205

0.703235

0.703270

-17.8

-17.4

-16.9

0.513093

0.513107

13

8

0.513042
0.513056

8.6

8.8

Dredge 11:
102/DR11-2A 36 Ma 0.7C3235 5 0.703226 -17.5 0.512966 4 0.512915 6.1

102/DR11-2A(ni) 36 Ma 0.7G3249 11 0.703240 -17.3 0.512997 3 0.512946 6.7

102/DR11-2B 36 Ma 0.7C3333 11 0.703324 -16.1 0.512979 11 0.512928 6.3

Dredge 13:
102/DR13-3(III) 66 Ma 0.7C4325

0.704343

7

19
0.704308
0.704326

-1.6

-1.7
0.512986

0.513001
11

10

0.512892

0.512907
6.4

6.7

102/DR13-3D 66 Ma 0.704592

0.704643

16

13

0.704575

0.704626

2.2

2.5

0.512997

0.512982

11

10

0.512903

0.512888

6.6

6.3

102/DR13-3E 66 Ma 0.702645 21 0.702628 -25.5 0.513149 13 0.513055 9.6
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Table 8.3: 2®®Pb/2°'̂ Pb, 207p(3/204p|3 208p|3/204p|3 jjgta for the Southern Ocean seafloor samples. Initital isotopic ratios were calculated using the N-MORB
trace element values of Sun and McDonough (1989), as described in the text.

Sample No. Age P 206pb/204pb (206pb/204pb)i 207pb/204pb (207pb/204pb)j 208pb/204pb (208pb/204pb)|
Dredge 09:
102/DR09-4A 53 Ma 9.72 17.641 17.561 15.475 15.471 37.651 37.584

102/DR09-4B(i) 53 Ma 9.78 17.988 17.907 • 15.488 15.484 37.791 37.723

102/DR09-4B(II) 53 Ma 9.81 18.241 18.160 15.486 15.482 37.755 37.687

102/DR09-4B5 53 Ma 9.76 17.894 17.813 15.464 15.460 37.727 37.659

Dredge 10:
102/DR10-1B 36 Ma 9.83 18.251 18.196 15.489 15.486 37.878 37.832

102/DR10-1C 36 Ma 9.79 18.117 18.062 15.464 15.461 37.737 37.691

Dredge 11:
102/DR11-2A 36 Ma 9.79 17.965 17.910 15.494 15.491 37.867 37.821

102/DR11-2A(lli) 36 Ma 9.83 18.121 18.066 15.506 15.503 37.973 37.927

102/DR11-2B 36 Ma 9.79 17.908 17.853 15.499 15.496 37.888 37.842

Dredge 13:
102/DR13-3(III) 66 Ma 10.00 18.556 18.453 15.587 15.582 38.726 38.640

102/DR13-3D 66 Ma 10.00 18.542 18.439 15.586 15.581 38.721 38.635

102/DR13-3E 66 Ma 9.83 18.297 18.196 15.491 15.486 37.798 37.713



presented in Appendix 6. The methods used to calculate initial eNd and esr (Table 8.2), p

(Table 8.3) and k values are also presented in Appendix 6.

As discussed for the Balleny Plume samples (Section 3.7), acid-leaching (as

described in Appendix 2) was used as a means of reducing, and hopefully negating, the

effects of seafloor alteration processes on these old, and obviously altered. Southern

Ocean samples. For the same reasons discussed in Section 3.7, REE and trace element

abundances were not measured on the acid-leached sample aliquots used for isotopic

analysis. Although ICP-MS data are available for a number of unleached Southern Ocean

seafloor samples (Appendix 5), the possibility that they may be altered by the same seafloor

processes suspected of affecting the isotopic ratios, means that they too are unsuitable for

use in the calculation of initial isotopic ratios. In the absence of suitable measured REE and

trace element abundances and ratios with which to age-correct the isotopic data, the N-type

MORB elemental concentrations (ppm) of Sun and McDonough (1989: Table 1) have been

adopted here: Rb = 0.56, Sr = 90, Sm = 2.63, Nd = 7.30, Pb = 0.30, Th = 0.12, U = 0.047;

87Rb/86Sr = 0.018,'"^7sm/1'^4Nd = 0.2179, k = 2.64.

As with the values calculated for the Balleny Plume samples (Section 3.7), it must be

noted that the initial isotopic ratios calculated here for the Southern Ocean seafloor samples

do not necessarily represent the correct initial isoptopic ratios, but are the best

approximations possible under the circumstances. As the main purpose of this investigation

is to compare these derived values with the range of isotopic data available in the literature

for Pacific and Indian Ocean MORB, it is important to consider whether the use of different

REE and trace element concentrations (such as the measured ICP-MS values) would

significantly change the interpretation/s of the isotopic data presented in the following

sections.

The measured and initial radiogenic isotope ratios of the Southern Ocean seafloor

samples are compared in Figure 8.4. Differences between measured and initial ®^Sr/®®Sr,

l43Nd/l44isjd and 207pb/206p[3 are negligible (Tables 8.2 and 8.3). The values nx)st affected

in all samples are 208pb/204p|3 and, particularly, 206pb/204p5 vvhich are also the most

important isotopic parameters with which to distinguish Pacific and Indian Ocean MORB.

Whereas p (238u/204pb) values presented in Table 8.3 are lower than the mean value of

11.2 calculated for MORB glasses by White (1993), p values calculated for the Southern

Ocean seafloor samples using the measured ICP-MS trace element data (Appendix 5: Table

A5.1) range from 19.06 to 125.25 and are obviously the result of disrupted U/Pb contents.

Assuming that these rocks would have possessed Ce/Pb values of 25±5 (Hofmann et al.,

1986) at the time of crystallisation, it is possible to predict the cause of their current

anomalously high p values in terms of elemental variations resulting from seafloor alteration

processes. The ICP-MS data presented in Appendix 5 yield Ce/Pb values within the 25±5

range for samples 09-4B(ii), 09-4B-5 and 10-lB. Samples 11-2A and 11-2A(iii) have slightly

low Ce/Pb (-18.9) and samples 10-1C, 13-30 and 13-3E have high Ce/Pb (45.7, 30.8 and

76.2 respectively). This suggests that the high U/Pb values of samples with average Ce/Pb
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Figure 8.4: Comparison between the measured (open symbols) and initial (filled symbols)
isotopic ratios for the Southern Ocean seafloor samples: dredge 102/DR09 (circles), dredge 102/DR10
(triangles), dredge 102/DR11 (crosses - oblique crosses represent the age-corrected data) and
dredge 102/DR13 (diamonds); data from Tables 8.2 and 8.3. Data sources for the Indian and Pacific
Ocean MORB isotopic fields are as for Table 8.1.
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(ie. they have suffered no significant disruption to their Pb contents) or slightly lower than

average Ce/Pb contents are primarily a function of U addition during seafloor alteration. The

high p value of sample 13-3D, with marginally higher than average Ce/Pb, may be a function

of both Pb loss and U addition, whereas the extremely high Ce/Pb values of samples 10-1C

and 13-3E implythat their high U/Pb is a product of quite significant Pb loss. An increase in

U/Pb values of altered oceanic crust by U addition and/or Pb depletion has been

documented by Michard and Albarede (1985) as a result of hydrothermal processes. Rather

than being a function of seafloor age then, these results suggest that txjth the extent and

type of seafloor alteration affecting these samples is varied, even on the scale of single

dredge sites.

Using the measured ICP-MS trace element abundances to calculate the initial Pb

isotopic ratios would therefore have produced anomalously high p values and resultant over-

correction in terms of 206pi3/204pb However, even if values intermediate to the measured

and the literature-derived concentrations were used to recalculate 206pb/204pb so as to

acheive p values closer to White's (1993) MORB average, calculated initial ratios would still

plot within the same MORB isotopic field (Figure 8.4). This suggests, therefore, that the use

of different elemental concentrations to calculate the initial isotopic ratios would not change

the overall data interpretation, in terms of the aims of this study.

8.3.2 Interpretation of the Isotopic Data:

Despite the pervasive alteration evident in the Southern Ocean seafloor samples,

the acid-leaching technique described in Appendix 2 has resulted in isotopic ratios which

overlap with the MORB fields in general. This is particularly true in terms of their Pb isotopes,

although two samples from dredge 102/DR13, probably from the same flow, have

significantly higher 206pb/204p5 207p5/204p5 208p5/204pb and ®^Sr/®®Sr than the other

samples. The relatively high Pb isotope ratios of samples 13-3(iii) and 13-3D overlap with the

MORB ranges, but their Sr isotope values are significantly higher than MORB values.

The anomalous isotopic values, and T-MORB geochemical affinities (Chapter 7), of

at least some samples from dredge 102/DR13 may be somehow related to its location within

the Diamantina Fracture Zone (Figure 7.5) and/or its relative proximity (-70 km south of A34)

to the continent-ocean boundary (COB) south of Western Australia. Very little is known

about the Diamantina Fracture Zone. Its unusually rough topography, comprising a narrow

series of ridges and troughs which extend for some 3000 km across the southern Indian

Ocean to a longitude of 125°E south of Western Australia (Nicholls et al., 1981), is attributed

to the unusually slow seafloor spreading rate between magnetic anomalies 34 (82 Ma) and

19 (45 Ma) (Cande and Mutter, 1982; Mutter et al., 1985). Possible sources of the high Sr

and Pb isotopic ratios of these two dredge 102/DR13 samples may therefore include

continental crust or lithospheric contamination, due to the proximity of the COB, and/or

seafloor processes which were not negated by the acid-leaching process. The latter is

particularly likely due to the advanced age (-66 Ma) and observed alteration (Chapter 7) of
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these samples. As the post acid-leaching isotopic values measured for sample 13-3E are

similar to those of the other Southern Ocean seafloor samples and MORB in general (Rgure

8.5), and are therefore probably more representative of uncontaminated seafloor in this

region.

The initial isotopic ratios claculated for samples from all four dredge sites plot within,

or immediately adjacent to, the Indian Ocean MORB isotope fields in Figure 8.5. This is

particularly evident on Pb-Pb plots, which generally provide the best distinction between

Pacific and Indian Ocean MORB. Of the samples dredged from the two sites east of the

northward extrapolation of the AAD, only sample 10-1B has a possible Pacific Ocean Sr

isotopic signature, although it plots ina similar position to a western dredge srte sample (13-

3E). The two dredge 102/DR10 samples have Pb isotope values which plot within both the

Indian and Pacific MORB fields, with similarvalues to eastern dredge site sample 09-4B(ii)

and western dredge site sample 13-3E. All other samples, from dredge sites both east and

west of the extrapolated AAD boundaries, are isotopically more like Indian Ocean than Pacific

Ocean MORB.

The overall isotopic affinity between the Southern Ocean seafloor samples and

Indian Ocean MORB is also evident in Figure 8.6. This is particularly true on plots of Pb

isotopes versus longitude. The greatest distinction between zone A SEIR samples, with

Pacific Ocean MORB affinities, and the dredge 102/DR09 and 102/DR10 rocks, sampling

seafloor directly to the north, is evident in terms of 206pb/204p|3 and 208pb/204p5 both of

which are higher in the zero-age SEIR basalts.

One further observation to be made when comparing the isotopic compositions of

samples from the eastern and western dredge sites is that basalts from site 102/DR09

extend to the lowest 206p5/204pb both in terms of measured and corrected values, the

latter comparable to the most depleted values measured for Indian Ocean MORB. The

possible implications of this will be discussed further in the following section.

8.4 IMPLICATIONS FOR THE LONGEVITY OF THE INDIAN-PACIFIC

ISOTOPIC BOUNDARY WITHIN THE AAD:

The results of this study indicate that >36 Ma Southern Ocean seafloor north of

zone A, and east of the northward extrapolation of the AAD, has an Indian Ocean isotopic

signature, thereby supporting the suggestion of Pyle et al. (1992) that the Indian-Pacific

Ocean isotopic boundary may be migrating steadily westwards beneath the Southern

Ocean. The apparent migration along the ridge axis of both the isotopic boundary and the

residual negative depth anomaly (Marks et al., 1990) implythat these features are linked and

unrelated to the other anomalous features of the AAD which have been in existence for at

least -20 to 25 m.y. (Weissel and Hayes, 1974; Vogtet al., 1983).
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Another indication that the on-axis location of the Indian-Pacific Ocean isotopic

boundary within the AAD may be purely coincidental is provided by the major element

chemistry ofthe AAD basalts (Chapter 7). Although Christie et al. (1988) propose that a major

geochemical boundary is present along the SEIR axis, they suggest that it is coincident with

the eastem boundary of the AAD rather than with the isotopically defined boundary of Klein

et al. (1988). Klein et al. (1991) also concluded that there was no evidence for a major

element discontinuity coinciding with the isotopic boundary beneath the AAD.

The limitations imposed by sampling at onlytwo off-axis dredge sites (102/DR09 and

102/DR10) of similar longitudinal position east of the AAD are such that it is not possible to

discern the actual location of the proposed Indian-Pacific isotopic boundary north of the

SEIR. This means that it is also not possible, within the scope of this study, to distinguish

between the various active mantle flow (Pyle et al., 1992) models proposed to explain the

current location of the isotopic boundary within the AAD (Vogt and Johnson, 1973; Alvarez,

1982; Klein et al., 1988; Alvarez, 1990; Marks et al., 1990). The data obtained during this

study do dictate, however, that the Indian-Pacific Ocean isotopic boundary must either be

confined to the immediate vicinity of the ridge axis or, if it extends to older regions of the

Southern Ocean seafloor north of the SEIR, it must be located east of -133°E, at least within

>36 Ma crust.

Of the various models discussed in Section 8.2.3, three could still be invoked to

explain the presence and apparent westward migration of the Indian-Pacific upper mantle

isotopic boundary in the Southern Ocean. The first of these confines the isotopic boundary

to the immediate latitudinal vicinity of the SEIR as a result of convergence of hotspot-driven

along-axis asthenospheric flow (Vogt and Johnson, 1973; Marks et al., 1990). The direct

convergence model of Klein et al. (1988) also remains a possibility, but it must entail a

progressive westward migration of the isotopic boundary with time and/or an arcuate shape

to the boundary in order to account for the Indian Ocean isotopic signature in seafloor north

of zone A. The third, and possibly most likely, model to be considered in light of this new

data is that of Pacific basin shrinkage (Alvarez, 1982; 1990). This model could account for

the apparent westward migration of the isotopic boundary with time, the occurrence of Indian

Ocean MORB in >36 Ma seafloor north of zone A, and the probable arcuate or wedge-

shaped surface trace of a boundary whose apex underlies the eastern AAD.

The observation that samples from the the eastern dredge site 102/DR09 extend to

the lowest 206pij/204pt) values of the Southern Ocean samples, and are similar to the most

depleted values measured for Indian Ocean MORB, may have implications for the dynamics

of mantle convection beneath the Indian Ocean. Mahoney et al. (1992) propose that the low

206pb/204pij values, characteristic of Indian Ocean MORB in general, may be a

consequence of widespread upper mantle contamination by the Kerguelen, Marion and

Crozet starting plume heads. If Australian-Antarctic rifting allowed the previously isolated

Indian Ocean upper mantle (e.g. Klein et al., 1988) to migrate eastward into the gap formed

by the opening of the Southern Ocean, contaminated sub-Indian Ocean asthenosphere
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may have been flushed out into this gap (Mahoney et a!., 1992) resulting in a more

contaminated Indian Ocean isotopic signature in the more easterly SEIR eruptives.

8.5 OTHER PROPOSED LOCATIONS OF THE INDIAN-PACIFIC OCEAN

ISOTOPIC BOUNDARY:

An apparent Indian-Pacific Ocean upper mantle isotopic boundary has also been

recognised in association with island arc settings in the western Pacific Ocean. One example

involves the transition from Pacific to Indian Ocean isotopic signatures with the southward

propagation of the Valu Fa Ridge and the onset of true seafloor spreading within the Lau

backarc basin. This has been attributed to slab rollback, whereby the ensuing advection,

during the last -5.5 m.y., of Indian Ocean asthenosphere into the sub-arc mantle has

displaced the previously existing Pacific Ocean asthenosphere (Hergt and Hawkesworth, in

press; Hergt and Nilsson-Farley, in press). This discovery places the Indian-Pacific Ocean

isotopic boundary somewhere west of the Tonga Ridge, beneath the Indian-Australian Plate

and west of the site of subduction of the Pacific Plate at the Tonga Trench. The apparent

presence of Pacific Ocean asthenosphere beneath the Indian-Australian Plate is difficult to

explain, although Hergt and Nilsson-Farley (in press) suggest that either an ancient trench

jump or a reversal in the direction of subduction may have been involved.

Another recognised occurrence of both Pacific and Indian Ocean isotopic

signatures in the westem Pacific Ocean occurs within the central New Hebrides Arc (Briqueu

et al., in press). Arc volcanism in this region was dominated by a Pacific Ocean isotopic

signature until 3 Ma ago when collision of a submarine ridge, the D'Entrecasteaux Zone, with

the central part of the Arc coincided with the introduction of an Indian Ocean isotopic

signature, the latter characterised by higher ®^Sr/®®Sr and lower 206pb/204pb values in post-

collisional arc volcanics. The radiogenic Pb isotope data from this region define surprisingly

similar trends to that of the Lau basin samples analysed by Hergt and Hawkesworth (in press)

(A.J. Crawford, pers. comm., 1993), both of which suggest the initial involvement of Pacific

Ocean asthenosphere in arc volcanism, followed by the tapping of Indian Ocean

asthenosphere in response to localised tectonic processes.

In a recent paper by Hickey-Vargas et al. (submitted) it is noted that the Western

Pacific Marginal Basins, including the Sea of Japan, West Phillipine basin, Shikoku and

Parece Vela basins, Mariana Trough and Sumisu Rift, South China Sea, Celebes Basin and

Sulu Basin, are dominated by an IndianOcean MORB isotopic signature and are assumed to

have formed in continuity with Indian Ocean asthenosphere. In contrast, the arc magmas

themselves indicate a source in the mantle wedge with Pacific Ocean MORB isotopic

affinities. Clearly, the location of this apparent boundary between Indian and Pacific Ocean

MORB mantle sources is close to that of the subduction zones in the western Pacific. This
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has led these authors to suggest that subduction is geographically related to, and possibly

even a consequence of downwelling at the Indian-Pacific upper mantle boundary.

8.6 CONCLUSIONS:

The radiogenic isotope data obtained for the Southem Ocean seafloor samples

north of the SEIR indicate that, although a proposed isotopic boundary between Indian and

Pacific Ocean upper mantle domains has been recognised within the eastern AAD (Klein et

al., 1988; Pyle et al., 1992), it does not continue directly northwards towards the southern

margin of Australia. This implies that the current location of the isotopic boundary at the SEIR

is merely coincidental with, and not a long-term feature of, the AAD. Westward migration of

the Indian-Pacific isotopic boundary (Pyle et al., 1992), possibly as a consequence of the

separation of the South Tasman Rise from Antarctica, therefore seems likely.

Although the exact nature of the proposed boundaries between Indian and Pacific

Ocean isotope domains is not yet understood, the relatively recent expression of Indian

Ocean asthenosphere within island arc settings located at the contact between the Indian-

Australian and Pacific Plates, and the apparent influx of Pacific Ocean upper mantle into the

Southern Ocean in response to Australian-Antarctic rifting, suggests that the Indian-Pacific

isotopic boundary was linked to the plate boundary prior to Gondwana break-up. Although

this ties in with the proposal that deep sub-continental lithospheric roots may have impeded

upper mantle convection beneath the Pacific Ocean (Alvarez, 1982; 1990), the actual

explanation for the occurrence, location and current surface expressions of this apparent

Indian-Pacific mantle reservoir boundary may be much more complicated than so far

proposed and therefore requires more extensive investigation.
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PART 3

U-Pb ZIRCON DATING OF A PROTEROZOIC MAFIC

DYKE SWARM IN THE VESTFOLD HILLS,
EAST ANTARCTICA
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CHAPTER 9

THE PrOTEROZOIC HiSTORY OF THE VeSTFOLD

Hills, East Antarctica, as Deduced

FROM U-Pb Zircon Dating of a

Mafic Dyke Swarm

9.1 INTRODUCTION:

Early to Middle Proterozcic mafic dyke swarms are relatively common within the

Archaean blocks of the East Antarctic Shield, but are much less abundant in the adjoining,

more extensive Proterozoic mobile zones (Sheraton et al., 1987). One such Archaean

block, the Vestfold Hills, is intruded by numerous mafic dykes (Sheraton and Collerson,

1983; Sheraton et al., 1984; Collerson and Sheraton, 1986), which have been subdivided

into at least nine distinct generations (Seitz, 1991). Obtaining emplacement ages for each of

these dyke generations allows definition of the history of mafic magmatism of this region as

well as elucidation of its Proterozoic crustal history. The latter is possible due to a sequence

of deformational and metamorphic events, interspersed with the various episodes of mafic

dyke intrusion (Oliver et al., 1982; Parker et al., 1983; Passchier et al., 1990; Hoek and

Passchier, 1991; Passchier et al., 1991), which can be assigned absolute ages throughthe

precise dating of the individual dyke generations.

Until now, dating of the Vestfold Hills dykes has been dominated by the Rb-Sr

whole-rock isochron method. The SHRIMP (Sensitive High-Resolution Ion Microprobe) U-

Pb zircon dating technique used in this study (Appendix 2), has significant advantages over

the previously employed Rb-Sr isochron method in that individual parts of zircon crystals

from a single rock sample can be analysed, and assigned to the appropriate generation of

inheritance, crystallisation or recrystallisation. This method therefore eliminates the risk of

combining isotopically unequilibrated or even geologically unrelated samples from various

dykes in order to obtain a single age. The significantly higher blocking temperature of the U-

Pb zircon system, compared to that of the Rb-Srsystem of various minerals, and the highly

refractory nature of zircon also ensures a greater probability that the crystallisation age will be

retained.
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Figure 9.1: a) Map showing the location of the known Archaean nuclei within the East
Antarctic Shield; b) Map of ttie Vestfold Hills (modified after Black et al., 1991b) showing the basement
geology (except for the Grace Lake granodiorite, outcrops of which are not large enough to be shown
at this scale) and the location of the sampling areas enlarged in Figure 9.2.

This study, inderiving new 207pjj/206pb zircon ages for a number of Vestfold Hills

dykes, not only confirms a zircon age obtained by Black et al. (1991a) for one of the dyke

generations, but it also confirms the usefulness of zircons derived from felsic late-stage

differentiates for the dating of mafic dykes (e.g. Heaman et al., 1986; Black et al., 1991a).

Subsequent deductions about the Proterozoic crustal history of the Vestfold Hills from

considerations of these new zircon ages, combined with information about the conditions of

dyke emplacement, may also be applicable to the Proterozoic evolution of similar dyke-

infested Archaean blocks of the East Antarctic Shield such as the Napier Complex and the



Southern Prince Charles Mountains. In a broader context, the potential to derive precise

dyke emplacement ages by this method of U-Pb zircon dating has implications for the global

correlation of Proterozoic dyke swarms and the reconstruction of supercontinents.

9.2 GEOLOGICAL SETTING:

The Vestfold Hills, a 400 km^ ice-free area on the eastern shore of Prydz Bay,

constitutes one of several Archaean cratonic blocks (James and Tingey, 1983; Collerson et

al., 1983a) within the East Antarctic Shield (Figure 9.1). This block is separated from the

other exposed Archaean nuclei, the Napier Complex of Enderby Land (Sheraton, 1979;

Black and James, 1983), the Southern Prince Charles Mountains of MacRobertson Land

(Tingey, 1982), the Obruchev Hills - Denman Glacier region of Queen Mary Land (Black et

al., 1992) and western Dronning Maud Land (Barton et al., 1987) by an extensive

Proterozoic high-grade metamorphic complex (e.g. James and Tingey, 1983). Geological

contacts between the Vestfold block and the Archaean and Proterozoic rocks of the Rauer

Islands (Kinny et al., 1993) to the southwest are hidden beneath the Sorsdal Glacier.

Eastem geological contacts are covered by the continental icecap.

9.2.1 Archaean Basement Geology:

The basement geology of the Vestfold Hills (Figure 9.1b) was originally thought to

comprise four strongly inter-folded, east-west striking gneissic units repeated from north to

south throughout the area (Oliver, 1979; Collerson and Arriens, 1979; Collerson et al.,

1983a; Sheraton and Collerson, 1983). Black et al. (1991b) revised the established

basement geology of the region by retaining the Chelnok Supracrustal assemblage

(dominated by garnetiferous paragneisses), the Mossel gneiss (mostly tonalitic orthogneiss

with lesser trondhjemite, granodiorite and granite) and the Crooked Lake gneiss (a

composite orthogneiss suite), while introducing a fourth unit, the Grace Lake granodiorite

(leucocratic gneiss and granitoid outcropping in the northern Vestfold Hills). The oldest of

Collerson et al.'s (1983a) original units, the Tryne metavolcanics (layered ultramafic, mafic,

intermediate and minor felsic metavolcanics), which occurs mainly as either boudinaged

xenoliths or tectonic intercalations within the Mossel and Crooked Lake gneisses, was not

considered to be a separate mappable unit.

Although the proposed oldest units, the Tryne Metavolcanics and the Chelnok

Supracrustal assemblage, contained no suitable zircons, ion microprobe (SHRIMP) zircon

dating of the basement units of igneous origin defined the following series of Archaean to

Early Proterozoic events (Black et al., 1991b). Precursors of the Mossel gneiss were

emplaced between 2526 ± 6 Ma and 2501 ± 4 Ma, prior to emplacement of the Crooked
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Lake gneiss between 2501 ± 4 Ma and 2484 ± 6 Ma. Earliest granulite facies metamorphism,

Mi, (850° C, 7 kbars; Harley, 1989), probably occurred at 2501±4 Ma, and M2 (similar P,T

conditions to Mi) at 2487±6 Ma synchronous with the emplacement of the Grace Lake

granodiorite. Following uplift, and preceding cratonisation, of the Vestfold block, a series of

quartz diorite dykes were intruded in at least two areas of the northeastern Vestfold Hills.

One of these dykes was dated at 2477±5 Ma. A subsequent amphibolite to granulite facies

D3,M3 event produced southeasterly dipping mylonite zones within the basement gneisses

(Parker et al., 1983; Passchier et al., 1991).

9.2.2 Emplacement and Classification of the Proterozoic Mafic Dyke Swarm:

Most of the Early to Middle Proterozoic dykes which intrude the Archaean basement

of the Vestfold Hills are tholeiitic, although several volumetrically minor suites of lamprophyre

dykes are also present. The dykes are generally unfolded, steeply dipping, and discordant

to the east-west striking gneisses with which they display sharp contacts, often with parallel

schlieren in the country rock. They range from a few cms or less to over 50 m in width

(Collerson and Sheraton, 1986) and have aphanitic chilled margins. Most of the dykes are

unmetamorphosed, except for those in the southwest Vestfold Hills, which experienced the

peripheral effects of -1000 Ma metamorphism in the adjoining Proterozoic complex

(Collerson et al., 1983b) and display gamet-bearing crystal assemblages.

Several classifications have been applied to the various mafic dykes in the Vestfold

Hills (Collerson and Sheraton, 1986; Kuehner, 1986; Kuehner,1987; Passchier et al., 1991;

Seitz, 1991), and are summarised in Table 9.1. The classification scheme used in this study

is based primarily on that of Seitz (1991), who subdivided the dykes in the Long Peninsula

region (Figure 9.1b) into nine generations on the basis of their distinctive orientations,

cross-cutting relationships, petrography and geochemistry. Seitz (1991) suggested that the

various mafic magmatic episodes produced four distinct directional trends in the dykes which

rotated clockwise with time, implying a continual rotation of the regional crustal stress field

during the period of dyke emplacement. Characteristic dyke orientations are therefore

considered to be a useful guide to identifying the various dyke suites in the field.

The major and trace element compositions of individual dykes from each suite which

yielded zircons for this study are presented in Table 9.2. Italicised terms in the following

descriptions refer to the dyke classifications used in this study; numbers in brackets refer to

the relative ages of each generation, whereby (1) is the oldest.

9.2.2.1 High-Mg Tholeiite Dykes:

The Si02-oversaturated, hypersthene-normative High-Mg dykes of the Vestfold

Hills are generally characterised by high Si02 (52-57 wt%), high MgO (7-18 wt%), low Ti02

(0.38-0.74 wt%), -9-13 % Fe203, enrichment in Platinum Group Elements (PGE), LILE (Ba,

Rb and K)and LREE relative to the HFSE Nb and Ti, and pronounced negative Nb, P and Ti
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Table 9.1: Classification schemes proposed for the mafic dykes of the Vestfold Hills.

First Magmatic Episode:

Second Magmatic Episode:

Third Magmatic Episode:

Cotlerson and Sheraton (1986)

High-Mg tholeiite dykes

Group I tholeiite dykes

Group II and III tholeiite dykes
Alkaline dykes

Kuehner (1986; 1987)

High-Mg tholeiite dykes - subgroup I
High-Ti Fe-rich tholeiite dykes

High-Mg tholeiite dykes - subgroups II and III
Low-Ti and PM Fe-rich tholeiite dykes

Fe-rich tholeiite dykes

Subgroup 1 to 9 tholeiitedykes
Alkaline dykes

Passchler et al.

DTI

DTII (?)

DT II (?)

DT III a, b and c
Alkaline dykes



Table 9.1: (continued)

Seltz (1991) This Study
First Magmatic Episode: Group I, la High-Mg tholelitedykes Group 1 HIgh-Mg tholeiite dykes

HIgh-TI Fe-rich tholeiite dykes Group1 Fe-rich tholeiite dykes - High-Ti subgroup
Group II. Ila, III High-Mg tholeiite dykes; Norite ring complex Group 2,3 High-Mg tholeiite dykes; Norite

Low-Ti and PM Fe-rich tholeiite dykes Group 1 Fe-rich tholeiite dykes - Low-Ti and PM subgroups

Second Magmatic Episode: Fe-rich tholeiite dykes Group 2 Fe-rich tholeiite dykes

Third Magmatic Episode: Lamprophyre dykes Lamprophyre dykes
fo Fe-rich tholeiite dykes Group 3 Fe-rich tholeiite dykes

Lamprophyre dykes Lamprophyre dykes
V Fe-rich tholeiite dykes Group 4 Fe-rich tholeiite dykes



anomalies (Seitz. 1991). Although Collerson and Sheraton (1986) originally considered the

High-Mg tholeiite dykes to represent only one generation, Seitz (1991) expanded on the

proposal of Kuehner (1986; 1987) that they actually represent three separate geochemical

groups which cannot be simply related by crystal fractionation, crustal assimilation and/or

partial melting. Geochemical differences between groups most probably reflect highly
heterogeneous or different mantle source regions.

Group 1 High-Mg tholeiites (1)are E-W trending, olivine-orthopyroxene-phyric

dykes. Group 2 and 3 High-Mg tholeiites (3) comprise NE-SW trending orthopyroxene-

phyric dykes whose timing relationship is not yet understood due to a lack ofvisible cross

cut relationships between the two groups. Although both Group 2 and 3 High-Mg tholeiites

have negative Sr anomalies, small negative Eu anomalies, and are slightly more enriched in

LREE compared to Group 1 High-Mg tholeiites. Group 2 High-Mg tholeiites are

geochemically distinguishable from Group 3 High-Mg tholeiites in that they are more

enriched in Rb relative to Ba and K (Seitz, 1991).

A noritic ring dyke (3), recognised by Seitz (1991) in the northeastern Vestfold Hills

(Figure 9.2b), was originally interpreted by Collerson et al. (1983a) as Tryne metavolcanics. It

forms a semicircular complex with an average diameter of 7 to 8 kms and comprises three

types of norite and associated fine-grained equivalents of the Group 2 High-Mg tholeiite

dykes, with which it is therefore considered to be contemporaneous. The dominant lithology

is the Homogeneous Norite (orthopyroxene-clinopyroxene-plagioclase), which has

gradational contacts with smaller bodies of Mottled Norite, the latter characterised by cm-

sized aggregates of plagioclase, quartz and K-feldspar. These presumably

contemporaneous norites, and associated fine-grained High-Mg tholeiite dykes, are

intruded by the minor Rubbly Norite, which is characterised by patches of bronzitic

orthopyroxene, cognate and inherited xenoliths, and sulphide globules. Seitz (1991)

attributed compositional differences between the three norites to orthopyroxene

fractionation/accumulation, accompanied by Ni-Cuand Fe-sulphide accumulation in the case

of the Rubbly Norite.

9.2.2.2 Fe-rich Tholeiite Dykes:

In general, the Fe-rich tholeiite dykes of the Vestfold Hills are characterised by lower

Si02 (45-51 %) and MgO (4-8 %), and higherTi02 (1-3.5 %)and Fe203 (12-20 %) contents

(based on analyses performed by Seitz, 1991) than the High-Mg tholeiite dykes. Kuehner

(1986) considered the High-Mg and Fe-rich tholeiites to have been derived from different

mantle source regions.

The NW-SE to E-W trending Group 1 Fe-rich tholeiite dykes (2 and 4), recognised

by Kuehner (1986; 1987) to be contemporaneous with, but geochemically unrelated to, the

High-Mg tholeiite dykes, are subdivided into three geochemical subgroups. Members of the

High-Ti(HiTi) subgroup (2) postdate emplacementof the Group 1 High-Mg tholeiites and may

be cross-cut by the Group 2 and 3 High-Mg tholeiites. The Low-Ti (LoTi) and plagioclase
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megacryst-bearing (PM) subgroups (4) appear to be younger than all of the High-Mg

tholeiites. Major and trace element differences between the High-Ti and Low-TI subgroups,

including the higher P, LREE and Zr, and lower Ti02 contents of the Low-Ti dykes may be

explained by open-system fractionation of a mutual source (Kuehner, 1986). Although the

plagioclase megacryst-bearing subgroup may also have originated from this common

parental liquid, it appears to have experienced a different P-T differentiation path than the

other subgroups (Kuehner, 1986).

NW-SE trending Group 2 Fe-rich tholeiite dykes (5) are equivalent to the Group I

dykes of Collerson and Sheraton (1986), and have a similar orientation to the Group 1 Fe-

rich tholeiite dykes of this study. Due to the lack of observed dyke intersections, the

relationship between the Low-Ti and plagioclase megacryst-bearing Group 1 Fe-rich

tholeiites and the Group 2 Fe-rich tholeiites is poorly understood.

Younger Fe-rich tholeiite dykes inthe Vestfold Hills were previously subdivided, into

the Group II and III dykes of Collerson and Sheraton (1986) followed by the subgroup 1 to 9

tholeiite dykes of Kuehner (1987), on the basis of geochemistry alone. Extensive mapping

of Long Peninsula dykes by Seitz (1991), however, revealed two separate generations

displaying distinct orientations and a consistent cross-cut relationship, despite a lack of

geochemical distinction: NNW-SSE trending Group 3 Fe-rich tholeiite dykes (7) are

consistently cross-cut by NNE-SSW trending Group4 Fe-rich tholeiites (9).

9.2.2.3 Lamprophyre Dykes:

Predominantly NNE-SSW to N-S lamprophyre dykes (6 and 8) both cross-cut, and

are cross-cut by, the NNW-SSE Group 3 Fe-rich tholeiites. Seitz (1991) classified these

compositionalty variable dykes as ultramafic lamprophyres and alkaline lamprophyres, most

probably derived from the melting of heterogeneous garnet Iherzolite at pressures of more

than 26 kbars. Ovoid-shaped, presumably pipe-like bodies, rich in ultramafic mantle- and

morefelsic crustal xenoliths are associated with someofthe ultramafic lamprophyre dykes.

The suggestion that some lamprophyre dykes may be Phanerozoic in age

(Collercon and Sheraton, 1986; Passchieret al., 1991) cannot be addressed here exceptto

state that the only dyke known to cross-cut a Group 4 Fe-rich tholeiite dyke on Long

Peninsula is a lamprophyre. This may either imply the presence ofa tenth dyke generation or

the approximately synchronous emplacement of at least some lamprophyre dykes

(generation 8) with the Group 4 Fe-rich tholeiites (generation 9).

9.2.3 Proterozoic-Palaepzoic Thermotectonic Events:

Initial mafic dyke emplacement in the Vestfold Hills appears to have followed post-

Da,M3 uplift. D4,M4 and D5 occumed in between theemplacement ofthe Group 2 and Group

3 Fe-rich tholeiite dykes. The D4,M4 amphibolite facies event produced ductile mylonite

zones, whereas D5 resulted in sets of brittle fault-generated pseudotachylite veins

(Passchier et al., 1991). The De.Me event, which produced ductile mylonite zones with

279 .



amphibolite facies mineral assemblages, postdates the intrusion of the Group 3 Fe-rich

tholeiite dykes, but may be syngenetic with the emplacement of the Group 4 Fe-rich

tholeiites (Passchier et al., 1991).

Garnet-bearing assemblages in dykes from the southwest Vestfold Hills are a

product of amphibolite facies metamorphism (600-700° C; 6-7 kbars) peripheral to the

widespread granulite facies metamorphic event at -1100-1000 Ma within the adjacent

Proterozoic complex (Collerson et al., 1983b). Passchier et al. (1991) propose that the

repeated late brittle and ductile activity of Dy, evident in up to six generations of fault rock

associated wrth and postdating emplacement of the lamprophyre dykes, is a Phanerozoic

event.

An Early Palaeozoic event at--500-600 Ma, contemporaneous with granite

emplacement further south along the Prydz Bay coast, resulted in localized isotopic re-

equilibration within at least some of the Vestfold Hills dykes (Collerson and Sheraton, 1986)

as well as isotopic resetting within other areas of the East Antarctic Shield (Tingey, 1982;

Yoshida and Kizaki, 1983) and other parts of Gondwana (Tilton, 1960).

9.3 PREVIOUS DYKE GEOCHRONOLOGY:

In an early attempt to obtain an emplacement age for the Vestfold Hills dykes,

Harding and McLeod (1967) assumed that they were all produced by a single magmatic

episode. They grouped together six samples collected from various dykes around the

Heidemann Bay region, just south of Davis station on Broad Peninsula (Figure 9.1b), to

produce a Rb-Sr whole-rock isochron age of 1030±220 Ma. This was originally regarded as

an emplacement age, but now appears more likely to document isotopic resetting during

-1000 Ma granulite facies metamorphism within the adjacent Proterozoic complex.

On the basis of intrusive relationships, petrography and geochemistry, Collerson

and Sheraton (1986) later subdivided the dykes into five gerierations (Table 9.1) which

yielded Rb-Sr whole-rock isochron ages of 2424±72 Ma (High-Mg tholeiites), 1791±62 Ma

(Group I tholeiites), 1374 ±125 Ma (Group II tholeiites) and 1362±108 Ma (Group II and III

tholeiites). Group II and III tholeiites were therefore considered to have been derived

contemporaneously from a similar mantle source region, and the conclusion was that three

main episodes of mafic dyke formation occurred at approximately 2300-2400 Ma, 1800 Ma

and 1200-1400 Ma, coincident with tensional periods within the relatively stable Archaean

craton of the Vestfold block (Collerson and Sheraton, 1986; Sheraton et al., 1987). The Rb-

Sr ages of Collerson and Sheraton (1986) were obtained by combining samples from various

dykes of each of their geochemically-defined suites. As a consequence of the geographical

spread of sample collection, and the probability that the samples might not have been in

initial isotopic equilibrium, their data arrays were often highly scattered (MSWD as high as

323 for Group II tholeiites). The 2424±72 Maage for the High-Mg tholeiites, in particular, is
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unlikely to be meaningful because it was derived from samples of three petrographically and

geochemically distinct subgroups (Kuehner, 1986).

A subsequent study by Black et al. (1991a), which applied ion microprobe U-Pb

zircon dating to the problem of the Vestfold Hills dykes, demonstrated that one dyke,

originally assigned to the 1374 Ma Group II tholeiite suite of Collerson and Sheraton (1986),

contained 2483±9 Ma xenocrystic zircons, and reset 1025±56 Ma grains. An enclosed

quartz diorite vein, of probable late magmatic origin, however, contained both xenocrystic

zircon (2483±9 Ma) plus infrequent euhedral magmatic crystals that provided a precise

minimum age of 1248±4 Ma for crystallisation of both the vein and enclosing dyke.

9.4 SAMPLE DESCRIPTION:

Most of the samples were collected from an area of Long Peninsula (Figures 9.1b

and 9.2b) mapped in detail bySeitz (1991). Two additional samples were collected from the

Brookes Hut region of Broad Peninsula (Figures 9.1b and 9.2a).

Felsic segregation veins within the dykes were sampled wherever possible. These

veins range from a few mm to several cm in width, and are perpendicular to the margins of

their host dykes. They vary greatly in abundance both within and between the various dyke

suites and are intermediate (tonalitic to dioritic) in composition. The relatively sharp contacts

between the felsic and mafic dyke components, the presence of en echelon structures

within the veins, and the fact that they do not extend beyond the dyke margins, suggests

that these felsic components are the result of late stage magmatic crystallisation within

cooling cracks in the dykes.

If late-stage felsic segregations were not found within a particular dyke suite, large

mafic dyke samples were collected to ascertain the presence or absence of magmatic

baddeleyite (monoclinic Zr02). used by other workers (Davidson and van Breeman, 1988;

LeCheminant and Heaman, 1989) for U-Pb dating of mafic igneous rocks. Baddeleyite is

preferred for U-Pb dating because it usually provides more concordant results than zircon

and its scarcity in crustal rocks means that inheritance is uncommon (LeCheminant and

Heaman, 1989; Heaman and Parrish, 1991). High Si02 activity within the magma during the

late stages of dyke crystallisation would have prevented the crystallisation of primary

baddeleyite (Heaman and Parrish, 1991) and therefore the absence of baddeleyite from the

felsic veins was to be expected. As no baddeleyite was detected in heavy mineral

concentrates from themafic dykes, dating of segregation-deficient dykes, the Group 1 and 3

High-Mg tholeiites, the Group 1 Fe-rich tholeiites and the lamprophyre dykes, which could

onlybe attempted on the few zircons they contain, was often unsuccessful.

Of the twenty-nine samples examined for zircons and/or baddeleyite, only the

fifteen which yielded zircons suitable for isotopic analysis will be discussed in detail. A list of

sample localities is given inAppendix 1 (TableAl .3).
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9.4.1 High-Mg Tholeiite Dykes;

Two High-Mg tholeiite dyke samples collected from Long Peninsula were used in an

attempt to ascertain the age of this suite. Felsic segregations are rare withinthese dykes and

those sampled were found to contain no zircons. Sample 76562 is from a 10 m wide

approximately E-Wstriking (082°) dyke crosscut further to the west by several Group 3 Fe-

rich tholeiite dykes. The dyke itself belongs to the oldest olivine-orthopyroxene-phyric

Group 1 High-Mg tholeiite suite. It has a porphyritic to glomeroporphyritic texture comprising

anhedral to subhedral phenocrysts and glomerocrysts of orthopyroxene, often rimmed with

clinopyroxene and with an average grainsize of 2-3 mm, plus less abundant anhedral

remains of olivine phenocrysts (~5 %) rimmed with orthopyroxene. Clinopyroxene forms

both microphenocrysts and groundmass crystals accompanied by plagioclase (andesine)

laths and Fe-oxides. Minor groundmass phases include apatite and biotite.

Sample 76561 was collected from an E-W striking (093° strike at the site of

collection) 2.5 m wide High-Mg tholeiite dyke east of Rybnaya Bay on Long Peninsula.

Outcrop of this dyke terminates just short of a region of Homogeneous Norite outcrop.

Although it cannot be traced into the norite, this represents one of the fine-grained Group 2

High-Mg tholeiite dykes associated with it This dyke is characterised by abundant anhedral

orthopyroxene, up to 2 mm across, with narrow rims of clinopyroxene and subophitic

inclusions of dusty plagioclase. Finer-grained phases include orthopyroxene, plagioclase,

biotite, clinopyroxene, Fe-oxides, myrmekitic quartz-feldspar intergrowths and minor apatite.

9.4.2 Group 1 High-Ti Fe-rich Tholeiite Dykes:

Sample 76567 was collected from a NE-SW striking (067°) first generation Fe-rich

tholeiite dyke west of Brookes Hut on Broad Peninsula. This sample included part of a thin

tapering felsic vein with a maximum width of 3-4 mm which extended for -1 m into the 8 m

wide dyke from, and normal to, its southeastern margin. Felsic veins are rare within this dyke

suite and where found they are so thin that both sample collection and separation of the vein

from the mafic dyke is extremely difficult.

The medium-grained dyke sample, with an average grainsize of 0.5 to 1,5 mm,

comprises abundant anhedral dusty plagioclase (andesine), orthopyroxene and

clinopyroxene crystals. The two pyroxenes are often in close association and commonly

have alteration rims of biotite, green amphibole and coarse Fe-oxides. Apatite needles are a

relatively abundant accessory phase.

9.4.3 Homogeneous Norite:

The Homogeneous Norite is a medium- to coarse-grained, granular rock dominated

by cumulus anhedral orthopyroxene (25-30 %) with external rims of amphibole, chlorite,

biotite and Fe-oxides that are particularly pronounced immediately adjacent to felsic
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segregation veins. Inverted pigeonite may also form a partial orcomplete internal rim around

orthopyroxene. Abundant dusty plagioclase (andesine 30-40 %), minor clinopyroxene (-10

%) and partly chloritised and ragged biotite (-5 %), with elongate Fe-oxide inclusions or

lamellae, occur as intercumulus phases. Lategranophyric intergrowthsof alkali feldsparand

plagioclase (-5 %) often partially surround coarser-grained plagioclase near the dyke-vein

contact. Accessory minerals includefineapatite needles and scattered Fe-oxides.

Felsic veins are common within the Homogeneous Norite on Barrier, Bandits, and

other morewesterly islands. Those on Bandits Island generally strikeat 055-065° and dip50-

60° NW. Although felsic vein orientations within the Homogeneous Norite in other areas of

the Vestfold Hills are more varied (trending between 043° and 087° on Barrier Island for

instance), they are still generally perpendicular to the orientation of the norite at each

location, reflecting the variation in the orientation of cooling cracks that could be expected

within this ring complex. Three felsic segregation veins within the Homogeneous Norite on

Bandits Island were sampled. Other felsic bodies within the norite, including irregular- and

mushroom-shaped structures, were not sampled fordating.

Sample 76541, collected from a 15 cm wide felsic vein extending obliquely across a

cliffface on the northern side of Bandits island (Figure 9.3a), is composed predominantly (79

%) of fine- to medium-grained plagioclase (andesine-oligoclase) and undulose quartz wrth

irregular intergrown grain boundaries and an average grainsize of 0.5 to 1 mm. Abundant

kinked plagioclase and finely recrystallised quartz reflect post-crystallisation deformation.

Other phases, often forming fine-grained crystal aggregates, include pyroxene (18 %,

predominantly clinopyroxene), biotite (<1 %), sphene (<1 % - often intimately associated

vyith ilmenite), apatite (<1 %), alkali feldspar (1 %) and fine Fe-oxides (3 %). Intergrown

sphene and ilmenite are also common within the dyke immediately adjacent to the felsic

vein. The norite-vein contact is sharp and well-defined (Figure 9.4a), particularly on a macro-

scale, aKhough pyroxene and plagioclase crystals protrude intothe vein from the norite. This

feature, characteristic of all the various late-stage segregation samples, indicates that

crystallisation or recrystallisation within the mafic host rock was concurrent with crystallisation

of felsic material within the cooling cracks.

Sample 76542 is from a 25 m long felsic vein inthe centre of Bandits Island (Figure

9.3b) crosscut by several discrete alkaline dykes. This vein, with an average width of 2 cm

and a strike of 057°, has a granular, felsic (89 %) consertal texture dominated by fine- to

medium-grained plagioclase (andesine-oligoclase) and quartz. Deformed plagioclase

crystals plus branching bands and elongate domains of finely recrystallised quartz are

common parallel to the vein margin, giving this sample a more sheared texture than that of

sample 76541. Fine-grained mafic crystalaggregates, up to 1 mm in diameter, are dominated

by clinopyroxene (5 %) and Fe-oxides (4 %). Biotite (1 %), apatite (1 %), sphene (<1 %),

carbonate (<1 %) and perthite are minor phases.

Sample 76543 is from a felsic vein immediately adjacent to Bandits Hut. This 35 m

long veinvaries in width from 3 mmto 3 cm, trendstowards 065°, and tapers to a fine point at
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each end. It is also dominated (84 %) by deformed plagioclase (andesine-oligoolase) and

medium-grained plus finely recrystallised quartz. Grain boundaries of the felsic minerals are

irregular and intergrown. Mafic phases include biotite (<1 %), clinopyroxene (10 %), Fe-

oxides (2 %) and intergrown sphene and ilmenite (<1 %). Fe-oxides occasionally form

distinctive trellis structures. Alkali feldspar (4 %) and apatite (<1 %) are minor constituents.

9.4.4 Mottled Norite:

The Mottled Norite, a medium-grained orthocumulate with similar mineralogy to the

Homogeneous Norite, is distinguished predominantly by large, evenly distributed,

glomerocrysts of granophyric quartz and feldspar (Seitz, 1991), and bytownite rather than

andesine plagioclase compositions. It occurs as a 70 m wide central east-west band within

the Homogeneous Norite on Barrier Island.

Felsic segregations are less common within the Mottled Norite than within the

Homogeneous Norite, and tend to be more irregular in shape with less well defined host

rock contacts. Thin mm-wide late quartz veins crosscut both the Mottled Norite and the felsic

segregations, often at right angles to the latter and extending for several metres through the

norite.

A felsic segregation vein (sample 76553) within the Mottled Norite on Barrier Island

has a strike of 020° and a variable width of up to 10 cm (Figure 9.3c). The felsic component

(72 %) has a fine-grained, anhedral granular texture dominated by quartz and labradorite

(plus minor alkali feldspar with irregular interlocking grain boundaries) with an average

grainsize of 0.2 mm. Dominant mafic phases (20 %) (Figure 9.4b) include clinopyroxene

(probably aegerine-augite) and fibrous amphibole (altered pyroxene) with fine zircon

inclusions. Minor phases include Fe-oxides (6 %) biotite (<1 %), sphene (<1 %) and apatite

(1 %). Within the felsic vein, fine bands rich in mafic minerals are interspersed with coarser-

grained plagioclase and parallel the norite-vein contact, emphasizing its poorly defined

nature (Figure 9.4c), and implying that norite crystallisation was incomplete at the time of

felsic melt infiltration.Volatile activity associated with the formation of the felsic vein

apparently resulted in hydratlon of immediately adjacent norite and the formation of

abundant intergrown, medium-grained biotite and light green amphibole, similar to that

within the vein itself. Very minor fibrous blue-green amphibole is also due to the uralitisation

of pyroxene.

9.4.5 Group 2 Fe-rich Tholeiite Dykes:

Sample 76549 was collected from a NW-SE striking Group 2 Fe-rich tholeiite dyke

located toward the southwest of Long Peninsula, and crosscut by two Group 3 Fe-rich

tholeiite dykes near the sampling site. This dyke comprises abundant medium-grained dusty

plagioclase (labradorite-andesine) subophitically enclosed by pyroxene (predominantly

clinopyroxene), the latter altering to a combination of green amphibole, biotite and ilmenite.
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Sample 76551 was collected from a sinuous NW-SE striking dyke characterised by a

relatively shallow and variable dip of 30-40° NE, crosscut by later N-S striking lamprophyre

dykes. This dyke is finer-grained than sample 76549, comprising anhedral clinopyroxene

and orthopyroxene interspersed with interlocking ragged plagioclase (labradorite-andesine)

laths. Biotite, amphibole and Fe-oxides form patches and rims of aHeration associated with

pyroxene. Apatite and myrmekite are present in minoramounts. Coarser-grained plagioclase

crystals, up to 1 mm, may be kinked and partly surrounded by myrmekite.

A felsic segregation vein (sample 76560) withinan 8 m wide steeply dipping Group 2

Fe-rich tholeiite dyke on Long Peninsula has an average thickness of 0.5 to 1.5 cm and

extends from one chilled dyke margin to the other. The dyke itself is very similar

petrographically to sample 76549. The felsic segregation has a sheared texture (Figure

9.4d) dominated by finely recrystallised quartz, and slightly coarser-grained irregular-shaped

undulose quartz and plagioclase (84 % felsic minerals). Quartz-feldspar granophyre

dominates the irregular vein-dyke contacts, which are paralleled by thin wispy bands of

ragged biotite (14 %) throughout the vein. Sphene (<1 %), apatite (<1 %) and Fe-oxides (2

%) are also present. Uralitisation of pyroxene in the dyke is most pronounced within a few

mm of the vein margin.

A WNW-ESE (110° strike) Group 2 Fe-rich tholeiite dyke adjacent to Brookes Hut on

Broad Peninsula projects two mylonitised "horns" into the country rock. These linear

projections parallel each of the dyke margins and are crosscut by NW-SE striking (160°) Fe-

rich tholeiite dykes. Sample 76544, collected from the northernmost "horn", comprises

alternating mm-wide felsic and mafic layers. Felsic bands are dominated by very fine,

recrystallised, ribbon-like quartz with thin wisps of biotite parallel to layering. Scattered

apatite, Fe-oxides and patches of carbonate are also present. Mafic layers consist of

abundant very fine-grained hornblende (probably altered clinopyroxene), minor biotite,

quartz, garnet and ilmenite. Scattered, coarser quartz and feldspar grains are anhedral and

slightly strained.

9.4.6 Lamprophyre Dykes:

Sample 76550 was collected from a 0.5 m wide, approximately N-S (173°) striking

alkaline dyke just south of Taynaya Bay on Long Peninsula. This dyke is crosscut by a NW-

SE striking Fe-rich tholeiite dyke and therefore predates the intrusion of the Group 3 Fe-rich

tholeiites. It falls into the olivine-poor (Delor and Rock, 1991) alkaline lamprophyre (Seitz,

1991) category and has a porphyritic texture, with subhedral oscillatory zoned phenocrysts

of brown clinopyroxene up to 2 mm long. The texture is also slightly glomeroporphyritic due

to occasional aggregates of coarse-grained clinopyroxene. Ocelli of carbonate and sieve-

textured alkali feldspar are common and may also contain clots of fine-grained light green

amphibole. Biotite, ilmenite and brown clinopyroxene comprise the fine- to medium -grained

groundmass.
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No felsic segregations were located in any of the alkaline dykes examined on Long

Peninsula.

9.4.7 Group 3 Fe-rich Tholellte Dykes:

Group 3 Fe-rich tholeiite dykes comprise medium- to coarse-grained, dusty brown

labradorite-andesine laths subophitically enclosed by either single crystals or glomerocrysts

of fine- to medium-grained anhedral to subhedral, commonly twinned, clinopyroxene. Some

fine crystals of plagioclase are completely enclosed within pyroxene. Alteration rims around

clinopyroxene include biotite, chlorite, green amphibole and coarse-grained ilmenite, and

are most pronounced adjacent to the felsic segregation veins.

Sample 76554 was collected from an 037° striking felsic vein within a 12-15 m wide,

143° striking dyke on Long Peninsula, just southwest of Barrier Island. Both the dyke and

the vein are crosscut by a younger, approximately N-S oriented, dyke (Figure 9.3d). The

vein itself extends across the width of the dyke and ranges in thickness from <2 mm to 2 cm.

It is dominated (90 %) by feldspar and quartz, the latter occurring as either medium-grained

undulose interlocking grains or finely recrystallised domains, giving the rock a sheared

texture. Common granophyric intergrowths of quartz and feldspar often surround andesine

laths and dominate the vein-dyke contact. Scattered ragged biotite crystals (9 %), with

abundant zircon inclusions, generally form thin elongate bands parallel to the dyke-vein

contact. Minor phases include carbonate (<1 %, may enclose fine-grained biotite), apatite

needles (1 %), Fe-oxides (<1 %) and sphene (<1 %).

Sample 76555, from a 3 cm wide vein within the same dyke (Figure 9.3e), was

collected 10 m NNE of the previous sample. It is similar in terms of both field occurrence and

petrography, but nnore commonly contains granophyric intergrowths of quartz and feldspar,

often surrounding and/or radiating out from andesine crystals, and once again dominating

the dyke-vein contact (Figure 9.4e). Coarser-grained euhedral apatite (1 %) plus minor

amphibole (<1 %) intergrown with biotite (8 %) are also present.

9.4.8 Group 4 Fe-rich Tholeiite Dykes:

Group 4 Fe-rich tholeiite dykes have a medium-grained doleritic texture

characterised by dusty brown plagioclase laths (labradorite-andesine) subophitically

enclosed by 0.5 to 1 mm sized clinopyroxene crystals. The latter have alteration rims of

amphibole, chlorite and biotite. Plagioclase glomerocrysts, of up to 8 mm, are scattered

through the dyke. Ilmenite is often associated with alteration minerals, especially biotite, with

which it is sometimes intergrown, particularly adjacent to the dyke-vein contact. Apatite

needles are relatively rare.

Linear felsic segregations are common within a 15 m wide NNE-SSW (023°) striking

dyke on Bandits Island, occurring at regular intervals of 4-5 m, and occasionally even less

than 1 m. Sample 76540 was collected from one such segregation of variable width (2 mm to

3 cm) (Rgure 9.3f), which extends from insidethe eastern dyke margin to within 0.5 m of the
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Figure 9.3: Sampling sites for the felsic segregation veins used in this study: a) & b)
Samples 76541 and 76542 (respectively) crosscut the Homogeneous Norite on Bandits island; c)
Sample 76553 extends through the Mottled Norit® of Barrier Island; d) &e) Samples 76554 and 76555
(respectively) were collected from a single Group 3 Fe-rich tholeiite dyke in the northeast of Long
Peninsula. AGroup 4 Fe-rich tholeiite dyke is shown crosscutting sample 76554; and f) Sample 76540
(left) is one of many felsicveins within a Group 4 Fe-richtholeiite dyke located on Bandits Island.
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Figure 9.4: Photomicrographs of: a) the well-defined dyke {right)-vein (left) cx)ntact of sample 76541 from the Homogeneous Norite; b) mafic aggregates within the
felsic segregation vein of sample 76553 from the Mottled Norite; c) the dyke (right)-felsic vein (left) contact of sample 76553 from the Mottled Norite, paralleled by fine bands of
mafic aggregates within the felsic vein; d) the more irregular dyke (right)-vein (left) contact within the Group 2 Fe-rich tholeiite sample 76560 showing the sheared texture ofthe
felsic segregation (crossed polars); e) the quartz-feldspar granophyre-dominated dyke (right)-felsic vein (left) contact ofGroup 3 Fe-rich tholeiite sample 76555 (crossed polars);
and f) the sharp contact between the felsic vein (left) and enclosing dyke (right) of Group 4 Fe-rich tholeiite sample 76540. Approximate dyke-vein cx}ntacts are indicated by
broken lines. Mineral abbreviations: Q » quartz; P - plagioclase; A• amphibole; B= biotite; C= clinopyroxene; G• granophyre; Cl - chlorite; F « Fe-oxide; S » sphene; Scale: 9
mm » 1 mm inall photos except b) where 9 mm - 0.5 mm.



western margin. Although it has numerous "steps" and "branches", dyke-vein contacts are

always sharp and well-defined. The segregation vein comprises medium- to coarse-grained

quartz and plagioclase (andesine) plus abundant granophyric intergrowths of quartz and

feldspar (86 % felsic minerals). Mafic phases include green amphibole (3 %) which appears

to be a product of pyroxene uralitisation and is often associated with fibrous chlorite (7 %),

sphene (2 %) and ilmenite (<1 %) intergrowths, and lesser biotite (<1 %). Mafic aggregates

range up to 3 mm across. Alkali feldspar and apatite needles (2 %) are minor constituents.

Immediately adjacent to the felsic vein the dyke is extensively altered, with clinopyroxene

crystals completely replaced by chlorite and amphibole. There is also a marked increase in

the abundance of biotite (Figure 9.4f).

9.5 GEOCHEMISTRY OF THE FELSIC SEGREGATION VEINS:

The major and trace element geochemistry of the felsic segregation veins and their

host dykes are presented in Table 9.2. The felsic veins are interpreted to be the

differentiated products of the mafic dykes, formed when cooling cracks were infilled by

interstitial melt drawn from the largely crystallised mafic dykes. The melt drawn into the cracks

was probably in equilibrium with the crystallising phases, orthopyroxene and/or

clinopyroxene and plagioclase, within the mafic dykes at the time of vein fonnation. Isolation

of the melt and its progressive crystallisation in the cracks resulted in Si02 enrichment and

the crystallisation of phases including quartz and plagioclase. Enrichment of the residual

melt in incompatible components and volatile phases such as water resulted in the late-stage

crystallisation of biotite and amphibole, due in part to reactions involving earlier formed

pyroxenes, such as:

CaMgSi206 + CaAl2Si208 + 3MgSi03 + H2O = Cap(Mg4AI)(St7AI029)(0H)2 (1)

(clinopyroxene + plagioclase + orthopyroxene + water = amphibole)

3MgSi03 + KAISiaOs + H2O= KMg3(Si3AIOio)(OH)2+ 3Si02 (2)

(orthopyroxene + K-feldspar + water = biotite + quartz)

The comparative chemistry of the veins and their host dykes (Table 9.2; Figure 9.5)

is supportive of the idea that the felsic veins represent late stage differentiates. The veins

are depleted in V, Sc, Ni and Cr, all of which are compatible elements with respect to the

liquidus phases present in the dykes at the time of vein formation. Although they are also

generally enriched in incompatible elements relative to their host dykes, as would be

expected from the crystallisation of late-stage melt, there are some relative incompatible

element depletions in the veins which require explanation, most probably by late-stage fluid

loss.
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.uelementgeochernistryofallmaficdykeandfelsicveinsampleswhichyieldedzirconsforionmicroprobeanalysis.DetailsofXRFanalysis usir^thePhilipsPW1410spectrometer,areoutlinedinAppendix2.DuetoahighBrcontent(450ppm),whichinterferedwiththeXRFanalysisofbothUandThnoUvalueis
availableforsample76560anditsThcontent(10ppm)isonlyanapproximatevalue.
Mg#-100atomcMg/(Mg+Fe*)where-FeO+(0.89984xFe203);Fe203/Fe0-0.15forthemaficdykeCIPWnormativecalculations;LOI-LossonIgnition;(MS)after
wrrespondinganalysissamplenumbersindicatesthatthegeochemicalresultspresentedherewereperformedbySeitz(1991);correspondingsamplesarehousedinthe
GeologyDepartment,UniversityofTasmaniarockcollection.
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Tabis 9.2: (continued)

Sample No: 765S1 76544 76560 76560 76550 76554 76554 76555 76540 76540
Sample: Qrx4> 2 Fe-rlch Mylonltlsed

CM

1

Segregatkm Lamprophyre (3roi4>3 Fa-rich Segregation Segregation Qfoup 4 Fe-rlch Segregation
tholeilte Qrotp 2 Fe-ricb tholeUte vein thdellte vein vein tholellte vein

Correapondlng Ihdelite

analyele (MS): 71912 (MS) 71975 (MS) 71979 (MS)
Ua)or Elemente (wt %):
SIO2 52.06 70.44 50.81 69.34 41.50 49.52 74.59 74.22 49.54 74.41
TIO2 1.64 0.55 1.17 0.36 4.94 0.84 0.20 0.18 1.33 0.53
AI2O3 13.70 12.82 14.46 13.01 7.75 13.69 13.12 13.35 14.53 13.10
Fe203 15.49 4.23 13.54 3.61 13.79 11.35 1.94 2.15 12.42 1.83
FeO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.23 0.06 020 0.05 0.16 0.18 0.04 0.03 0.20 0.03
MgO 4.B9 1.29 6.98 1.39 14.20 7.90 0.66 0.62 7.70 0.79
CaO 9.47 4.48 10.84 4.70 8.63 12.70 1.94 1.90 11.91 3.40
NaaO 2.55 3.38 2.11 4.61 1.89 1.87 3.96 4.01 1.90 4.70
K2O 0.77 0.62 0.17 0.75 3.98 0.24 2.77 2.69 0.35 0.15
P2O5 0.17 0.10 0.09 0.08 0.64 0.06 0.06 0.06 0.13 0.13
LOI -0.27 1.75 -0.40 1.80 2.42 0.08 0.45 0.36 0.11 0.50
Total 100.70 99.70 99.97 99.68 99.90 98.43 99.69 99.56 100.12 99.57

Mq* 38.47 37.65 50.52 43.17 67.10 57.95 40.32 36.35 55.11 46.09
FeO* 13.94 3.81 12.18 3.25 12.41 10.21 1.74 1.93 11.18 1.65

Trace Elemente (ppm):
Ba 167 211 49 454 1262 52 1203 1754 127 188
Ft) 39 19 5 28 106 7 24 24 14 2
Nb a 9 4 9 79 3 9 7 8 13
Sr 146 179 104 215 897 124 173 183 158 212
Zr 123 165 70 149 419 50 200 208 90 223
Y 37 13 26 10 25 20 17 15 30 21
La 15 28 3 65 57 5 71 74 10 44
Ce 30 49 10 119 135 <5 127 138 22 84
Nd 20 16 9 37 67 7 44 48 14 31

26 16 95 27 503 65 7 16 88 4
Or 24 17 201 21 663 215 4 5 378 7
V 359 75 361 68 284 296 24 28 306 45
So 46 9 50 10 20 49 4 4 51 6
Pb 6 6 2 9 14 2 9 2 3 20
Tb 7 5 2 10 8 2 15 2 4 17
U 2 2 <1.5

- 2 1.5 2 1.5 <16 4
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Figure 9.5: Trace element abundance patterns for the various late stage felsic segregation
veins normalised to the relative abundances in the host dykes (data from Table 9.2).
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The reaction of water-rich melt/fluid with the walls of the segregation veins can

explain both the relative deficiency of certain incompatible elements in the veins and the

occurrence of abundant hydrous and other late-stage mineral phases immediately adjacent

to the dyke-vein contacts. The late-stage growth of biotite and amphibole in the wall-rocks

adjacent to the segregation veins, the latter occurring mainly as a product of pyroxene

alteration (equation 1), may account for relative Rb and K depletion within the segregation

veins in all dyke generations. Slight Ba depletion in some segregation veins could also be

attributable to biotite crystallisation. Abundant ilmenite, often intergrown with sphene and/or

biotite at the dyke-vein contacts, could account for the relative Ti depletion of many

segregations, except for those in the Mottled Norite. Late crystallisation of accessory apatite,

also observed in the region of the dyke-vein contact, may have caused relative depletions of

P in all dyke generations, and possibly Y depletion in the Fe-rich tholeiites. Alternatively,

apatite crystallisation in the dykes priorto, and at the time of, vein formation may have been

responsible for the removal of elements such as P and Yfrom the melt. Likewise, Th and Pb

depletion, in segregation vein sample 76555 for example, plus Pb depletion in the

Homogeneous Norite segregations could be related to sphene crystallisation. However, Pb

and Ba depletion in the latter may also be related to the late-stage development of

plagioclase - K-feldspar intergrowths representing late-stage exsolution textures within the

norite immediately adjacent to the contact.

It should be noted that the separation of felsic vein material for analysis required that

material immediately adjacent to the dyke-vein contact be discarded in order to avoid wall-

rock contamination. This sampling bias may be responsible for some of the measured

incompatible element depletions as the peripheral vein material is often dominated by very

late-stage crystallisation products.

In summary, the petrology and geochemistry of the felsic veins, which occur within

several generations of the Vestfold Hills dykes, is consistent with their derivation from the

surrounding mafic magma. Primary magmatic zircons within the segregation veins therefore

yield minimum ages for dyke crystallisation.

9.6 ISOTOPIC RESULTS:

Table 9.3 contains 204pb-corrected data for all analysed zircons. Errors associated

with the 207pb/206pb ratios in Table 9.3 are the products of counting statistics, and are

underestimated in certain cases, most notably in zircons with high U contents. Errors

associated with the mean 207pb/206pb ages presented in the concordia diagrams (Figure

9.7) and text are the result of weighted mean calculations. Free-line regressions, performed

on data sets used to derive dyke emplacement ages, all passed within error of the zero point

of concordia indicating that any Pb loss occurred only in recent times, and that the samples
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Table 9.3: ion microprobe U-Th-Pb zircon data; SHRIMP analytical methods are described inAppendix 2.
Note: @represents data excluded from the mean 2a7pb/206pb emplacement age calculations; # refers to data included in the mean 207pb/206pb xenocryst age calculation;
refers to xenocrystdata excluded from the mean xenocryst age calculation; f206's proportion of common 206pb to total 206pb.

Grain area U Th Th/U 206pb/204pb f206 206p|,/238u 207pj,/235u 207pb/208p|, 7/6 Pb age
(ppm) (ppm) (±1o) (Ho) (Ho) (1 1o)

Group 1 HIgh-Mg tholellte (76562)
62.2@ 808 1274 1.58 67 0.2323 0.0533±0.0018 0.74210.061 0.101010.0070 16441136

Group 1 Hlgh-n Fe-rlch tholellte 1(76567):
36.1® 120 56 0.47 19589 0.0009 0.1633±0.0055 1.70710.079 0.075810.0021 1090157

Group 2 HIgh-Mg tholellte (76561)
61.1® 295 199 0.68 14631 0.0012 0.0639±0.0021 0.48910.036 0.056010.0030 4341142

Homogeneous Norlte (76541):
1.1 4213 15631 3.71 401606 0.0000 0.4527±0.0149 8.78310.291 0.140710.0001 223611
2.1 3457 7776 2.25 41237 0.0004 0.4332±0.0143 8.42110.280 0.141010.0002 224012
3.1 2965 6633 2.24 510204 0.0000 0.424410.0140 8.24510.273 0.140910.0002 223812
4.1 2669 5514 2.07 980392 0.0000 0.433510.0143 8.44010.280 0.141210.0002 224212
5.1 2456 5551 2.26 172712 0.0001 0.444110.0147 8.66910.288 0.141610.0002 224712
6.1 3473 10036 2.89 156006 0.0001 0.447310.0148 8.69410.288 0.141010.0001 223912
7.1 3645 9442 2.59 406504 0.0000 0.440010.0145 8.58710.285 0.141510.0002 224612
8.1 3551 7916 2.23 80906 0.0002 0.453610.0150 8.75310.290 0.140010.0002 222712
9.1 2942 8448 2.87 46598 0.0003 0.454510.0150 8.86210.294 0.141410.0002 224512
10.1 2913 5575 1.91 37879 0.0004 0.450710.0149 8.69810.289 0.140010.0002 222712
109.1 2623 6571 2.51 1282051 0.0000 0.438110.0145 8.58910.285 0.142210.0002 225412
Homogeneous Norlte (76542):
94.1 2541 8966 3.53 173310 0.0001 0.386010.0128 7.48810.249 0.140710.0002 223613
95.1 2461 7780 3.16 540541 0.0000 0.409710.0135 7.99010.266 0.141510.0002 224512
96.1 1316 3850 2.93 29630 0.0005 0.431810.0143 8.42610.280 0.141510.0002 224613
97.1 4362 12688 2.91 24820 0.0006 0.426310.0141 8.31710.276 0.141510.0002 224612
98.1 3256 14269 4.38 138504 0.0001 0.427410.0141 8.30810.276 0.141010.0002 223912
99.1 2974 5272 1.77 156250 0.0001 0.430010.0142 8.38610.278 0.141410.0002 2245dt2
100.1 2365 8599 3.64 250000 0.0001 0.438010.0145 8.58710.285 0.142210.0002 225412
101.1 2017 6836 3.39 123762 0.0001 0.405810.0134 7.90410.263 0.141310.0002 224313
103.1 2351 8326 3.54 2272727 0.0000 0.425710.0141 8.33410.276 0.142010.0002 225112
104.1 2044 5496 2.69 374532 0.0000 0.446410.0147 8.73110.290 0.141910.0002 225012
105.1 5925 4871 0.82 1562500 O.oooo 0.445610.0147 8.71510.289 0.141910.0001 225011
106.1 5331 33906 6.36 161031 0.0001 0.437510.0144 8.36510.277 0.138710.0001 221112
107.1 5249 7609 1.45 787402 0.0000 0.449810.0148 8.77110.291 0.141410.0001 224512
108.1 1093 2753 2.52 33693 0.0004 0.412410.0136 8.04010.268 0.141410.0003 224414
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Table 9.3: (continued)

Grain area U Th Th/U 206pb/204pb '206 206pb/238u 207pb/235u 207pb/206p b 7/6 Pb age
(ppm) (ppm) (±1o) (±1o) (11a) (1 1o)

Homogeneous Nortte (76543):
S8.1@ 251 400 1.60 1824 0.0085 0.1829±0.0061 2.85810.106 0.113310.0015 1853124
89.1® 220 314 1.43 4797 0.0030 0.2733±0.0091 5.60910.197 0.148910.0012 2333114
90.1® 169 414 2.45 3205 0.0048 0.1300±0.0043 2.12110.083 0.118310.0020 1931130
91.1* 69 35 0.50 6416 0.0021 0.4612±0.0156 10.88110.396 0.171110.0017 2568117
92.1® 113 48 0.43 4725 0.0033 0.3039±0.0102 4.62810.187 0.110410.0021 1807135
93.1# 263 348 1.32 257732 0.0000 0.4684±0.0156 10.47510.356 0.162210.0006 247917

Mottled Norlte (76553):
37.1 2291 2907 1.27 1333333 0.0000 0.417110.0138 8.07710.269 0.140510.0002 223313
38.1 2168 1274 0.59 139665 0.0001 0.401710.0133 7.82510.261 0.141310.0003 224313
39.1 3061 3008 0.98 45537 0.0003 0.424010.0140 8.20910.273 0.140410.0002 223313
40.1 3541 3335 0.94 319489 0.0001 0.411910.0136 8.03910.268 0.141510.0002 224613
41.1® 2108 4850 2.30 34294 0.0004 0.219310.0072 3.28310.110 0.108610.0002 177614
42.1 2116 1299 0.61 117925 0.0001 0.382510.0126 7.45610.249 0.141410.0003 224414
43.1 1553 1545 1.00 425532 0.0000 0.380210.0126 7.47110.250 0.142510.0004 225815
44.1 3676 2787 0.76 3333333 0.0000 0.391810.0129 7.60210.253 0.140710.0002 223613
45.1 1261 112 0.09 66934 0.0002 0.462510.0154 8.81010.299 0.138110.0005 220417
46.1 5200 4985 0.96 164745 0.0001 0.403710.0133 7.80410.259 0.140210.0002 223012
47.1® 830 284 0.34 43706 0.0003 0.384310.0127 7.16710.242 0.135210.0005 216716
48.1 947 1061 1.12 110865 0.0001 0.407010.0135 7.81810.261 0.139310.0003 221914
49.1 1999 929 0.47 102041 0.0001 0.424010.0140 8.31010.278 0.142110.0003 225314
50.1 3255 931 0.29 309598 0.0001 0.405510.0134 7.92310.263 0.141710.0002 224813

Group 2 F»-rtch tholallto (76560):
63.1# 182 103 0.56 101112 0.0001 0.479310.0160 10.76610.373 0.162910.0009 248619
64.1# 172 98 0.57 49652 0.0003 0.463910.0156 10.41110.372 0.162810.0014 2465115
65.1* 163 63 0.38 8217 0.0017 0.505810.0170 12.48710.436 0.179110.0011 2644110
66.1# 1059 322 0.30 684932 0.0000 0.479910.0159 10.73910.358 0.162310.0003 248013
67.1# 264 134 0.51 124378 0.0001 0.469110.0156 10.52410.361 0.162710.0008 248418
68.1* 1341 252 0.19 73153 0.0002 0.500710.0166 12.27710.410 0.177810.0003 263313
110.1 1001 353 0.35 3080 0.0050 0.292110.0096 4.25110.144 0.105510.0004 172317
111.1 1088 233 0.21 2846 0.0055 0.289810.0096 4.23810.143 0.106110.0004 173317
112.1 791 154 0.20 10255 0.0015 0.323210.0107 4.82210.162 0.108210.0003 176915
113.1 1280 256 0.20 2953 0.0053 0.306110.0101 4.49910.151 0.106610.0004 174216
114.1 715 122 0.17 1789 0.0087 0.314510.0104 4.65110.160 0.107310.0007 1754112
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Table 9.3: (continued)

Grain area U Th Th/U 206p|,/204p5 *206 206p|,/238(j 207pb/235u 207p|,/206pb 7/6 Pb age
(PPm) (ppm) (±1o) (Ho) (Ho) (± 1o)

Group 2 Fe-rich tholellte (76549):
58.1 406 1023 2.52 37821 0.0004 0.3169±0.0105 4.74310.165 0.108510.0007 1775112
59.1 767 1182 1.54 505051 0.0000 0.3199±0.0106 4.78210.162 0.108410.0005 177318
60.1 950 1308 1.38 64433 0.0002 0.3213±0.0160 4.77910.161 0.107910.0004 176416
Group 2 Fe-rich tholellte (76551):
57.1@ 67 46 0.69 6937 0.0023 0.3035±0.0104 4.10410.189 0.098910.0026 1604150

Mylonltlsed Group 2 Fe-rlch tholellte (76544):
51.1@ 339 243 0.72 35149 0.0005 0.0769±0.0025 0.59410.027 0.056010.0015 454160
51.2@ 421 326 0.77 27847 0.0007 0.0817±0.0027 0.64310.029 0.057110.0015 495161
52.1 220 95 0.43 6328 0.0025 0.3321±0.0111 5.17510.189 0.113010.0012 1849120
53.1 465 204 0.44 840336 0.0000 0.3240±0.0108 4.94710.169 0.110710.0006 181219
54.1 553 390 0.71 7035 0.0022 0.3120±0.0103 4.90810.171 0.114110.0008 1866113
55.1® 146 89 0.61 4696 0.0034 0.2606±0.0087 3.47010.136 0.096610.0016 1559132
56.1# 426 856 2.01 14678 0.0010 0.462910.0154 10.32510.349 0.161810.0006 247416

Lamprophyre (76550):
102.1® 108 73 0.68 5069 0.0033 0.183910.0061 1.87210.101 0.0738±0.0028 1037179

Group 3 Fe-rlch tholellte (76554):
12.1# 326 509 1.56 53220 0.0003 0.472810.0157 10.50210.357 0.161110.0007 248717
14.1* 843 612 0.73 14599 0.0009 0.521010.0172 13.63910.456 0.189910.0004 274114
15.1* 631 40 0.06 19516 0.0007 0.467010.0155 11.03810.371 0.171410.0005 257115
16.1 861 1655 1.92 31516 0.0005 0.236510.0078 2.85210.097 0.087510.0004 137118
19.1 1415 3886 2.75 62461 0.0003 0.237310.0078 2.87310.096 0.087810.0003 137816
20.1 745 2196 2.95 6667 0.0025 0.240110.0079 2.93210.100 0.088610.0005 1395110
21.1 1127 2664 2.36 4179 0.0039 0.222310.0073 2.65910.091 0.086810.0004 1355110
25.1 910 1821 2.00 6722 0.0024 0.231110.0076 2.76810.095 0.086910.0005 1357111
26.1 1566 4844 3.09 23815 0.0007 0.224010.0074 2.70910.091 0.087710.0003 137617
28.1 1805 2357 1.31 61312 0.0003 0.253610.0084 3.07610.103 0.088010.0002 138214
29.1 996 1957 1.96 16844 0.0010 0.230310.0076 2.81410.095 0.088610.0004 139618
30.1 986 2660 2.70 29735 0.0005 0.252210.0083 3.07510.104 0.088410.0003 139117
33.1® 795 1980 2.49 1235 0.0132 0.219010.0072 2.86710.103 0.095010.0010 1527120
34.1 1302 3707 2.85 17838 0.0009 0.235610.0078 2.88310.097 0.088710.0003 139918
69.1# 310 485 1.57 4242 0.0033 0.455110.0152 10.13110.351 0.161410.0010 2471110
70.1# 176 207 1.18 62305 0.0002 0.458710.0154 10.26310.362 0.162310.0012 2479113
71.1# 227 93 0.41 26838 0.0005 0.436610.0146 9.76510.339 0.1622t0.0010 2479110
72.1* 868 19 0.02 14872 0.0009 0.519510.0172 13.52010.452 0.188810.0004 273114
73.1* 1094 67 0.06 56022 0.0002 0.474410.0157 11.55610.386 0.176710.0004 262214
74.1# 212 237 1.12 44248 0.0003 0.466010.0156 10.45010.361 0.162610.0009 248319
75.1 1430 2488 1.74 761 0.0214 0.249110.0082 3.00510.107 0.087510.0009 1372119
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Table 9.3: (continued)

Grain area U Th Th/U 206pb/204p b '206 206pb/238u 207pb/235u 207pb/206pb 7/6 Pb age
(ppm) (ppm) (±1o) (Ho) (11a) (1 la)

Group 3 Fe-rich ttiolellte (76555):
76.1 972 1916 1.97 5901 0.0028 0.2363±0.0078 2.882t0.099 0.088510.0005 1393111
TTA 1548 299 0.19 3381 0.0048 0.223310.0074 2.68410.092 0.087210.0005 1364112
78.1 2280 302 0.13 14162 0.0012 0.258710.0085 3.12210.105 0.087510.0003 137217
79.1 • 459 143 0.31 4030 0.0034 0.429810.0143 10.2910.3497 0.173810.0007 259417
80.1 1813 299 0.17 4025 0.0041 0.222710.0074 2.69410.091 0.087710.0004 137719
si.r 887 1103 1.24 12607 0.0012 0.385210.0128 7.32810.247 0.138010.0005 220216
82.1 1235 2702 2.19 4820 0.0034 0.217410.0072 2.66710.091 0.089010.0005 1404111
83.1 1905 1104 0.58 2084 0.0078 0.234010.0077 2.78810.095 0.086410.0005 1347111
84.1 988 1638 1.66 444 0.0368 0.236110.0078 2.73810.107 0.084110.0014 1295134
85.1 1719 231 0.13 2534 0.0064 0.247210.0082 2.95910.101 0.086810.0005 1357111
86.1 1426 2997 2.10 9560 0.0017 0.248410.0082 3.04010.103 0.088810.0004 139918
87.1 1593 215 0.14 1466 0.0111 0.233910.0077 2.85410.098 0.088510.0005 1393111

Group 4 Fe-rich tholellte (76540):
11.1 1085 767 0.71 13759 0.0012 0.214310.0071 2.41610.082 0.081810.0004 124019
13.1 1496 1414 0.95 17114 0.0010 0.204910.0068 2.28810.077 0.081010.0003 122119
17.1® 1490 1365 0.92 132979 0.0001 0.207110.0068 2.31110.078 0.080910.0002 122016
18.1 1973 1729 0.88 15936 0.0010 0.210310.0069 2.38010.080 0.082110.0003 124817
22.1 1714 1465 0.86 4528 0.0037 0.191810.0063 2.13210.074 0.080610.0006 1213114
23.1 1534 1344 0.88 16787 0.0010 0.203910.0067 2.30210.078 0.081910.0003 124318
24.1 1250 890 0.71 6985 0.0024 0.208210.0069 2.35410.080 0.082010.0004 1245110
27.1 1844 1698 0.92 549451 0.0000 0.202010.0067 2.27410.076 0.081610.0003 123616
31.1 1410 1069 0.76 3028 0.0055 0.201610.0067 2.26910.078 0.081610.0005 1236113
32.1 1936 1731 0.89 32852 0.0005 0.204510.0067 2.30410.077 0.081710.0003 123916
35.1® 2162 1679 0.78 6039 0.0028 0.189410.0063 2.10510.072 0.080610.0004 1212110
115.1 1734 1489 0.86 5579 0.0030 0.206610.0068 2.33410.079 0.081910.0003 124417
116.1 1678 1467 0.87 31153 0.0005 0.209410.0069 2.37110.080 0.082110.0002 124816
117.1 1658 1325 0.80 13714 0.0012 0.210310.0069 2.37810.080 0.082010.0002 124515
118.1 11271 6011 0.71 4185 0.0040 0.344910.0114 3.88210.133 0.081610.0005 1237112
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Mnr-rto Of characterfetic primary magmatic zircons used to date the foilowing dyke suites: a) Homogeneous Norrte (sample 76541); b) Mottled
WRAm IfY ♦ Group 2Fe-nch tholeiites (sample 76560 -gram 65 is axenocryst); d) Group 3Fe-rich tholeiites (sample 76554); e) Group 4Fe-rich tholeiites (sample76540), plus f) Xenocrysts (sample 76554). Analysed zircons are numbered -refer to Table 9.3 for corresponding U-Th-Pb data; Scale: 16 mm =100 pm.
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Figure 9.7: 207pjj/235u versus 206pb/238u concordia plots for zircon analyses from: a)
felsic segregation veins within the Homogeneous and Mottled Norites; b) a felsic segregation vein
(76560), a mafic dyke sample (76549) and a mylonitised dyke sample (76544) from the Group 2 Fe-rich
tholeiites; c) two felsic segregation veins within a Group 3 Fe-rich tholeiite dyke; d) a felsic
segregation vein within a Group 4 Fe-rich tholeiite dyke; and e) xenocrystic zircons belonging to
various dyke suites (refer to text) - shaded grains were not included in the calculation of the mean
207p5/206pjj xenocryst age.
Data points are displayed as one sigma error boxes. Zircon outlines exhibit typical crystal shapes of
grains used toobtain the quoted mean 207p5/206pb gggg (^ro sigma error).
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can therefore be validly dated using the 207pb/206pb ages, quoted at the 95 % confidence

level.

9.6.1 Successfully Dated Dyke Suites:

9.6.1.1 Homogeneous Norite:

Felsic segregation samples 76541 and 76542 contain colourless, relatively

equidimensional, euhedral zirconcrystals with a simplefacetted morpfxjiogy interpreted to

be of primary magmatic origin, no visible internal zoning and only rare inclusions (Figure

9.6a). Zircons from sample 76541 range from -60 to 80 |im, and those from sample 76542

range from -70 to 100 pm in diameter. Sample 76542 also contains a number of more

anhedral to subhedral zircons with length:breadth ratios ranging up to 2.5:1. Sample 76541

zircons have high U (2456 - 4213 ppm) and Th (5514 - 15631 ppm) contents; those from

sample 76542 display an even greater range of U (1093 - 5925 ppm) and Th (2753 - 33906

ppm). All twenty-five zircon analyses from samples 76541 and 76542 cluster around

concordia (Figure 9.7a) with a mean 207pb/206pb emplacement age of 2241 ±4 Ma. No

zircon xerxxsysts were found in either of these samples.

Zircons from felsicsegregation sample 76543 lack the simple euhedral nxrrphology

of the previous two samples, ranging from rouixied, anhedral or broken, irregular grains to

complexly facetted crystals. Many display internal zoning withdark metamict cores, which

were avoided duringanalysis; others are compldely discoloured. Grainsize is highlyvariable

(40 to 315 pm) with lengthibreadth ratios of up to 3.5:1. These zircons also have distinct

chemistry, with low U (69 - 263 ppm) and Th (35 - 414 ppm) contents. Due to their

morphology, lowU and Th contents and Archaean or highly discordant younger ages, all of

the analysed zirconsfromsample 76543 are considerBd to be xenocrystic and/or isotopically

reset.

9.6.1.2 Mottled Norite:

Zircons from segregation vein sample 76553 are generally colourless to slightly

discoloured, with irregular to subhedral shapes, ragged to slightly embayed edges and

abundant inclusions (Figure 9.6b). Grainsize ranges from -80 to 200 pm, with

length:breadth ratios from 1:1 to 2.6:1. U (947 - 3676 ppm) and Th contents (112 - 4985

ppm) are highly variable.

Twelve ofthe fourteen zircon analyses define a mean207pb/206pb age of2238±7

Ma (Figure 9.7a), interpreted as the time of crystallisation of the felsic vein. This age, within

error of the Homogeneous Norite zircon age, is consistent with an interpretation of

contemporaneous Homogeneous and Mottled Norite intrusion, as indicated bytheirfield

relatbnships (Seitz, 1991).

The most euhedral grain (analysis 41.1; not shown in Rgure 9.7a) is over 50 %

discordant, and was excluded from the emplacement age calculation. It is a relatively clear

zircon, with U (2108 ppm) and Th (4850 ppm) contents comparable to the more concordant
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grains, butwith the highest Th/U ratio (2.30) and common Pbcontent. Its 207p5/206pb gge

of 1776±4 Ma, lower concordia intercept of -700-800 Ma and its position above the

extension of the other analyses implies a more conplex historyof Pb bss.

Analysis 47.1 was also excluded from the age calculation. It is rtormally discordant

(although to a lesser extent than analysis 41.1) and plots above the alignment defined by

the remaining analyses. Although thisirregular ragged grainis morphologically indistinct from

the more concordant grains, it has the lowest U (830 ppm) and the second lowest Th (284

ppm) contents. This particular analysis was considered to be a statistical outlier and was

excluded from the mean age calculation.

9.6.1.3 Group 2 Fe-rich Tholeiite Dykes:

Felsicsegregationsample 76560containsbothxenocrystic and primary magmatic

zircons, each of which has a distinctive morphotogy. The five analysed magmaticgrains are

generally small (-35 to 130 pm long), dark, and equant to elongate, with length;breadth

ratios up to 3.6:1 and abundant inclusions (Figure 9.6c). Although mostgrainshavefrayed

and brokenends, a fewhave pyramidal terminations. Abundant cracksmayaccountfor their

apparent ease of breakage during mineral separation procedures. Ucontents range from

715 to 1280 ppm, Th contents from 122 to 353 ppm and Th/U ratios from 0.17 to 0.35.

Xenocrystic zircons (Figure 9.6c) are larger(up to at least 180 pm) and more irregular in

shape. Some have slightly corroded irregularedges, others are somewtiat rourxJed. The six

analysed xenocrysts have various U (163 -1341 ppm) and Th (63 - 322 ppm) contents;

common Pb is generallyless than inthe magmaticzircons.

Zircoris from dyke sample 76549 are generally subhedral, slightly discoloured

and/orcracked, and havepyramidal terminations. Ucontents (406 - 950ppm) are generally

lower whereas Th contents (1023 -1308 ppm) and Th/U ratios(1.38 - 2.52)are higher than

those ofthe magmatic zircons from thefelsic segregation (sample 76560). /Ml threeanalyses

from thissample are relatively concordant, considered to be primary magmatic grains, arxJ

were used in the emplacement age calculation.

Eight zircon analyses from samples 76560 and 76549 yield a mean 207p5/206p5

age of 1754±16 Ma(Figure 9.7b), which is regarded as the timeof intrusion ofthe Group 2

Fe-rich tholeiite dykes.

Dyke sample 76551 yielded only one irregular shaped, complexly facetted zircon (130 x

60 pm) with very tow U(67ppm) and Th(46ppm) contents. This reversely discordant grain,

with a 207pj3/206pb 3geof 1604±50 Ma, would plot to the left of the other analyses on
Rgure 9.7b, and was not included inthe mean age calculation.

Seven analyses offive zircons from a mylonitised dyke (sample 76544) on Broad

Peninsula show considerable isotopic complexity. Three analyses (52.1, 53.1 and 54.1)

yield a mean 207p|3/206pij ggg gf 1832±76 Ma (Rgure 9.7b), slightly older than, but within

statistical uncertainty of, the 1754116 Ma emplacement age obtained for Group 2 Fe-rich

tholeiites on Long Peninsula. Two analyses ofthe complexly facetted, euhedral grain 51
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provide a reasonably concordant age of -500 Ma. This grain therefore appears to have

formed at this latertime. Grain 56,a rourrded anhedral xerxxayst. with a 207pty206pb gge of

2474±6 Ma, has a higher Th content (856 ppm) and ThAJ ratio (2.0) than the other mylonite

zircons, whereas the discordant, subhedral grain 55 has the lowest U (146 ppm) and Th (89

ppm) contents, the highest common Pband a 207p|y206pb gge of1559132 Ma.

9.6.1.4 Group 3 Fe-rich Tholeiite Dykes:

Thirty-threezircons were analysed fromtwo felsicveins (samples 76554 and 76555)

withinthe same Group 3 Fe-richtholeiite dyke on Long Peninsula. Primary magmatic and

xenocrystic zircon grains were identified, with the formerdisplayinga similarmorphology

within both samples. Primary magmatic grains in sample 76554 are characteristically

colourless, elongate grains with minor inclusions, pinched middles and bipyramidal

terminations (Figure 9.6d). Average length;breadth ratios range from ~2;1 to 3.6:1, with

lengths of -70 to 130 pm. U (745 -1805 ppm), Th (1655 - 4844 ppm) and ThAJ ratios (1.31 •

3.09) are variable. Twelve of the twenty-one analysed zircons from sample 76554 are

considered to represent primary magmatic grains. Eleven of these produce a mean

207pjy206pb emplacement age of 138118 Ma. Theonly analysis (33.1) excluded from the

age calculation has a highercommon Pb component and appears to be more cracked and to

contain more opaque inclusions. Its discordant 207pb/206p5 gge (1527130) may be

indicative of a partially reset, xerxxrysticorigin.

Primary magmatic zircorrs from sample 76555 have a similar pinched morphology

and grainsize to those ofsample 76554, but are commonly more discobured and often have

broken or ragged ends. Although U (972 - 2280 ppm) and Th (215 - 2997 ppm) contents

overlap with those of magmaticzirconfromsample 76554, U contents tend to occupy the

upper end of this range whereas Thcontentsare generally at or beyondthe fower range of

76554 grains. This results inrelatively bw ThAJ ratios(0.13- 2.19)forsample 76555 zircons.

The darker cobur may reflect their slightly higherUcontentsand resultant radiatbn damage

tothe crystal lattbes. Amean 207pb/206p|3 emplacement age of 1378115 Ma was obtained

for sample 76555.

Pooling ofthe indistinguishabte data forprimary magmaticzircons from the twofebb

veins results in a mean 207p|3/206p|p ggg of 138017 Ma (Figure 9.7c) for Group 3 Fe-rich

tholeiite dykes.

The nine xenocrysts from sample 76554 are larger (-70 to 180 pm), relatively

equidimensbnal, subhedral to euhedral grains with more complex crystal facets tfian the

magmatb grains. They are also characterised by very lowTh (19 - 612 ppm) plus generally

lower U (176 -1094 ppm) and Th/U ratios (0.02 - 1.57),although there is some overlap of

both U and ThAJ with the lowerends of the U and ThAJ spectra of the magmatic zircons.

207pb/206pb ages rangefrom 2467to 2741 Ma.

The morphology of the analysed xenocrysts, 79.1 and 81.1, from sample 76555 is

rxjt as obviously distinct from the magmatb zircon nxxphobgy as it is insanpte 76554. Grain
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81 is very anhedral whereas grain 79, although elongate and subhedrai, lacks the pinched

appearance typical ofthe magmatic crystals.

9.6.1.5 Group 4 Fe-rich Tholeiito Dykes:

A segregation vein from a Group 4 Fe-rich tholeiite dyke (sample 76540) yielded

abundant primary magmatic zircons. No xenocrysts were found. Elongate, unzoned, ziroon

grains (Figure 9.6e), 90 - 250 pm long, have length:breadth ratios of up to -7:1. As their

ends are commonly broken, it is not possible to discern whether these grains originally

possessed the bipyramidalterminations characteristic of many magmatic zircons. U (1085 -

11271 ppm) and Th (767 - 8011 ppm) are highly variable, the towest values representing the

most concordant grain (11).ThAJ ratios range from 0.707 to 0.945.

Thirteen of the analyses from sample 76540 yield a mean 207p|3/206pt) age of

1241±5 Ma (Figure 9.7d). Two analyses (17.1 and 35.1), with significantly lower

207pb/206p5 ages, were rejected from the meanage calculation. There is no independent

reason for grain 17 to be excluded, but grain 35 has the second highest U content (2162

ppm)and is more cracked and slightly morediscoloured that the other grains.

Grain 118, yields the most reversely discordant (-40 %) analysis and has by far the

highest U content (11271 ppm). Although one would expect that the crystal latticeof such a

high-Uzircon would be subject to intense radiation damage, resultingin recent Pb loss and

normal discordance, this is infact a surprisingly dear grain with no obvious metamid zones or

cracking. The reverse discordance of this analysis is most probably an analytical effect,

whereby erroneous PbAJ ratios are obtained for high-U zircons on SHRIMP due to an

inappropriate calibration with the tow-U standard SL13 (Black et al., 1991a). Although this

analytical bias may be a contributing factor to the PbAJ ratios of the reversely discordant

analyses, it has noeffed onthe207pt3/206p|3 ggemeasurements which are independent of

machine-induced inter-element fractionation effects such as this. Therefore, reverse

discordance alone is not a reason to exclude analyses such as 118.1 from mean

207pb/206pb age detemiinations.

Another felsic vein sample(76539) collededfrom the same dyke on Bandits Island,

10 m northeast of the previous sample site, was totallydevoid of zircon.

9.6.2 Unsuccessfully Dated Dyke Suites:

9.6.2.1 High-Mg Tholeiite Dykes:

Two High-Mg mafic dyke samples (76562 and 76561) yielded one zircon each,

neither of which provided an emplacement age for either the Group 1 or Group 2 High-Mg

tholeiites, respedively.

Grain 62 (sample 76562) is a 200 x 86 pm, multiply facetted dark grain with a distinct

metamict core and an extremely high common Pb content (206pb/204pb = ©7). No

significance can be placed on its highly imprecise 207ptj/206pb ggeof1644±136 Ma.
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Grain 61 (sample 76561), is a dear but broken euhedral crystal lacking both zoning

and inclusions. It has low U (295 ppm) and Th (199 ppm) contents and a concordant

207pti/206p5 age of434±142 Ma. This grain maytherefore havecrystallised during the 500

Ma event.

9.6.2.2 Group 1 High-Ti Fe-rich Tholeiite Dykes:

No zircon was found ina thin felsicvein within Group 1 Fe-richthdeiite dyke sample

76567. A clear, unzoned, euhedral zircon grain (36.1) from the mafic dyke has very low U

(120 ppm) and Th (56 ppm) contents, a low Th/U ratio (0.47) and a 207pb/206pb age of

109Qt57 Ma. Because of the tow U, thisanalytical point is very imprecisebut this zircon may

have crystallisedas a peripheral effectof Late Proterozoicmetamorphism. The morphology

and clarity of this zirconsuggest that itsage is due to latecrystallisation rather than isotopic

resetting.

9.6.2.3 Lamprophyre Dykes:

A euhedral zircon (102.1) from dykesample 76550, containing lowU (108 ppm), tow

Th (73ppm)and substantial common Pb, has a slightly reversely discordant 207pb/206pt)

age of 1037±79. Its morphology and relativeconcordance indicate that it might also have

grown during peripheral Late Proterozoic metemorphism.

9.8.3 Xenocrysts:

Eleven xenocryst analyses (discussed above) from the Homogeneous Norite

(sample 76543), Group 2 Fe-rich tholeiite dykes (samples 76560 and 76544) and a Group 3

Fe-rich tholeiite dyke (sample 76554) - yield a mean207pb/206pb age of2478±5 Ma (Figure

9.7e). The xenocrysts are usually larger and commonly have more distinctively complex and

multi-facetted morphologies (Figure 9.6f)than the primary magmatic grains.

The 207p|-,/206pb ages of nine other xenocrystic zircons range from 2202 Ma

(sample 76555) to 2741 Ma (sample 76554) (Table 9.3), possibly defining at least three

poorly constrained ages of -2570-2590 Ma, 2630-2640 Ma and 2730-2740 Ma.

9.7 DISCUSSION:

9.7.1 Mafic Magmatic History of the Vestfold Hills:

This study has yielded a more tightly constrained Proterozoic mafic magmatic history

for the Vestfold block through the derivation of new 207pb/206pt, ^jrcon ages for several

generations of mafic dyke intrusion.

The 2241 ±4 Ma and 2238±7 Ma zircon ages derived for the Homogeneous and

Mottled Norites, respectively, do not correspond to any previously reported isotopic ages for

either felsic crustal rocks or mafic intrusives in the Vestfold Hills. As zircons from felsic
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segregations (samples 76541, 76542 and 76553) within these norites are generally much

higher in both U and Th (maximum U = 5925 ppm, maximum Th = 33906 ppm) than zircons

from the basement gneisses (maximum U = 1396 ppm, maximum Th = 1705 ppm; Black et

al., 1991a) they are unlikely to be crustal xenocrysts. These norites, and their associated

fine-grained High-Mg tholeiite dykes, are younger than the 2424172 Ma Rb-Sr age reported

by Collerson and Sheraton (1986) for all high-Mg intrusives and the 2300-2400 Ma magmatic

event age of Sheraton et al. (1987). Group 2 High-Mg intrusion occurred significantly later

than the major Late Archaean - Early Proterozoic tectonothermal events (Di ,Mi and D2,M2)

recorded in the basement gneisses and may also significantly postdate intrusion of the

Group 1 High-Mg tholeiites and the Group 1 High-Ti Fe-rich tholeiites for which no zircon

ages have yet been obtained. Although the Low-Ti and plagioclase megacryst-bearing

subgroups of the Group 1 Fe-rich tholeiite dyke suite may be younger than -2240 Ma, it is

not possible to ascribe an age to the Group 3 High-Mg tholeiite dykes, as their relationship to

the Group 2 High-Mg tholeiites is still unclear.

Dating of the Group 2 Fe-rich tholeiite dykes is more problematic. A 207p5/206pb

emplacement age of 1754116 Ma for Long Peninsula Group 2 Fe-rich tholeiites is within

error of the Rb-Sr 1791162 Ma age of Collerson and Sheraton (1986) for their Group I

tholeiites. Its relative imprecision is a result of both the limited number of analyses (8) and the

scatter of isotopic data. This age was derived by pooling zircon analyses from a felsic

segregation (76560) and a mafic dyke (76549). The latter is the only undeformed mafic

sample analysed to contain wfiat appear to be primary magmatic zircons. All other mafic dyke

samples contained only xenocrysts, reset grains, or zircons which appear to have crystallised

during either the 1000 or 500 Ma events. The crystallisation of these zircons in sample

76549 is also contrary to the findings of Blacket al. (1991a) whose mafic dyke sample failed

to yield any primary magmatic zircons. These apparent primary magmatic zircons are

therefore not easily explained. Although sample 76549 does have a relatively high Zr

content (172 ppm), compared to the other dykes (but an average composition for a

comparable mafic intrusive; Poldervaarl, 1956), its Si02 (49.33 %) and normative quartz

(1.10 %) contents are as low as other dyke suites that did not crystallise zircon. Despite the

fact that these zircons have low U contents (406 - 950 ppm), more like zircons from felsic

crustal rocks than mafic magmas, and are by no means morphologically pristine or prismatic, a

xenocrystic origin seems unlikely. If they were xenocrysts, their concordance would imply

complete isotopic resetting due to an event at this time, for which there is no independent

evidence (such as metamorphic mineral assemblages) in the dyke. Inaddition, a mylonitised

Group 2 Fe-rich tholeiite dyke (76544) contains zircon xenocrysts which have retained their

age.

The 1832176 Ma zircon age for the mylonitised Group 2 Fe-rich tholeiite (sample

76544) from Broad Peninsula presents similar problems. If these zircons are a product of

primary magmatic crystallisation, they once again suggest that it may be possible, incertain

undefined cases, to derive mafic dyke emplacement ages directly from their constituent
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zircons. Alternatively, D4 mylonitisation may have been responsible for the crystallisation of

these zircons due to the release of Zr and Si02 during the hydration of pyroxene, as

evidenced by amphibole formation within this dyke. Yet another possibility is that the zircons

formed by the breakdown of magmatic baddeleyite during D4. Abundant recrystallised

quartz indicates greatly increased Si02 activity at that time, and at least partial baddeleyite

replacement by zircon during thermotectonic events has been documented (Davidson and

van Breeman, 1988; Le Cheminant and Heaman, 1989). However, the expected

polycrystalline nature of this replacement zircon (Davidson and van Breeman, 1988) was not

observed.

Whatever the origin of the zircons within the Group 2 Fe-rich tholeiite mafic

components (samples 76549 and 76544), their presence implies that an event occurred at

-1800 Ma that was capable of causing zircon formation. The fact that similar 207p5/206pb

ages were obtained for several zircons from a felsic segregation vein (76560) in this same

dyke generation indicates that the ages obtained are in fact dyke intrusion ages. Although

the two proposed emplacement ages obtained for this dyke generation (1754±16 Ma and

1832±76 Ma) are within error of each other, it is also possible that Group 2 Fe-rich dyke

emplacement occurred slightly later on Broad Peninsula than on Long Peninsula.

Although the younger Fe-rich tholeiite dykes of the Vestfold Hills were originally

considered to represent two contemporaneous geochemical groups (Collerson and

Sheraton, 1986), their subsequent subdivision by Seitz (1991), on the basis of distinct

orientations and cross-cutting relationships throughout Long Peninsula, has now been

confirmed with the determination of zircon emplacement ages of 1380±7 Ma and 1241±5

Ma for the Group 3 and 4 Fe-rich tholeiite dykes respectively. It appears to be merely

coincidental that the 1374+125 Ma Rb-Sr whole-rock isochron age assigned by Collerson

and Sheraton (1986) to their Group II dykes is within error of the 138017 Ma 207pb/206pi3

zircon age obtained for the Group 3 Fe-rich tholeiite dykes. The Rb-Sr age is extremely

unlikely to be valid because at least one (sample 81285177) of the fifteen Group II tholeiites

dated by Collerson and Sheraton (1986) is from a NNE-SSW trending (206°) dyke on Long

Peninsula (J.W. Sheraton, pers. comm., 1992), consistent with the Group 4 Fe-rich tholeiite

orientation. Therefore, the samples used in this previous study were probably a mixture of

Group 3 and 4 Fe-rich tholeiite dykes, biased by the former to produce the older age.

The 124115 Ma 207pt)/206pb zircon age obtained for the Group 4 Fe-rich tholeiites

of Long Peninsula rnatches that of, and thereby confirms, the 124814 Ma zircon

emplacement age of a similar dyke in the Platcha area of Broad Peninsula (Black et al.,

1991a).

The 247815 Maxenocrystic zircons appear to be crustal inorigin with relatively low U

and Th contents, similar to those analysed by Black et al. (1991a: 65 - 662 ppm U; 43 -1170

ppm Th) which yielded an age of 248319 Ma. These xenocrysts were probably derived from

the youngest orthogneisses in the region, which are of comparable age (Black et al.,

1991b). The other analysed xenocrysts have 207pb/206pb ages up to 274114 Ma,
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supporting previous proposals (Collerson at a!., 1983a; Black at al., 1991b) that Archaean

crustal source rocks at least 2700 to 2800 Ma underlie the Vestfold block.

The presence of a felsic segregation vein with no magmatic zircons within the same

dyke as segregation veins containing abundant magmatic zircons may indicate some degree

of crystal "clustering". Examples of this were found in the Homogeneous Norite and a Group

4 Fe-rich tholeiite dyke on Bandits Island. Felsic samples 76543 and 76539 within the norite

and the Fe-rich tholeiite dyke, respectively, lack magmatic zircons but contain abundant

xenocrysts. In contrast. Homogeneous Norite segregation samples 76541 and 76542 and

Group 4 Fe-rich tholeiite felsic sample 76540 contain magmatic zircons but no xenocrysts.

Whether these particular samples are representative of the felsic veins from which they were

collected is not known but it does appear that there may be some preferential accumulation

of different zircon generations either within different areas of individual segregation veins or

between various segregations in the same mafic body. The latter would imply that felsic

segregations in a single dyke may have different zircon components and therefore not all

would be suitable for dating purposes.

Peripheral -1000 Ma metamorphism, most evident in the southwest Vestfold Hills,

was only detected by Black et al. (1991a) in zircons from the mafic dyke, dated at 1025156

Ma. The 1090157 Ma (sample 76567) and 1037179 Ma (sample 76550) zircons analysed

during the course of this study were also obtained from mafic dyke samples; no felsic

segregation zircons yielded any evidence of this Late Proterozoic metamorphic event.

These results are consistent with the suggestion of Black et al. (1991a), that convelsion of
baddeleyite (which originally crystallised only in the Si02-poor mafic parts of the dykes) to

zircon occurred as a result of increased Si02 activityduring metamorphism.

Sparse evidence of probable hydrothermal zircon growth associated with the

widespread 500 Ma isotopic resetting event was also confined to the mafic dyke samples.

9.7.2 Proterozoic Crustal History of the Vestfold Hills:

The timing and pressure/temperature conditions of mafic dyke emplacement can be

used to provide a framework for the various interspersed thermotectonic events which

define the Proterozoic crustal history of the Vestfold Hills (Table 9.4).

Kuehner's (1986) estimate of a 7-8 kbar emplacement pressure for the High-Mg

tholeiites of the Vestfold Hills was revised to 3-5 kbars, or possibly as low as 1-2 kbars, by

Seitz (in press) on the basis of a study of Al exchange between clinopyroxene and

plagioclase and the recognition that the chilled margin phenocryst assemblages (olivine and

orthopyroxene) used by Kuehner may have been transported from greater depths. This

relatively shallow emplacement implies uplift and reburial between the medium- to high-

grade ductile events D3,M3 and D4,M4 (Passchier et al., 1991), which bracket the intrusion

of the Group 1 Fe-rich tholeiites, the High-Mg tholeiites and norite complex, and the Group 2

Fe-rich tholeiite dykes. D3,M3 therefore occurred after 248716 Ma (the time of D2,M2; Black

et al., 1991b), but before -2240 Ma, which corresponds to Group 2 High-Mg tholeiite and
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Table 9,4: Conditions and timing of dyke intruston based on data from Collerson et al. (1983b), Kuefiner (1986), Harley (1989); Seitz (1991) Black et a! (1991bl
iretal. (1991)and this study. • \; study

Approximate U-Pb
Zircon Age (Ma)

2526-2501

2501 -2484
2487

2477

?
?

2240

?
1754

?

1380
?

1241

(-1000)

(?Phanerozoic)

Event

Mossel gneiss emplacement
D1,M1 - granulite fades metamorphism
Crooked Lakegneiss emplacement
Grace Lake granodiorite emplacement/ D2,M2 - granulite facies metamorphism
Intrusion of quartz dioritedykes
D3,M3 - amphibolite to granulite facies metamorphism / mylonite zones

Intrusion of Group 1 Hi^-Mg tholeiite dykes
Intrusion ofGroup 1 Fe-rich tholeiite dykes - High-Ti subgroup
Intrusbn of Group 2,(?3) High-K^ tholeiite dykes; Norite
Intrusion ofGroup 1 Fe-rich tholeiite dykes- Low-Ti and PM subgroups
Intrusion of Group 2 Fe-richtholeiitedykes
04,M4 - ductile mytonite zones / amphibolite fades
05 brittle deformation / oseudotachylites
Lamprophyre dyke intrusion
Intrusion of Group 3 Fe-richtholeiite dykes
Lamprophyre dyke intrusion
Intrusion ofGroup 4 Fe-nch tholeiite dykes / 06,M6 amphibolite facies metamorphism

Amphibolite fades metamorphism in SW

? Late alkaline dykes
07 brittle / ductile deformation events

P,T conditions

7 kbars, 850" C

7 kbars, 850* C

3-5 kbars (maybe as low as 1-2 kbars)

3-5 kbars (maybe as bw as 1-2 kbars)

^4-5 kbars

4-5 kbars

4-5 kbars

6-7 kbars, 600-700° C



norite emplacement. D4,M4 postdates Group 2 Fe-rich tholeiite emplacement at 1754±16

Ma (at least in the Long Peninsula area).

Subsequent D5 deformation and pseudotachylite formation, at pressures <4-5

kbars (Passchier et al., 1991), followed by the emplacement, at 138017 Ma and similar

depths (Kuehner, 1986), of the Group 3 Fe-rich tholeiite dykes, would have required post-

D4,M4 uplift. Evidence for reburial, following the emplacement of the Group 4 Fe-rich

tholeiites at 124115 Ma and pressures of 4-5 kbars (Kuehner, 1986), is provided by the

ductile conditions responsible for De.Me, and the subsequent amphibolite facies peak

metamorphic conditions associated with -1000 Ma metamorphism in the southwest Vestfold

Hills (Passchier et al., 1991).

The repeated ductile and brittle deformation of D7, which postdates the 1000 Ma

event (Passchier et al., 1991), implies subsequent further uplift.

9.7.3 History of the East Antarctic Shield:

Refinement of the ages of the Vestfold Hills mafic dykes, and confirmation that this

ion microprobe zircon technique is a suitable method by which to date mafic intrusives, may

have implications for other dyke swarms within the East Antarctic Shield, as well as for

previously adjoining regions of Gondwana.

The hypersthene-rich, olivine-normative High-Mg dykes of the Napier Complex,

Enderby Land, are petrographically and geochemically virtually identical to the Vestfold Hills

High-Mg tholeiites and yield a Rb-Sr whole rock isochron age of 2350148 Ma (Sheraton and

Black, 1981; Sheraton et al., 1987), similar to the 2424172 Ma Rb-Sr age previously applied

to all of the Vestfold Hills High-Mg tholeiite dykes (Collerson and Sheraton, 1986). The new

2240 Ma age of the Vestfold Hills Group 2 High-Mg tholeiites (the Homogeneous and

Mottled Norites and their associated fine-grained dykes) may therefore indicate that the

2350148 Ma Rb-Sr isochron age could also be too old for at least some of the Napier

Complex High-Mg tholeiite dykes.

Group I Amundsen dykes of the Napier Complex, dated by the Rb-Sr isochron

method at 11901200 Ma (Sheraton and Black, 1981) and Group II Amundsen dykes are

thought (Sheraton and Black, 1981; Sheraton et al., 1987) to be similar in age to the

Vestfold Hills Group II and III tholeiites of Collerson and Sheraton (1986), although the large

associated error makes meaningful age comparison difficult. These Napier Complex dykes

may be coeval with either the Vestfold Hills -1380 Ma Group 3 Fe-rich tholeiites, the -1240

Ma Group 4 Fe-rich tholeiites, or even the -1000 Ma granulite facies metamorphism within

the adjacent Proterozoic Rayner Complex. Alternatively, their age might be meaningless,

reflecting a combination of events, as did the 13741125 Ma Group II age of Collerson and

Sheraton (1986).
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Recent Sm-Nd dating of dolerite dykes in the Bunger Hills region of East Antarctica,

-1000 km east of the Vestfold Hills (Sheraton et al., 1990), has produced an age of -1140

Ma with a maximum emplacement age of 1151 Ma provided by zircon dating of a crosscut

quartz monzodiorite. These dykes are therefore somewhat younger than both the Group 3

and 4 Fe-rich tholeiite dyke suites of the Vestfold Hills.

Deformed, amphibolitized dykes of the Southern Prince Charles Mountains are

chemically similar to the Vestfold Hills Group II tholeiites of Collerson and Sheraton (1986)

and, on this basis, are thought to be of a similar age (Sheraton et al., 1987); they are yet to

be dated. The Borgmassivet Intrusions of western Dronning Maud Land, another major

group of Antarctic mafic intrusives comprising dolerite to diorite sills and layered bodies with

poorly constrained Middle to Late Proterozoic ages (Tingey, 1991), are another possible

target for this method of zircon dating.

Further U-Pb zircon geochronological work in the Vestfold Hills should be directed

towards locating felsic segregations within Group 1 Fe-rich tholeiite dykes. Group 1 and 3

High-Mg dykes and the various lamprophyre dykes, although the latterseem unlikely to yield

suitable felsic material. Knowledge about the dyke swarms and geological histories of other

East Antarctic Archaean nuclei could also benefit from zircon dating of late-stage felsic

segregations within mafic intrusives and subsequent comparison with the Vestfold Hills data.

9.7.4 Application on a Global Scale:

It has been shown in the context of this and numerous other studies (e.g. Heaman

et al., 1986; Krogh et al., 1987; Heaman and Tarney, 1989; Kamo et al., 1989; Black et al.,

1991a) that U-Pb zircon and/or baddeleyite dating represents the most successful means of

determining the emplacement ages of individual mafic dykes. The confirmation that primary

magmatic zircon can crystallise within late-stage felsic differentiates of mafic magmas,

coupled with the ability to analyse individual zircons, provides the potential for extensive and

accurate U-Pb dating of mafic material, thereby helpingto resolve many global controversies

involving poorly constrained or unconstrained mafic dyke emplacement ages.

As mafic dyke swarms are a common feature of continental rifted plate margins, the

ability to obtain precise age determinations for them is necessary if accurate global plate

reconstructions are to be made. In theory, it should be possible to use mafic dyke ages to

correlate the Vestfold Hills and the region of India vyith which it was contiguous prior to the

breakup of Gondwana. However, this may well prove impossible due to the probable location

of the latter beneath the extensive deltaic sediments of the Ganges and Brahmaputra Rivers

(Black et al., 1991b). Mafic dyke swarms within other Precambrian cratons may infact provide

better opportunities for this type of supercontinent reconstruction. For example, U-Pb bulk

zircon and baddeleyite dating has been used to determine the emplacement age of a mafic

dyke in southeastern Labrador in an attempt to constrain the time of opening of the proto-

Atlantic Ocean (Kamo et al., 1989). However, confirmation must await U-Pb dating of the

other mafic dyke swarms (Kamo et al., 1989) thought to be related to this rifting event.
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Definition of the Proterozoic histories of numerous dyke-infested cratons could also

derive potential benefit from this method of zircon dating. The Scourie dyke swarm, for

example, represents a marker horizon emplaced between two major Archaean-Proterozoic

tectonothermal events within the Archaean Lewisian Complex of northwest Scotland (e.g.

Chapman, 1990). Although U-Pb bulk zircon and baddeleyite dating of these dykes has

indicated two periods of Proterozoic dyke emplacement at -2400 and -2000 Ma (Heaman

and Tarney, 1989), controversy still surrounds conflicting Rb-Sr whole rock ages, Sm-Nd

mineral ages and U-Pb baddeleyite ages derived for the various dyke suites, and a reliable

age has yet to be determined for the norite suite (Chapman, 1990). Although Heaman and

Tarney (1989) only attempted bulk zircon analyses on the norite suite, they did report

petrological variations within individual dykes of other suites which were consistent with late

stage fluids concentrating in the central parts of the dykes, and which may therefore yield

primary magmatic zircon on further examination. Ion microprobe U-Pb dating of individual

zircons from each of the four Scourie dyke suites has the potential to solve the problem of

their emplacement ages, and thereby define the timing of the Archaean-Proterozoic

tectonothermal events.

The Archaean craton of West Greenland is also characterised by Proterozoic dyke

swarms whose relative emplacement ages have not been successfully defined through Rb-

Sr whole-rock dating (e.g. Kalsbeek and Taylor, 1985). However, the age of one noritic dyke

in the Isukasia area has been determined using ion microprobe (SHRIMP) U-Pb dating of two

zircons recovered froma co-magmatic felsic igneous segregation (AP Nutman, pers. comm.,

1993).

9.8 CONCLUSIONS:

Although the importance of accurately dating mafic dyke swarms has long been

recognised, the inherent difficulties associated with determining precise radiometric ages for

mafic rocks have resulted in a paucity of precise dyke emplacement ages on a global scale.

The results of this study suggest that future mafic dyke sampling programs should be

directed towards locating late-stage felsic differentiates, with an awareness that their form

may vary from the well-defined linear veins observed in the Vestfold Hills dykes to the more

diffuse and coarser-grained granophyric patches sampled in Canada and West Greenland

(Heaman et al., 1986; A.P. Nutman, pers. comm., 1993).
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APPENDIX 1

Sample Localities

The localities of all samples analysed during the course of this study are listed in

Appendix 1. They have been subdivided into the following three groups: dredged oceanic

igneous rocks (Table A1.1); Australian basalts, including Macquarie Island samples (Table

A1.2); and rocks collected from the mafic dyke swarms of the Vestfold Hills, East Antarctica

(Table A1.3). All samples are housed in the rock collection of the Geology Department,

University of Tasmania; portions of some samples are also retained by the institute of origin,

as listed in the table captions. Seafloor topography for the USNS Eltanin dredge sites is

depicted in Figure A1.1.
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Figure A1.1: Topographic (upper) and magnetic (lower) profiles (Hayes et al., 1969)
showing the location of USNS Eltanin cruise 27 dredge sites for samples listed in Table A1.1 (1 fathom
= 1.83 metres). Inset in D shows the route taken by cruise E27.
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Tabte A1.1: Sample localitles of dredged oceanic rocks analysed during this study. The Antarctic Marine Geology Research Facility, Florida State University, supplied
samples dredged during the 1967 cruise E27 of the USNS Eltanin. Soela Seamount samples were supplied by CSIRO diviston of Fisheries, the Australian Maritime College and
local Tasmanian deep-sea fishermen. The south Tasman Sea seamount samples, furnished by the Ocean Sciences Institute, University of Sydney, were dredged during two
cruises of the HMAS Cook: Leg 2of cruise 1/84 dredjged Janszoon Seamount (Jenkins, 1985); HMAS Cook cruise 17/86 dredged Heemskirk and Zeehan Seamounts (Hubble et
a!., 1987). Samples from the 1991 Southern Margins cruise 102 of the FWRig Se/s/nic were provided by the Australian Geological Survey Organisation (AGSO).

Catalogue No.
JTaaJUnL^

Sample No.

USNS Eltanin drodgos:
78351
78353
78354

78355
78357
78358

78359
78360
78361

78364
78365
78366
78368

78369
78370
78371
78372
78373

78374
78375
78376
78378
78380
78381

78383
78384
78386
78387

E27-02A-2
E27-03
E27-34A-1

E27-34A-2
E27-34A-4
E27-34B-1
E27.34B-2
E27-34&a
E27-34B-4
E27-34C-1
E27-34C-2
E27-340-1

E27-35A-1
E27-35A-2
E27.35A-3
E27.35A-4
E27-35A.5
E27-35A-6
E27-35A-7
E27-35B-1
E27-35B-2
E27.36-2
E27-36-4
E27-36-5

E27-36-7
E27.36a
E27-37-2

E27-37-3

Soela Seamount dredges:
78400 SS1-1
78405 SS2-4
78407 SS2-6
78410 SS3
78411 SS4-1
78412 SS4-2
78413 SS4-3

Rock Latlludo Longitude Water
Classification Depth

Trachybasall 63'13.8'S 177''40.5'E 3660m
Phonotephrite 66'07.0'S ITO-iaVE 3541 m
PtxxKjIite 67»24.7S 179" 54.5V/ 220m
PtxxKjWe 67»24.rS 179° 54.5V/ 220m
Ptxxxjlite 67»24.7S 179°545W 220m
Pfxxxjiile 67»23.8'S 179°575'W 611 m
PtxxKjIite 67»23.8'S 179°57.5'W 611m
Ptwodite 67»23.8'S 179°57.5'W 611m
Ptxxxilite 67'23.8'S 179°575V/ 611m
PtMnotephrtte 67"32.0'S 179°57.0'W 1519 m
Ptionotephrite 67'32.0'S 179°57.0'W 1519m
Phorxjlite 67»355'S 179°37.0'E 3496m
Phorxxephrite 66°48.0-S 164»24.0'E 2580m
Trachyte 66°48.0'S 164°24.0'E 2580m
Basanite 66*48.0'S 164°24.0'E 2S80m
Trachybasall 66»48.0'S 164°24.0'E 2Se0m
Alkali divine basalt 66»48.0'S 164°24.0'E 2S80m
Trachybasall 66°48.0'S 164°24.0-E 2S80m
Basanite 66»48.0'S 164°24.0'E 2580m
Basanite 67*00.0'S 163°41.5'E 1587 m
Basanite 67»00.0'S 163°41.5'E 1587 m
Basanite 65°02Z'S 160°44.5'E 2837 m
Basanite 65»02Z-S 160°44.5'E 2837 m
Basanite 65"'02Z-S 160°44.5'E 2837 m
Basanite 65'02i-S 160°44.5E 2837 m
Trachytjasalt 65'022-S 160°44.5'E 2837 m
Alkali divine basalt 62*50.4'S 158°21.0rE 2342m
Tephriphondite 62°50.4'S 158°21.0rE 2342m

Basaltic Irachyandesite clast 43°56.0"S-43'56.8'S 150*21.0'E-150°31.73'E 895 - 990m
Alkali divine basalt clast AS'OS.ffS- 43°56.8'S 150*21.0'E - 150'ai.73'E 895-990 m
Alkali divine basalt clast 43''56.0'S-43»56.8'S 150»21.0'E - 150"31.73'E B96 - 990m
Alkali divine basalt 43"'56.0'S - 43'56.8'S 150*21.0'E - 150'31.73 E 895-990 m
Alkali divine basat clast 43»56.aS-43*56.ffS 150*21.0'E - 150°31.73'E 896-990m
Alkali divine basalt clast 43°56,ffS - 43''56.8'S 150'21.0'E - 150»31.73 E 895-990 m
Trachybasall dast 43'S6.ffS - 43'56.8 S 150°21.0 E- 150°31.73 E 896-990m

Location

~150 km N d Padfic-Antarctic ridgecrest
-120 km SW c< Padfic-Anlarctic ridge crest
Sutxnarine Hanks ct Scott Island, Scott Plateau
Sutxnarine Hanks ol Scott Island, Scott Plateau
Sutxnarine Hanks ol Scott Island, Scott Plateau
Submarine Hanks ol Scott Island, Scott Plateau
Submarine Hanks d Scott Island. Scott Plateau
Submarine Hanks ol Scott Island, Scott Plateau
Submarine Hanks ol Scott Island, Scott Plateau
Submarine Hanks ol Scott Island, Scott Plateau
Submarine Hanks ol Scott Island, Scott Plateau
Submarine Hanks ol Scoll Island, Scott Plateau
-50 km ENE ol Buckle Island, Balleny Qroip
-50 km ENEol BuckleIsland,Balleny Qretp
-50 km ENEol Buckle Island, BallenyQrotp
-50 km ENEol Buckle Island, BallenyQroip
-50 km ENEol BuckleIsland,Balleny Qroup
-50 km ENE ol Buckle Islantl, Balleny Qroip
-50 km ENEol BuckleIsland,Balleny Qnxf)
-20 kmSE ol Buckle Island, Balleny Group
-20 kmSE ol BuckleIsland,Balleny Grotf)
-240 km SW d Southeast Intfian Ridge crest
-240 kmSW d Southeast Intfian Ridgecrest
-240 km SW d StxHheast Intfian Ridge crest
-240 km SW d Stxjtheast Intfian Rklge crest
-240 km SW d Southeast Intfian Ridge crest
Southern Hank d Stxjtheast Intfian Ridge
Southern Hank d Stxjtheast Intfian Ridge

Stiela Seamount,
Soela Seamount,
Stjela Seanxxint,
St>ela Seamount,
Stiela Seanwunt,
St>ela Seanxxint,
St>ela Seanxxint,

East Tasman Plateau
East Tasman Plateau
East Tasman Plateau
East Tasman Plateau
East Tasman Plateau
East Tasman Plateau
East Tasman Plateau
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Table A1.1: (continued)

Catalogue No. Sample No.
Ja^JredM«n

Soela Seamount Dredges:
78414 SS4-4

78415 884^
78416 884-6
78417 884-7
78418 884-8
78410 885

Rock

Classlflcatlcn

Tractiyt>asatt clast
Transitional alkaS basalt dast
Tract)yt>asan clast
Trachytiasatl clast
Alkali divine l>asalt dast
Tradiytiasalt

Latitude

43'56.0-8 - 43"56.8«

43°56.0'8-43»56.8S

43'56.0'8-43'56.8«
43*56.0'8-43'56.8S
43*56.0'8 - 43°56 ff8
43*56.0'8 - 43»56.8«

Longitude

150°21.0E-

150°21.0'E-

150''21.0'E-

150'21.0'E-
150»21.0'E-
ISO-Zt.O'E-

150»31.73'E

150'31.73E
150'31.73'E

150»31.73'E
150'31.73'E
150»31.73E

HMAS Cook dredges:
78389

78390
78391
78392

78393
78394
78396

78398

C1/84(2)2DB10
01/84 (2) 2DB 14
017/86 80B 2/1
017/86 8DB 2/2
017/86 80B 2/5
017/86 8DB 3/4
OK17/86 7DB1/10
C»<17/86 7DB 1/13

Tradiytsasatt
Basanite
Trachyandesile
Tradiyandesile
Trachyandesile
Trachyandeslte
Trachyt>asalt
Trachyt>asall

39°34.4'S

39»34.4'S

36*t7.fS-36»165'S
36*17.fS-36°16.2'S
36*17.fS-36«16i'S
36'17.rS-36»165'S
36^1.5'S - 36°23.4S

36»21.5'S-36^3.48

154*13.6'E

154*13.6'E
159*33.6E - 159*36.5'E
159*33.6E - 159*36.5'E
159*33.6'E - 159*36.5'E
159*33.6'E - 159*36.5'E
159*5t.0'E-159*53.0E
159*51.0E-159*53.0'E

Rig Seismic
78435
78436
78437
78439
78440
78441

78443
78444

78445
78450
78451

78452
78453
78454

78459
78460
78461

dredges:
102/DR094A
102/DR09-46(i)
102A)R094B(ii)
102A1R09-484

102A}R09-485
102/DR094C
102/DR10-1B
102A}R10-1C
102/OR10-3A
102/DR10-4
102A)R11-2A

102A}R11-2A(il)
102A)R11-2A(lv)

, 102A)R11-2B
102A}R13^il)
102A)R13-3D
102A)R13-3E

OlivlneIhdeiile basalt 37*46.878 - 37°48.78S 132*19.98'E- 132*18.00'E
Transitional thdeiite t>csall 37*46.878 - 37*48.78S 132*19.98"E - 132*18.00"E
Ollvine thdeiite basalt 37*46.878 - 37*48.78S 132*19.98'E - 132*18.00'E
Transitional thdeiite t>esa« 37*46.878 - 37*48.78S t32*19.98'E - 132*18.00 E
Ollvinetholeiite basalt 37*46.878 - 37*48.78S 132*19.98"E - 132*18.00'E
Transitional thdeiite l)Esa» 37*46.878 - 37*48.78S t32*19.98'E - t32*t8.00 E
Ollvinethdeiite gabbro 39*55.288-39*55.12*8 t3t*58.59*E- t3t*58.97E
Metagabbro 39*55.288-39*55.12*8 t3t*58.58E - t31*58.97E
Metadolerlte 39*55.288 - 39*55.12*8 131*58.58E-131*58.97E
Andeslte 39*55588-39*55.12*8 131*58.58E - 13V58.97E
OlivlnethddHe basalt 39*45.92*8 - 39*46.758 119*46.08E -119"44.70*E
Olivlne thdeiite basalt 39*45.92*8-39*46.758 1t9*46.02'E - 119*44.70*E
OlivlnethddHe basaH 39*45.988 - 39*46.758 119*46.08E - 119*44.70*E
OlivlneIhdeiHe basalt 39*45.978 - 39*46.758 1t9*46.07E -119*44.70 E
OlivlnethddHe dolerite 37*14.678-37*10.008 118*09.35*E-118*09.35E
aivlne thddHe dderHa 37*14.678-37*10.008 118*09.35'E-118*09.35E
Thdeiite basaH 37*14.678 - 37*10.008 118*09.3S'E -118*09.35 E

Water
^egth

8g6-990m

896 - 990m

895 - 990m

896 - 9g0m

896 - 9g0m
8g6 - 990m

Soela Seamount,
Soela Seamount,
Soela Seamount,
Soela Seamount,
Soela Seamount,
Soela SeantKMjnt,

Location

EaslTasman

East Tasman

EaslTasman
East Tasman
East Tasman
East Tasman

Plateau

Plateau
Plateau
Plateau

Plateau
Plateau

2215 m Janszoon Seamourt, south Tasman Sea
2215 m Janszoon Seamount, south Tasman Sea

2560 - 3800 m Zeehan Seamount, south Tasman Sea
2560 - 3800 m Zeehan Seamount, south Tasman Sea
2560 - 3800 m Zeehan Seamount, south Tasman Sea
2560 - 3800 m Zeehan Seamount, south Tasman Sea
3700 - 4000 m Heemskirk SearrKHint,south Tasman Sea
3700 - 4000 m Heemskirk SeanDount, south Tasman Sea

4940
4940

4940

4940

4940-

4940-

5241 •

5241

5241 •

5241 •

5050-

5050-

5050-

5050-

3960-

3960-

3950-

5550 m

5550 m

5550 m

5550 m

5550 m

5550 m
5550 m

5550 m

5550 m

5550 m

5240 m

5240 m

5240 m

5240 m

44a0m

4480m

4480m

Southern Ocean
8outtiem Ocean
Southern Ocean

Southern Ocean
Southern Ocean

Southern Ocean
Southern Ocean
Southern Ocean
Southern Ocean
Southern Ocean

Southern Ocean
Southern Ocean
Souttrem Ocean
Southern Ocean
Souttiem Ocean
Southern Ocean
Southern Ocean

oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust,
oceanic crust.

EdAAD,
EdAAD,
EdAAO,
EdAAD,
EdAAD,
EdAAD,
EdAAD,
EdAAD,
EdAAD,
EdAAD,
WdAAD,
WdAAD,
WdAAD.
WdAAD.
WdAAD.
WdAAD.
WdAAD,

~53Madd
-53Madd

-53 Ma dd

-53 Madd

-53Madd

-S3 Madd
-36 Ma dd

-36 Madd

-36 Madd

-36 Madd
-36 Madd

-36 Ma dd

-36 Madd

-36 Madd
-66 Madd
-66 Madd
-66 Madd
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i® Sa"iple localities for Australian continental and Macquarie Island basalts analysed during the course of this study. Victorian Older Volcanics samples werecollected by the author. Suppliers of Tasmanian samples, and the maps used to derive grid references for sample localities are as follows: Cape Portland -GMYaxlev Universitv
of Tasmania Geok^ Department (Cape Portland 8416 1:100 000 map); WeWborough basalt -A.J. Crawford. University of Tasmania Geology D^artment and S.M. EMins RSES
Austrdian N^ion^ University (Forester 8415 1:100 000 map); and Bream Creek basalt - F.L Sutherland, Australian Museum. Sydney (Prosser 8412 1:100 000 map) Note that
^ple number DR 1^16 is ari Australian Museum registration number. Macquarie Island samples from the University of Tasmania Geology Department collection ^re samoled

anH B- Griffin and R. Varne in 1979 (samples 47963. 47978 and 47979). Macquarie Islandsamples 25601 and 25637 were supplied by the Geology Department atthe Australian National University. \ r- . i isiana

Catalogue No. Sample No.
(as collected)

Victorian Older Volcanics:
78421 OV1
78422 0V2
78423 OV3
78424 OV 4
78425 OVS
78426 OV6

Tasmanian Tertiary basalts:
78427 2
78428 DR13516

Rock Classification

Transitional alkali trasalt
Basanlte
Basanlte
Transitional alkali tiasalt
Quaitz ttioleiite basal
Oih/ine thotolte basal

Alkali basalt
Aikal olivine basal

Cape Portland hypabyssal assemblage:
78429 10 Ai^nite
78430 11 Appinhe
78431 13 Appinite

Macquarie Island basalts:
25601

25637
38287
47963
47978
47979

Alkali basalt
Transitional tholeiite basalt
Quartz tfiolelle trasalt
Trachyt»salt
Trachybasal
Ollvirre tholeWe t>asal

Location

Foreshore onwestern sideo(CapeSchank, VkSoria - nindare ProvinceSwans Rd,-2.8 km WNW d Links Rd, Pentland Hills. Vidoria -Ballan Qraben Province
SwansRd. Wo(Bald WD. Pentland HiDs. Victoria - BaOan Graben Province
Disused quarry opposite Tuiiamarine airport. Victoria - Meboume Province
-2 km SEofFonfs Bridge. Tolmie-Tatong Rd. Victoria - Tootrbuliup Province
-0.7km Nd Fords Bridge. Tdmie-Tatong Rd. Vidoria -Toombullia) Province

Weidbotough. Tasmania
16 m belowtop d BendersHBI. BreamCreek.Tasmania

Cape Portland. Tasmania
Cape Portland. Tasmania
Cape Portiarxi. Tasmania

Macquarie Island
Macquarie Island
Plateau. ENE of Mt. Metln.Macquarie island
Overland track -0.25 km Ed Prion Lake. Macquarie Island
Catch Me Pdnt. MacquarieIsland
Catch Me Point. Macquarie Island

Grid

Reference

791365

EN685602

E081ie84
E0811884
E0811884

Latitude Longitude

144'59'E 38"30'S
144'20'E 37^rs
144'20-E 37^7S
144'5fE 37»44'S
146MffE 37»44'S
146'18'E 37»44'S
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». °[®"®'ysed mafic dyke and felsic segregation samples collected by the author from the Vestfold Hills region of East Antarctica durlno theaustral summer of 1990-1991. Ozchron numbers refer to samples housed by AGSO. Grid references relate to the second edition 1;50 000 Vestfold Hills map (NATMAP).

Sample No. Ozchron No.
(Tas Unl.) (A.G.S.O.)

76539 -

76540 91286551
76541 91286552
76542 91286553
76543 91286554
76544 91286555
76549 91286556
76550 91286557
76551 91286558
76553 91286559
76554 91286560
76555 91286561
76560 91286562
76561 91286563
76562 91286564
76567 91286565

Sample Description

I III v^iuup ro'iiwii iiivityi

Late stage segregation in Homogeneous Norite
Late stage segregation in Homogeneous Norite
Latestage segregation in Homogeneous Norite
Mylonltised Group 2 Fe-rich tholeiite dyke
Group 2 Fe-richtholeiitedyke
Lamprophyre dyke
Group 2 Fe-rich tholeiite dyke
Late stage segregation in Mottled Norite

Group 2 High-Mg tholeiite dyke
Group 1 High-Mg tholeiitedyke
Group 1 High-Ti Fe-rich tholeiite dyke

Location Grid Reference

dyke Bandits Island LK924077
dyke Bandits Island LK924078

Bandits Island LK926077
Bandits Island LK925077
Bandits Island LK925076
Brookes Hut U854939
3 of Taynaya Bay LK872014
S of Taynaya Bay LK897023
E of Taynaya Bay LK899037
Barrier Island LK930066

dyke W of Tryne Sound LK929062
dyke Wof Tryne Sound LK929062
dyke Wof Tryne Fjord LK924048

E of Rybnaya Bay LK915052
SE of Rybnaya Bay LK908046
W of Brookes Hut 1.1839939



Table A2.1: X-ray fluorescence major and trace element data for two 'in-house' standard
rocks, TasBas and TasGran, measured on two different spectrometers at the University of Tasmania
Geology Department. Standard detection limits are for 3a (99 %) confidence levels.

Philips PW1410 spectrometer:
Detection TasBas ±1o 0* n TasGran ±1o 0% n

limits

llalor Elements (wt %)
Si02 0.037 44.91 0.25 0.6 11 72.42 0.11 0.2 3

TiOa 0.015 2.29 0.04 1.8 11 0.28 0.02 7.1 3

AI2O3 0.028 14.14 0.10 0.7 11 13.54 0.01 0.1 3

FegC^ 0.014 12.51 0.09 0.7 11 2.32 0.06 2.4 3

0.009 0.17 0.01 5.9 11 0.04 0.00 0.0 3

MgO 0.050 8.12 0.13 1.6 11 0.59 0.03 5.1 3

CaO 0.015 7.81 0.06 0.8 11 1.83 0.01 0.3 3

NasO 0.200 5.48 0.07 1.3 11 2.77 0.03 0.9 3

K2O 0.013 1.91 0.04 2.1 11 4.56 0.06 1.3 3

P2O5 0.028 0.97 0.02 2.1 11 0.11 0.01 5.5 3

Trace Elements (ppm):
Ba 3 203.8 4.2 2.1 9 467.0 1

Rb 1 16.3 2.0 12.3 7 259.8 2.0 0.8 4

Nb 1 59.2 1.1 1.8 7 19.7 0.1 0.4 2

Sr 1 1012.9 10.3 1.0 7 151.5 1.0 0.7 4

Zr 1 259.7 3.2 1.2 7 160.5 2.1 1.3 2

Y 1.5 23.3 1.0 4.3 7 34.7 1.1 3.3 2

hfi 1 149.1 2.6 1.8 8 4.0 1

Cr 2 191.0 2.4 1.3 8 11.0 1

V 3 160.1 2.6 1.6 8 26.0 1

So 1 12.1 1.8 14.8 6 7.0 1

Zn 1 119.1 1.2 1.0 5 41.0 1

Cu 1 62.6 1.3 2.1 5 2.0 1

La 2.5 41.8 1.0 2.5 3 38.5 0.7 1.8 2

Ce 5 88.7 4.0 4.6 3 79.5 5.0 6.2 2

Nd 3 42.0 1.7 4.1 3 33.5 0.7 2.1 2

U 2 3.5 0.7 20.3 2

Th 2 19.1 0.1 0.7 2

Pb 3 27.6 0.1 0.5 2

Philips PW1480 spectrometer
Detection TasBas ±1o 0% n TasGran ±1o 0% n

limits

Malor Elements (wt %):
Si02 0.0020 44.68 0.08 0.2 5 73.05 0.27 0.4 3

7102 0.0060 2.32 0.01 0.4 5 0.29 0.01 3.4 3

AI2O3 0.0080 14.19 0.02 0.1 5 13.70 0.06 0.4 3

Fe203 0.0041 12.69 0.16 1.3 5 2.25 0.05 2.2 3

MnO 0.0035 0.16 0.01 3.1 5 0.04 0.00 0.0 3

MgO 0.0110 8.32 0.06 0.7 5 0.69 0.01 0.9 3

CaO 0.0009 7.84 0.03 0.4 5 1.83 0.01 0.5 3

Na20 0.0240 5.42 0.03 0.6 5 2.73 0.02 0.7 3

K2O 0.0004 1.93 0.00 0.0 5 4.61 0.01 0.2 3

P2O5 0.0026 0.95 0.01 1.1 5 0.12 0.01 5.0 3

Trace Elements (ppm):
Ba 4 206.0 2.3 1.1 15

Rb 1 16.5 0.1 0.6 11

Nb 1 54.2 0.4 0.7 15

Sr 1 1010.0 6.0 0.6 15

Zr 1 260.0 1.8 0.7 15

y 1 21.4 0.4 1.9 11

M 1 150.0 1.3 0.9 11

Cr 1 190.3 0.6 0.3 15

V 1.5 154.0 1.0 0.7 15

So 2 13.2 0.4 3.0 15

La 2 44.2 1.4 3.2 15

Ce 4 89.2 1.2 1.4 15

Nd 2 40.8 0.8 1.9 15

7h 1 4.8 0.4 8.3 11

Pb 1.5 4.4 0.4 9.1 11
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APPENDIX 2

Analytical Techniques

A2.1 WHOLE-ROCK MAJOR AND TRACE ELEMENT ANALYSES:

Two methods of major and and trace element analysis were employed, depending

on the amount of sample available:

1. X-ray fluorescence (XRF) spectrometry majorand trace element analyses were performed

at the University of Tasmania Geology Department, using Philips PW1410 and Philips

PW1480 spectrometers. Spectrometer calibration was maintained using international

standards, blanks and specpure compounds (silica and oxides). Data precision was

monitored by repeated analysis of several internal standards including TasBas and TasGran

(Table A2.1). Results for two international rock standards, BIR-1 and BHVO-1 (Table A2.2)

measured on the Philips PW1410 spectrometer, provide an indication of the accuracy of

trace element data measured by this method. Instrumental conditions are presented in Table

A2.3.

Sample preparation included soaking Soela Seamount conglomerates 881, 882

and 884 in concentrated HCI to dissolve carbonate matrix material, followed by washing

constituent clasts with distilled water prior to crushing. Other samples were prepared by

removing all weathered and cut surfaces with an hydraulic splitter. All samples for major and

trace element analysis were crushed in a steel jaw crusher to produce -0.5 cm-sized chijjs.

Selected chips (50-100 g) were then powdered in a tungsten carbide swing mill.

Major elements were analysed on fused glass discs (1.5 g flux, 0.28 g sample, 0.02

g LiNOs) following the method described by Norrish and Mutton (1969). Loss on ignition

(LCI) was measured as the weight percent loss of 1 g of powdered sample heated to 1000° C

for -15 hours, followed by -5 hours at 400°C. Trace elements were analysed on 5 g pressed

powder pellets coated with boric acid using the method described by Norrish and Chappell

(1977) and mass absorption coefficients calculated from majorelement XRF analyses.

Cs, Hf, Ta and Th data were obtained by instrumental neutron activation analysis

(INAA) performed by Becquerel Laboratories on samples (-1 g) powdered in a chrome steel

swing mill to avoid Ta contamination. Analytical methods are described in section A2.2.

2. 8amples of insufficient quantity for XRF techniques were analysed for major element

concentrations on the Cameca 8X50 electron microprobe, at the University of Tasmania

Central 8cience Laboratories, using whole-rock powders fused to glass by Ir-strip heating.

Results are presented as the mean ofsixanalyses, with the microprobe operating at a beam

current of 20 nA and accelerating voltage of 15 kV.
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Table A2.2: X-ray fluorescence trace element data for two international standard rocks,
BIR-1 and BHVO-1, as measured on the Philips PW1410 spectrometer at the University of Tasmania
Geology Department, compared to accepted values collated from the literature (W.F. McDonough;
pers. comm.) Literature sources include Sun et al. (1979), Rautenschlein et al. (1985), Nye and Reid
(1986), Robinson et al. (1986), Stork et al. (1987), Govindaraju (1989), Norman et al. (1989), Chen et
al. (1990), Frey et al. (1990), Jenner et al. (1990), Jochum et al. (1990), Chen et al. (1991), Frey et al.
(1991) and West et al. (1992).

BIR-1:

accepted measured

BHVO-1:

agreed measured

Ba 133 145

Rb 0.24 <2 9.5 10.8

Mb 0.50 <1 19.5 20.8

Sr 110 111 390 402

Zr 14 17 175 178

Y 16 15.7 28 28.3

Ni 166 158.6 120 121.3

Cr 382 393 289 303

V 313 315.7 320 319.5

Sc 31.8 32.2

Zn 105 106.8

Cu 136 150

Table A2.3: Instrumental conditions for routine XRF trace element analysis at the
University of Tasmania Geology Department. The X-ray tube was operated at 60 kV 40 mA for all
elements except Ba, Sc, La, Ce and Nd where 50 kV 50 mA was used; a LiF crystal was used for all
analyses.

Element Emission

line

X-ray Tube
PW1410

X-ray Tube
PW1480

Precision
PW1410

Ba L(a) a Au 500±5, 1200±5

Rb K(a) Rh Mo/Sc 10±1, 70±1, 170±2

Nb K(a) Rh Au 10±0.5, 20±1

Sr K(a) Rh Au 10+1, 200±2, 500+5

Zr K(a) Rh Au 100±2, 250±4, 500±10

Y K(a) Rh Mo/Sc 10±2, 20±1, 100±2

Ni K(a) Au Mo/Sc 3±0.5, 2010.5, 20012"

Cr K(a) Au Au 1012, 40014

V K(a) Au Au 3012,10011

Sc K(a) Cr Au 1011, 3011

Zn K(a) Au Mo/Sc 4011

Cu K(a) Au Mo/Sc 511,5011

La L(a) Au Au 20t1, 4012, 10012

Ce 1-(P) Au Au 3012, 8013, 15011

Nd L(a) Au Au .1511,3012, 5012

U L(a) Mo Mo/Sc 511,4011

Th L(a) Mo Mo/Sc 2511, 10012

Pb L(P) Mo Mo/Sc 2011, 5011

The trace element, including rare earth elements, contents of these samples were

analysed by inductively coupled plasma-mass spectrometry (ICP-MS)on the VG PlasmaQuad

II STE at the Research School of Earth Sciences, the Australian National University. Samples

for ICP-MS analysis were crushed in an agate mortar, following hand selection of rock chips

devoid of weathered and/or cut surfaces. Approximately 50 mg of each sample (whole-rock

powder or fine chips) was dissolved in 1 ml HP plus 0.015 mlconcentrated HNO3. Following
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A .! element data for three intemational rock standards. AGV-I, BIR-1 and BCR-1. as measured atthe Research School of Earth Sciences The^rtralian National University, compared to the accepted values used in this laboratory. Machine calibration is based on the accepted values for the international rock staridard
oHVO I presented here.

CO
cn
cn

BHVO-1:
accepted

AGV-1:
accepted measured % difference

BIR-1:

accepted measured % difference
BCR-1:

accepted measured % difference

Trace Elements (ppm):
Rb 9.5 68 67.80 0.3 0.22 0.20 9.1 46.9 48.25 2.9
Sr 390 660 660.00 0.0 110 111.00 0.9 330 335.00 1.5
Y 28 20 21.10 5.5 16.5 16.60 0.6 35 40.10 14.6
2r 175 225 243.00 8.0 15 15.00 0.0 187 199.00 6.4
Nb 19.5 14 15.60 11.4 0.6 0.70 16.7 13.5 13.40 0.7
Cs 0.1 1.25 1.25 0.3 0.007 0.01 28.6 0.956 0.97 1.6
Ba 133 1200 1178.00 1.8 6 7.00 16.7 675 674.00 0.1
La 15.5 39 38.64 0.9 0.58 0.61 5.2 24.9 25.98 4.3
Ce 38 70 68.43 2.2 1.85 1.91 3.2 53.6 53.90 0.6
Pr 5.45 8 8.43 5.4 0.37 0.38 2.7 6.8 7.01 3.1
Nd 24.7 32 31.69 1.0 2.35 2.41 2.6 28.8 29.03 0.8
Sm 6.17 5.9 5.86 0.7 1.1 1.09 0.9 6.59 6.79 3.0
Eu 2.06 1.55 1.60 3.2 0.52 0.51 1.9 1.98 1.93 2.5
Gkf 6.22 4.7 4.57 2.8 1.97 1.94 1.5 6.72 6.92 3.0
Tb 0.99 0.7 0.69 1.4 0.38 0.39 2.6 1.13 1.15 1.8
Dy 5.25 3.8 3.54 6.8 2.5 2.56 2.4 6.42 6.66 3.7
Ho 1 0.7 0.68 2.9 0.55 0.57 3.6 1.35 1.35 0.0
Er 2.56 1.9 1.84 3.2 1.7 1.71 0.6 3.7 3.80 2.7
Tm 0.34 0.28 0.27 3.6 0.25 0.26 4.0 0.51 0.55 7.8
Yb 1.98 1.75 1.61 8.0 1.6 1.55 3.1 3.38 3.34 1.2
Lu 0.28 0.27 0.25 7.4 0.25 0.24 4.0 0.5 0.51 2.0
Hf 4.3 5.17 4.91 5.0 0.56 0.57 1.8 4.97 4.89 1.6
Pb 2.1 37 36.20 2.2 3 3.00 0.0 13.5 13.80 2.2
Th 1.26 6.5 6.28 3.4 0.03 0.03 0.0 5.91 5.97 1.0
U 0.42 1.9 1.82 4.1 0.01 0.01 10.0 1.7 1.61 5.5



evaporation, samples were heated in 4 mis 6N HNO3 for one hour and redried. Each sample

was then combined with 5g of internal standard (200 ppb ^Li, 200 ppb ^^Se, 200 ppb '̂•^In,

50 ppb ''®^Re and 200 ppb 209Bi), to monitor drift in mass response, and diluted with 2 %

HNO3 to form 100 g of solution (ie. 2000 x dilution). Instrument calibration was performed

using solutions of the international rock standard BHVO-1, accepted values for which are

given in Table A2.4. All analyses were blank (chemistry blanks) subtracted, and various

laboratory and international standards were interspersed with sample analysis to monitor

accuracy (Table A2.4) and precision (Table A2.5). Interference corrections were made for

i44Ndi6o and iS^Dy on ^®OGd, and l35Bai6o on ^®''Eu; all other interferences were

negligible.

Table A2.5: Mean and Is trace element data for repeated analyses of two international
rock standards, AGV-I and BHVO-1, as measured by ICP-MS at the Research School of Earth
Sciences, the Australian National University.

AGV-1:
mean ± I0 0 % n

BHVO-1:

mean ± I0 0 % n

Trace Elements (ppm):
Rb 68.03 1.120 1.6 5 9.35 0.208 2.2 6

Sr 658.5 9.657 1.5 5 394.04 5.038 1.3 6

Y 20.86 0.628 3.0 5 28.52 0.445 1.6 6

Zr 237.05 7.561 3.2 5 177.52 5.803 3.3 6

Nb 14.99 0.661 4.4 5 19.84 0.861 4.3 6

Cs 1.17 0.146 12.5 5 0.091 0.012 13.2 5

Ba 1191 10.034 0.8 5 131.87 3.229 2.4 6

La 38.68 0.458 1.2 5 15.49 0.341 2.2 6

Ce 69.33 0.872 1.3 5 38.17 0.801 2.1 6

Pr 8.39 0.229 2.7 5 5.45 0.112 2.1 6

Nd 31.81 0.300 0.9 5 24.63 0.467 1.9 6

Sm 5.88 0.082 1.4 5 • 6.16 0.178 2.9 6

Eu 1.55 0.045 2.9 5 2.07 0.051 2.5 6

Gd 4.63 0.070 1.5 5 6.14 0.161 2.6 6

Tb 0.696 0.007 1.0 5 1.00 0.013 1.3 6

Dy 3.64 0.106 2.9 5 5.3 0.102 1.9 6

Ho 0.696 0.011 1.6 4 1.02 0.029 2.8 3

Er 1.88 0.025 1.3 5 2.58 0.050 1.9 6

Tm 0.272 0.006 2.2 4 0.344 0.006 1.6 3

Yb 1.66 0.052 3.1 5 1.96 0.040 2.0 6

Lu 0.254 0.009 3.5 5 0.28 0.007 2.5 6

Hf 5.07 0.112 2.2 5 4.33 0.116 2.7 6

Ta 0.9 0.064 7.1 5 1.17 0.094 8.0 6

Pb 36.18 1.006 2.8 5 ' 2.07 0.065 3.1 6

Th 6.42 0.096 1.5 5 1.29 0.059 4.6 6

U 1.87 0.072 3.9 5 0.44 0.023 5.2 5

A2.2 WHOLE-ROCK RARE EARTH ELEMENT ANALYSES:

Two methods of rare earth element (REE) analysis were employed for samples

whose major and trace element compositions were determined by XRF spectrometry:

1. Instrumental neutron activation analysis (INAA) was performed by Helen Waldron at

Becquerel Laboratories Pty. Ltd. using the Australian Nuclear Science and Technology

Organisation's HIFAR irradiation facility at Lucas Heights. Powdered samples (-1 g) were
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Table A2.6: Details of isotopes, photopeaks and detection limits for REE and trace
elements measured by instrumental neutron activation analysis at Becquerel Laboratories Pty. Ltd.
Routine analytical precision for REE and certain trace elements determined on the Becquerel 'in-
house' granite standard is indicated by % CV (= % coefficient of variation = 100 x standard
deviation/mean).

Target
isotope

Product

isotope
Thermal neutron
capture cross
section (barn)

Half-life Analytical
photopeak

KeV

Detection

Limits

(ppm)

% CV

La 139 La 140 9 40.3 h 1596.2 0.10 1

Ce 140 Ce141 0.57 32.4 d 145.5 1.00 3

Nd 146 Nd147 1.3 11.1 d 91.1 2.00 3

Sm 152 Sm153 206 46.8 d 103.2 0.05 1

Eu 151 Eu 152 5900 12.7 y 1408.1 0.10 3

Tb 159 Tb160 25.5 72.1 d 879.4 0.50 5

Ho 165 Ho 166 63 26.8 h 80.6 0.50 5

Yb 174 Yb 175 65 4.19 d 396.3 0.10 2

Lu 176 Lu 177 2050 6.71 d 208.4 0.05 2

Cs 133 Cs 134 27 2.06y 595.8 0.50 3

Hf 180 Hf 181 12.6 42.4d 482.1 0.20 2

Ta 181 Ta182 21 115d 1221.4 0.50 5

Th 232 Th233 7.4 27d 311.9 0.20 2 •

Table A2.7: REE data obtained for two 'in-house' standard rocks, TasBas and TasGran, by
ion exchange - XRF spectrometry (PW1410 spectrometer - L(a) line, Au X-ray tube, LiF 200 crystal) at

the University of Tasmania Geology Department; detection limits are for 3o (99 %) confidence levels
(data from Robinson et al., 1986).

Element Detection

limit (pg)

TasBas ±1a O % TasGran ±1o o %

La 0.35 43.20 1.25 2.9 38.80 0.93 2.4

Ce 0.33 89.10 2.58 2.9 86.90 2.00 2.3

Pr 0.31 10.34 0.28 2.7 9.96 0.25 2.5

Nd 0.26 41.80 0.79 1.9 37.40 0.56 1.5

Sm 0.23 8.15 0.10 1.2 7.09 0.11 1.6

Eu 0.22 2.61 0.11 4.3 0.83 0.10 12.5

Gd 0.20 7.01 0.10 1.5 6.14 0.23 3.8

Dy 0.19 4.89 0.10 2.0 5.98 0.16 2.6

Er 0.17 2.05 0.15 7.2 3.78 0.06 1.5

Yb 0.17 1.26 0.06 4.6 3.40 0.06 1.7

weighed and heat sealed in 1 cm^ polyethylene bags. Samples, with attached flux monitor.

labels to measure flux variations, were irradiated for 30-60 minutes at a thermal flux of 2.5-3.5

ncm^ s"^. This bombardment with thermal neutrons resulted in certain target isotopes (Table

A2.6) becoming radioactive through neutron capture. Specific radioisotopes are recognised

by the characteristic energy of their emitted gamma ray(s) as they decay with specific half-

lives (Table A2.6). The concentrations of the desired elements can therefore be determined

by measuring the area of the analytical photopeaks for each of the radioisotopes. The

gamma spectrum of each radioactive sample, and attached monitor, was measured

simultaneously after decay times of 6 days for the determination of La, Sm, Ho, Yb and Lu,

and 2-4 weeks for the determination of Ce, Nd, Eu,Tb, Hf, Cs, Ta and Th. Irradiated samples

were tested for the amount of activity to adjust sample-detector geometries so that no dead

time corrections were necessary. Samples were then mounted on automatic sample changer

tables and counted for 60-90 minutes for the earlier count and 2-3 hours for the later count.
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Gamma ray spectra were measured using Princeton Gamma-tech hyperpure Ge coaxial

detectors linked to Nuclear data multichannel analysers.

The sensitivity to which each element can be measured depends on the magnitude

of its thermal neutron capture cross section and the intensity of the gamma photopeak

measured (Table A2.6), plus the overall background activity level in the sample. Detection

limits for each of the elements analysed by INAA are also given in Table A2.6. Accuracy was

monitored using international and 'in-house' rock standards; synthetic Becquerel standards

were used for initial flux-element calibrations and routine monitoring. Precision was

monitored by repeated analyses of samples and in-house standards both within and

between different sample batches. Precision on the flux monitors (Table A2.6) attached to

each sample was generally better than 5 % CV (% coefficient of variation) for each element

analysed.

2. REE contents of other samples were measured at the University of Tasmania Geology

Department using the ion exchange - XRF spectrometry method of Robinson et al. (1986).

Precision was monitored by repeated analysis of internal standards. Detection limits and REE

data for two 'in-house' standard rocks using this method are given in Table A2.7.

A2.3 MINERAL ANALYSES:

The majority of analyses of individual minerals in polished thin section were obtained

using wavelength-dispersive spectrometry (WDS) on the Cameca 8X50 electron microprobe

at the University of Tasmania Central Science Laboratories. The microprobe was operated at

a beam current of 20 nA and accelerating voltage of 15 kV.

The remainder of the mineral analyses were performed using energy-dispersive

spectrometry (EDS - peak integration with background subtraction) on the Cameca

Microbeam electron microprobe at the Australian National University Research School of

Earth Sciences, operated at an accelerating voltage of 15 kV and calibrated on pure Cu as

described by Ware (1991).

A2.4 WHOLE-ROCK RADIOGENIC ISOTOPE ANALYSES:

A2.4.1 Strontium and Neodymium:

Isotope analyses were performed at the Research School of Earth Sciences,

Australian National University, using a Finnigan MAT 261 mass spectrometer operated in

static multi-collector mode. Individual analytical results represent the mean (following the

removal of obvious outliers) and 2amean errors (where Omean is the standard error of the
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mean) of 10 blocks comprising 12 measurements at each of 5 mass stations for Sr (®^Sr,
85sr, 86sr, 87srand ®®Sr) and 7 massstations for Nd I'^Nd, '•'̂ '̂ Nd, "''̂ ^Nd, '''*®Nd,

l^g^d and ''SONd). To correct for mass fractionation effects measured ®^Sr/®®Sr and

l^SNd/l'^^Nd values are normalised to ®®Sr/®®Sr = 0.1194 and 1'̂ ®Nd/ '̂̂ '̂ Nd = 0.7219

respectively. Mean and 2apop error values (where Opop is the population standard deviation)

for NBS 987, nNd-1 and La Jolla standards analysed during the course of this study are

given inTable A2.8. Individual standard measurements made during this study are plotted in

Figure A2.1.

Table A2.8: Mean and 2opop values measured by various operators for the NBS 987, nNd-
1, La Jolla and NBS 981 standards during the period of this study. The expected precision (or
reproducibility) of values obtained for analysed samples during this study, indicated by the 2apop
values obtained for the standards, is greater than, and should not be confused with, the 2ornean
errors associated with individual sample measurements which indicate within-run precision only.

Standard Mean ± 2o n

NBS 987 ®7Sr/®®Sr = 0.710209 35 39

nNd-1 143fgci/144Nd=0.512189 19 54

La Jolla 143Nd/144Nd = 0.511897 18 9

NBS 981 206pb/204pb= 16.939 10 8

207pb/204pb^ 15 494 11 8

208pb/204pb = 36.712 31 8

Rock chips (0.1 to 0.15 g) for radiogenic isotope analysis were first crushed in an

agate mortar to <0.2 cm (predominantly fine chips <0.05 cm), and then hand-picked under a

binocular microscope, excluding chips with weathered or cut surfaces as well as phenocrysts

where possible. The latter were avoided in case they were xenocrystic, as concluded for at

least some of the phenocrysts in the Balleny Plume samples (Appendbc 3). To minimise the

effects of low temperature seawater alteration, the chips were acid-leached before

dissolution. Initially, the acid-leaching method adopted and described by Mahoney (1987)

was attempted. This method involves multiple-step leaching using 6N HCI and an ultrasonic

bath, each step being repeated until the acid no longer changes colour. Unfortunately,

Mahoney (1987) fails to mention whether or not the ultrasonic bath should be set at any

specific temperature. Attempts to use this method at room temperature failed to produce any

change in the colour of the acid whatsoever and no results were obtained using this leaching

method. As a result, a different method was adopted Using a hotplate to heat successive

additions of 6N HCI, but omitting the ultrasonic bath. Limited experimentation, due to limited

laboratory and mass spectrometer access, indicated no consistent differences (relative to

the 2apop errors of the NBS 987 and nND-1 standard measurements - Table A2.8) between

the isotopic shifts produced by the different leaching regimes tested (Table A2.9), although

the results of leached and unleached samples were significantly different. Old seafloor and
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Figure A2.1: Time versus isotopic ratio plots for Sr and Nd standards analysed during the
course of this study. Horizontal lines indicate mean values. Error bars associated with individual data
points represent 2amean ©fors and indicate within-run precision.
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continental basalts were therefore leached twice in hot 6N HCI for one hour, and rinsed

thoroughly with milli-Q ultrapure water (>18 MQ.cm) after each leaching step. Younger

samples, such as the Macquarie Island glasses, were subjected to less severe leaching in

hot 4N or 6N HCI for approximately 20 minutes or until the acid had just changed colour.

Despite an inability to check the leached residues for remnant alteration phases

using X-ray diffraction (XRD), as described by Mahoney (1987), the leaching method

adopted here is considered to have produced reliableand reproducible isotopic results. This

inference is based on the fact that the vast majority of sample repeats, involving entirely

different aliquots subjected separately to the selection, leaching, dissolution and analytical

processes described here produced results that are within analytical error (2o)of each other

(e.g. Table 3.11) despite the quite extensive degree of alteration present within some

samples. Samples for which the results of repeated analyses are not quite within analytical

error include 884-7 (Srand Nd), E27-02A-2 (Nd), 102/DR09-4B(i) (8r), 102/DR10-1C (8r),

102/DR13-3D (8r), 102/DR10-1B (Nd). It must be noted, however, that the fact that these 8r

and/or Nd isotopic data may be slightly imprecise in the fifth or sixth decimal place will not

affect the various interpretations discussed throughout this thesis. The similarity of the

isotopic data obtained here for the submarine Balleny Province samples to that presented in

the literature for subaerial Balleny Islands rocks (Chapter 3) also supports the viability of the

described techniques.

8ample dissolution was achieved in 1 ml HF plus 0.015 ml concentrated HNO3

heated for 3 to 12 hours. 8amples were evaporated to dryness, avoiding baking and the

formation of insoluble fluoride phases. HF-HNO3 dissolution was repeated if necessary,

particularly in the presence of undissolved spinel residue. Bamples were redissolved in 1 ml

4N HCI and heated overnight in order to completely convert fluoride phases to chlorides and

thereby prevent interference from any HF residues during subsequent chemistry in a

hydrochloric acid medium. 8amples were then evaporated to dryness, redissolved in 4 mis

cold IN HCI, centrifuged, and loaded onto cation exchange columns avoiding any solid

residue.

Rb, 8r and the REE were initially separated from the other matrix elements using pre-

calibrated 3 g cation (Dowex AG 50W-X8; 200-400#) exchange columns equilibrated with 1N

HCI. Rb, and 8r were eluted with 2.5N HCI, the REE with 4N HCI, prior to drying down.

8econdary clean-up stages of ion exchange chemistry were performed in two separate

stages: 8r was collected with 2.5N HCI using 1.6 g cation (Dowex AG 50W-X8; 200-400#)

exchange columns equilibrated with IN HCI; Nd was collected with 0.2N HCI using HDEHP

(Kel-F teflon powder coated with di(2-ethylhexyl)orthophosphoric acid) cation exchange

columns equilibrated with 0.2N HCI. 8amples were dried down prior to filament loading.

8r samples were loaded onto outgassed Ta single filaments in 1 p.1 0.3N H3PO4. Nd

samples were loaded in 1 pi IN HNO3 (with a trace of H3PO4) onto the outgassed Ta filament

of a Re-Ta pair.
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Procedural blanks, included at regular intervals, were spiked with -0.07 pmol '•SOfgd

and -5.7 pnncl ®'̂ Sr prior to HF-HNO3 dissolution. Results for procedural blanks were: <3319

pg for Sr; ^07 pg for Nd.

Table A2.9: Isotopic results for the unleached fractions and leached residues of three
samples subjected to two different acid-leaching regimes. Leach 1 involved two episodes of leaching
for one hour in hot 6N HCI; leach 2 involved repeated leachings for one hour at a time in hot 4N HCI
until there was no further colour change with the addition of fresh acid. 2omean errors indicate within-
run precision only.

Unleached Leach 1 Leach 2

SS4-7:

87sr/86sr 0.703248 ±21 0.703171 ± 13 0.703153 ± 10

143Nc|/144Nd 0.512880 ±6 0.512904 ± 6 0.512874 ±6

102/DR09-4B4:

®7sr/86sr 0.703525 ± 12 0.703186 ± 14 0.703224 ± 12

143^1^/144Nd 0.512995 ±8 0.513031 ± 8 0.513005 ± 10

102/DR11-2B:

87sr/86sr 0.703627 ±11 0.703333 ± 11 0.703358 ±11

143Ndy144Nd 0.513011 ±8 0.512979 ± 11 0.512962 ±6

A2.4.2 Lead:

Pb isotopes were analysed on the Finnigan MAT 261 mass spectrometer at the

Research School of Earth Sciences, Australian National University, operating in static multi-

collector mode.

Initial crushing and selection of rock chips for Pb isotope analysis followed the

method described above for Sr and Nd. Leaching, particularly of old seafloor basalts, was

performed in order to rid the samples of alteration phases resulting from possible

hydrothermal processes. The results of limited Pb leaching experiments are shown in Table

A2.10. Unleached samples proved unexpectedly difficult to analyse on the mass

spectrometer, therefore the results for only one unleached sample are given in Table A2.10.

Small differences (relative to the 2apop errors of the NBS 981 standard measurements -

Table A2.8) between the two types of leaching tested are mainly evident in the 206pi3/204pb

and 208p5/204p|3 results. The former could support the idea that 206p5 jg rnore readily
affected by alteration than 2®^Pb due to the high present-day 238u/235y ^gtio (Pearce et al.,

1992). As the two types of leaching produced similar results - differences between them are

neither consistent (for example, leach 2 produced higher Pb isotope ratios than leach 1 in

sample E27-35A-1) or sufficient to alter data interpretation - leach 1 was chosen in

preference to leach 2 to save both time and reagents. Old seafloor and continental basalts

were leached twice in hot 6N HCI for one hour, and rinsed thoroughly with milli-Q ultrapure

water (>18 MO.cm) after each leaching step. Younger samples, such as the Macquarie Island

glasses, were again subjected to less severe leaching in hot 6N HCI for approximately 10

minutes until a change occurred in the colour of the acid.
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Sample dissolution was performed by heating in 1 ml HF and -0.015 ml

concentrated HNO3 for one hour twice, followed each time by evaporation to dryness.

Samples were then redissolved in -1 ml hot 6N HCI for one hour, evaporated to dryness and

soaked in cold 0.8N HBr overnight. Procedural blanks, included with each batch of five

samples, were spiked with -60 pmol 208p5 spike (206pb/204pb _ 59.64O: 206pb/207pb _

0.29952; 206pb/208pb = 0.00208) prior to dissolution.

Ion exchange chemistry was performed in two stages using 250 pi teflon resin

reservoirs and anion resin (Dowex AG 1-X8; 200-400#), -125 pi for the first stage and -50 pi

for the second stage, discarded after each elution. Reagent volumes used were

approximately equivalent to the amount of resin. Resin was cleaned repeatedly with H2O and

6N HCI prior to equilibration with 0.8N HBr. Samples were loaded in 0.8N HBr avoiding any

solid residue. Pb was eluted with H2O, 6N HCItwice and H2O prior to evaporating the sample

to dryness. Following collection of the second purified Pb fraction, -0.03 ml concentrated

HNO3 was added prior to drying to destroy any organic material. Samples were then

evaporated with -0.03-0.06 ml 0.3N H3PO4 and -0.1 ml 6N HCI in order to avoid complete

dryness and to ensure that all phases were in chloride form respectively.

All samples for Pb analysis were loaded onto outgassed Re single filaments.

Individual analytical results represent the mean (following the removal of obvious outliers)

and 2amean errors (where Omean's the standard error of the mean) of 3 blocks comprising 12

measurements at each of 4 mass stations (204pb_ 206pb 207pband 208pb). To correct for

the effects of mass fractionation, the double spike technique described in Hamelin et al.

(1985) and Woodhead et al. (submitted) was used. This technique requires each sample to

be analysed twice. All samples were mixed with silica gel and -0.03 ml 0.3N H3PO4. Two

thirds of each sample solution was used for the 'composition run', which measures the

isotopic composition of the sample itself. The other third was used for the 'double spike run'

following mixing with an appropriate amount of a mixed 207pb.204pb spike (74 DSR)

enriched in 204pb (2.3854 ppm) and 207pb (20.787 ppm). The known ratio for these two

isotopes in the spike (207pb/204pb = 8.714) permits the calculation of a mass fractionation

correction for the composition run. The choice of an appropriate amount of spike for each

sample is dependent on the Pb content of the sample. However, due to the fact that the

samples were acid leached prior to ion exchange chemistry, the precise Pb contents of the

samples were not known. Therefore, the Q mixing ratio, where
(207pb/204pb)^ix - (207pb/204pb)3pi),e
(207Pb/204pb)33^p,^ - (207pb/204pb)^i^

was calculated for each sample following analysis to check that an appropriate amount of 74

DSR (0.02 < Q < 1; Hamelin et al., 1985) had been added to the double spike run. When the

calculated Q ratio lay outside these limits, sample chemistry and analysis was repeated due

to the possibility of error magnification associated with the double spike correction (Hamelin

et al., 1985). Despite the fact that some samples were found to be repeatedly overspiked,

even with the use of decreasing amounts of spike, due to their low and somewhat variable
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made during the course of this study. Horizontal lines indicate mean values.
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Pb contents as a result of leaching, the results of two or more analyses generally indicated

good precision and are therefore included in the data tables.

NBS 981 standards were also analysed using the double spike technique. One

standard run was included with each batch of 12 sample runs. The concentration run

comprised NBS 981, 0.3N H3PO4 and silica gel; 207pij.204pb spike was added to the

double spike run. Mean and 2apop error values for NBS 981 standard analyses performed

during the course of this study are presented in Table A2.8; individual results are plotted in

Figure A3.2.

Procedural blanks, loaded in 0.3N H3PO4 and silica gel, were considered to be

negligible: <117 pg.

Table A2.10: Isotopic results for the unleached fractions and leached residues of three
samples subjected to two different acid-leaching regimes. Leach 1 involved two episodes of leaching
for one hour in hot 6N HCI; leach 2 involved repeated leachings for one hour at a time in hot 6N HCI
until there was no further colour change with the addition of fresh acid. 2omean errors indicate within-
run precision only.

Unleached Leach 1 Leach 2

SS3:
206p|3/204pb 20.044 20.015 19.998

207pb/204pt, 15.645 15.649 15.643

208pb/204pb 39.913 39.856 39.813

SS5:
206pb/204pb

- 20.039 19.996

207pb/204pb
- 15.638 15.632

208pb/204pb - 39.868 39.824

E27-35A-1:
206pb/204pb

- 19.736 19.747

207pb/204pb - 15.604 15.612

208pb/204pb
- 39.436 39.468

A2.5 URANIUM-THORIUM-LEAD ZIRCON ANALYSES:

Zircons were extracted from 2 to 3 kg dyke and 0.2 to 6.3 kg late-stage felsic
segregation samples by Australian Geological Survey Organisation (AGSO) technicians,

using the following heavy liquid and magnetic separation techniques and attempting to

minimise the risk of contamination. All cut and weathered surfaces were removed from the

rocks and ~1 cm-sized chips were produced using an hydraulic splitter. Rock chips were

rinsed in water in an ultrasonic bath to remove dust, crushed in a rotary disc mill to produce a

coarse powder and washed with water on a Wilfley table to concentrate the heavy minerals

and remove powder and light minerals such as quartz and feldspar. Dried samples were then

subjected to heavy liquid mineral separation using tetrabromoethane (0 = 2.96), washed with

alcohol and redried prior to the removal of magnetics with a permanent magnet. An

isodynamic separator was used to remove mildly magnetic minerals such as biotite, priorto

365 ,



another heavy liquid separation step using methylene iodide (D = 3.3). Isodynamic

separation was repeated on samples containing sufficient zircons to warrant it, in an attempt

to expel 'contaminated' zircons containing inclusions or attachments of other material. Initial

isodynamic separation was at full power and low tilt (5'' side tilt), gradually reducing the tilt

angle until only pristine zircons were left. All recovered zircons were set in an epoxy mount

which was polished so tfiat -50 % of each grain was removed, in order to best expose their

cores. This grain mount was coated with Au for conductive purposes.

U-Th-Pb zircon analyses were performed on the Sensitive High-Resolution Ion

Microprobe (SHRIMP) at the Research School of Earth Sciences, Australian National

University, operated at a mass resolution in excess of 6500 to eliminate significant spectral

interferences. An 11 kV primary beam of negative oxygen ions was used to sputter positive

secondary ions from a 25 pm diameter spot on the zircon surface. Individual zircons were

chosen for analysis on the basis of their clarity and morphology, avoiding obvious cracks,

inclusions or metamictzones. Each analysis comprises a set of seven regressed scans (from

which obvious outliers have been removed) through each of nine mass stations (^^®Zr20''",
204pb+ 204.1 background Pb, 206pb+, 207pb+, 208pb+. 238u+, 248jho+ and 254uo+)

measured by cyclic magnetic field stepping using a single ion collector. SHRIMP analytical

procedures are based on the techniques described in Compston et al. (1984), Williams et al.

(1984) and Williams and Claesson (1987).

U and Th decay constants used are as recommended by the lUGS Subcommission

on Geochronology: A.(238u) = 1.55125 x lO'lO/yr; X(235u) = 9.8485 x lO'lO/yr; A.(232Th) =

4.9475 X10"''̂ / yr (Steiger and Jager, 1977). Inter-element fractionation was monitored by

repeated analysis (every fifth or sixth analysis) of the SL13 standard zircon fragment, which

has a 206pb/238y ^atio of 0.0928, equivalent to an age of 572 Ma, to which measured Pb/U

values in the unknowns were referenced. Th/U ratios were derived using a known fixed

discrimination of 1.11 between actual Th/U ratios and measured ThO''"/UO+ ratios.

Systematic inter-element fractionation during each analysis was corrected by means of a

quadratic relationship between Pb+/U+ and UO+/U+ measured on the standard zircon.

Uncertainties of 20 %, associated with the absolute concentrations of U, Th and Pb, are

governed by the observed range in the U concentration of the zircon standard (Williams and

Claesson, 1987). This does not, however, affect the relative concentrations of these

elements as measured in the unknowns, which are accurate to -1 %.

The observed standard error of 3.3 % for twenty-nine analyses of the standard

(interspersed between the analyses reported in this study) is included in the quoted errors

for the Pb/U ratios of the unknowns. Radiogenic Pb compositions were determined by

subtracting contemporaneous initial common Pb (Gumming and Richards, 1975) from

measured compositions.
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APPENDIX 3

Mineral Chemistry and Phase

Equilibria Calculations

A3.1 MINERAL CHEMISTRY;

Representative electron microprobe analyses of silicate phenocryst and/or

microphenocryst phases within the Balleny Province (Table A3.1), Soela Seamount (Table

A3.3), south Tasman Sea seamount (Table A3.5), Scott Island (Table A3.6) and southwest

Pacific seafloor samples (Table A3.7) were analysed by electron microprobe using either

wavelength-dispersive spectrometry (WDS) or energy-dispersive spectrometry (EDS), as

described in Appendix 2 and noted in individual table captions. Total iron was measured as

Fe2+; was calculated by stoichiometry for clinopyroxene and plagioclase. The following

notation is used throughout this thesis for the silicate phases:
lOOMg

'̂ 3^"(Mg +Fe2+)'
pyroxene end-members: Di =diopside, Hd =hedenbergite, En = 100 Mg _

(Ca -I- Fe'=+ -t- Mg)
too Fe2+ ... 100 Ca

Wo =
(Ca -I- Fe2+ + Mg) (Ca + Fe2+ + Mg)
feldspar end-members: An = i<-\ Ab = 100 Na 100 K

(Ca -I- Na + K) (Ca -t- Na + K) (Ca + Na -i- K)

Representative oxide phenocryst/microphenocryst phases and inclusions for

Balleny Province (Table A3.2), Soela Seamount (Table A3.4) and southwest Pacific seafloor

samples (TableA3.8) were also analysed by electron microprobe. using either WDS or EDS,

as described in Appendix 2 and noted in individual table captions. Total Fe was measured as

Fe2+; Fe^+ was calculated to produce a cation total of 3. The following notation is used

throughout this thesis for the oxide minerals:

(Mg + Fe2+) (Cr + Al) (Fe2+ + Fe2+)

Accompanying olivine Mg# data have been measured within olivine phenocrysts close to

the contact with spinel. Spinel classification is based on the method described in Deer et al.

(1992; p. 560) using the dominant R3+ and R2+ constituents and modified Johnston spinel
prisms.

A3.2 EQUILIBRIUM MINERAL COMPOSITIONS:

Calculated equilibrium compositions of olivine, clinopyroxene and feldspar with

respect to host whole-rock major element compositions forall Balleny Plumesamples whose

mineral chemistry was ascertained by electron microprobe (WDS) analysis are presented iii
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Table A3.1: Mineral chemistry (WDS) of representative silicate phenocryst and microphenocryst phases within submarine Balieny Province samples.
Analyses include: 1. disequilibrium core of olivine phenocryst; 2. rim of olivine phenocryst; 3. core of previous olivine phenocryst - reverse zoning; 4. rim of olivine phenocryst; 5.
disequilibrium core of previous olivine phenocryst - normal zoning; 6. Fe-rich olivine microphenocryst;7. clinopyroxene phenocryst (diopside);8. rim of dinopyroxene phenocryst
(augite); 9. core of previous clinopyroxene phenocryst (salite) - reverse zoning; 10. rim of clinopyroxene microphenocryst (salite); 11. core of previous clinopyroxene
microphenocryst (dnpside) - normal zoning; 12. rimof clinopyroxene microphenocryst (salite); 13. core of previous clinopyroxene microphenocryst (salite) - reverse zoning; 14.
rim of clinopyroxene microphenocryst (ferrosalite); 15. core of previous clinopyroxene microphenocryst (ferrosalite) - reverse zoning; 16. rim of plagioclase phenocryst
(bytownite); 17. partly resorbed rim of plagioclase phenocryst (labradorite); 18. core of previous plagioclase phenocryst (labradorite) - reverse zoning; 19. rim of plagioclase
microphenocryst (bytownite) In plagioclase+ clinopyroxene + spinel glomerocryst; 20. core of previous plagioclase microphenocryst (labradorite) - reverse zoning; 21. rim of
feldspar phenocryst (anorthoclase); and 22. core of previous feldspar phenocryst (oligodase) - normal zoning.

Analyala

Si02
TK32
AI203
Cr203
Fa20j
FaO
MrO
NO
Mgo
CaO
N^
K20
Total

Callona
Si

71
Al
Cr

Fa3*
Fa2*
Mt
M

Mb
Ca
Na
K

Total

ttgf

En
Fa
Wo

An
Ab
Or

Ollvlna: Cllnopyroiana;
1

•3SA-7
2

E27.SSB.2
9

E27-3SB-2
4

E27-39B-1
5

E27-3SB-1
8

E27-35A-2
7

E27-33B-2
8

E27-39A-3

9
E27-3SA-3

10

E27-39B-1
11

E27-3SB-1
12

E27-39A-4
13

E27-39A-4
39.72 38.97 38.73 37.42 39.12 31.97 48.12 47.71 43.29 45.89 49.15 49.91 43.63

1.88 2.01 3.95 2.48 0.81 1.68 3.64

0.03 0.02
7.15 6.82 10.94 8.01 7.80 320 763

0.00 0.10 0.06 0.00 0.60 0.22 0.37 0.31 0.12 0.02 0.00
0.02 0.03 0.01 0.01 0.01 0.01 0.01

12.52 17.26 18.53 22.77 13.34 52.83 5.24 7.28 7.12 7.04 4.77 8.34 9.83
0.09 0.18 0.14 \ 0.47 0.11 3.95 0.05 0.17 0.23 0.09 0.10 0.13 022
0.32 0.10 0.15 0.15 0.25 0.00

45.91 42.53 41.34 37.45 45.30 10.37 14.19 14.05 11.22 12.18 15.00 14.17 11.34
0.21 0.26 0.30 0.26 026 1.03 22.60 19.76 20.42 2267 21.03 21.46 2167

0.50 0.52 0.66 0.47 0.70 0.38 0.49

98.80 99.30
0.00 0.02 0.02 0.01 0.01 0.00 0.06

99Z1 98.62 98.44 100.15 100.35 98.59 98.23 99.06 99.50 99.27 9862

1.000 0.998 0J99 0.994 0.993 0.999 1.774 1.793 1.647 1.734 1.808 1.876 1.689
0.052 0.057 0.113 0.070 0.022 0.048 0.106

0.000 0.000 0.000
0.311 0.302 0.491 0.357 0.338 0.142 0.344

0.001 0.000 0.000 0.017 0.007 0.011 0.009 0.003 0.001 0.000
0.000 0.001 0.000 0.000 0.000 0.000 0.000

0.263 0.369 0.399 0.506 0.283 1.380 0.162 0.229 0.227 0222 0.147 0262 0.318
0.002 0.004 0.003 0.011 0.002 0.105 0.002 0.005 0.007 0.003 0.003 0.004 0.007
0.007 0.002 0.004 0.004 0.006 0.000
1.722 1.622 1.588 1.483 1.714 0.483 0.780 0.787 0.638 0.688 0.823 0.794 0.664
0.006 0.007 0.008 0.007 0.007 0.034 0.893 0.796 0.832 0.914 0.829 0.864 0.895

0.036 0.038 0.049 0.035 0.050 0.026 0.037

3.000 3.002 3.001
0.000 0.001 0.001 0.000 0.000 O.OtX) 0.003

3.006 3.005 3.001 4.027 4.015 4.014 4.030 4.024 4.018 4.053

88.75 81.47 70.92 7466 85.83 25.93 82.83 77.48 73.75 75.55 84.87 75.19 87.30

42.52 43.45 37.54 37.66 45.75 41.35 35.06
8.81 12.63 13.36 12.19 8.15 13.64 17.03

48.67 43.92 49.10 50.15 46.09 45.01 47.91



CO
Oi
CO

Table A3.1: (continued)

Cllnopyroxono: Fsldapar;
19 20 21 22Analyata 14 15 16 17 18

Samola No. E27-3SA-2 E27-SSA-2 E27-3SA-7 E27-3SB-1 E27-3SB-1 E27-3SA-4 E27-39A-4 E27-35A-2 E27-3SA-2

ao? S6.15 49.54 4920 50.05 55.12 50.10 51.65 83.49 81.41

TK)2 0.17 0.24

AI203 11.37 1.13 31.32 30.80 28.06 30.13 29.24 21.71 23.83

crzOs 0.00 0.00
0.08 0.00 0.01F0203 0.00 0.00 0.00 0.00 0.01 0.03

FeO 8.77 17.89 0.68 0.41 0.21 0.83 0.55 0.43 023

MnO 0.41 1.10

NO
0.01MgO 3.83 7.21 0.25 0.00 0.02 0.09 0.09 0.00

CaO 11.80 21.99 15.02 14.18 10.80 14.87 13.27 2.81 4.80

N^ 4.34 0.49 2.88 3.48 5.12 3.08 3.80 820 7.91

K2O 2.24 0.01 0.19 0.17 0.38 0.19 0.29 2.51 1.12

Tottl 88.93 99.80 99.50 99.99 99.70 98.91 98.97 99.18 99.11

Cations

SI 2.052 1.960 2288 2224 2.494 2.317 2.378 2.849 2.755

Tl 0.005 0.007

Al 0.490 0.053 1.700 1258 1.498 1.842 1.587 1.148 1249

Cf 0.000 0.000

0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.000 0.000

Fa?* 0.288 0.592 0.025 0.018 0.008 0.024 0.021 0.018 0.009

Ml 0.013 0.037

M
Mg 0211 0.425 0.017 0.000 0.001 0.008 0.006 0.001 0.000

Ca 0.454 0.932 0.741 0.893 0.524 0.727 0.655 0.136 0.231

Na 0.307 0.000 0255 0208 0.449 0278 0.339 0.713 0.888

K 0.105 0.001 0.011 0.010 0.021 0.011 0.017 0.144 0.064

Total 3.904 4.007 5.017 SO07 4.993 5.005 5.005 5.008 4.998

Ug« 44.09 41.81

En 22.84 21.82

Fa 28.72 30.38

Wo 48.64 47.82

An 73.55 88.58 52.70 71.87 84.78 13.81 23.48

Ab 25.34 30.48 45.20 27.23 33.55 71.90 70.00

Or 1.11 0.98 2.09 1.11 1.88 14.49 8.53
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Table A3.2: Mineral chemistry of representative oxide phases within submarine Balleny Province samples. Analyses 4, 5 and 6were analysed by EDS, all others by
WDS.
Analyses include: 1. Cr-pleonaste inclusion within an olivine phenocryst; 2. pleonaste inclusion within a clinopyroxene microphenocryst; 3. Mg-AI-titanomagnetite inclusion within
a clinopyroxene microphenocryst; 4. Cr-pleonaste inclusion within an olivine phenocryst (Mg#84.4); 5. pleonaste inclusion within an olivine phenocryst (Mg#82 2): 6. Cr-AI-
titanomagnetite inclusion within an olivine phenocryst (Mg#8l.o): 7. Cr-pleonaste inclusion within an olivine microphenocryst; and 8. Cr-AI-titanomagnetite inclusion'within an
olivine microphenocryst.

Analysis
Sampls No.

Spinal:
1

E27-35A-7
2

E27-3SA-7
3

E27-35A-7
4

E27-3SA-5
S

E27-35A-S
6

E27-3SB-2
7

E27-35A-3
8

E27-35A-3
Si02 0.13 0.09 0.13 0.00 0.00 0.00 0.07 0.90
T1O2 0.59 1.83 14.91 1.49 ^30 16.25 1.38 15.35
AI2O3 41.38 52.21 1^69 33.92 53.34 6.98 40.98 7.12
Cf203 20.50 0.01 0.00 25.67 0.13 8.81 13.73 5.90
F«203 5.58 11.36 27.49 8.07 10.60 21.56 10.31 25.27
FeO 14.54 20.36 37.62 18.13 16.10 39.61 17.45 37.89
MnO 0.04 0.22 0.24 0.00 0.13 0.63 0.20 0.70
MO 0.15 0.00 0.00 0.28 0.00
MgO 15.59 13.87 5.77 13.63 17.07 4.36 13.83 4.60
Total 98.50 99.95 98.85 100.91 99.67 98.20 98.22 97.73

Cations
Ti 0.013 0.038 0.386 0.0326 0.0464 0.4374 0.030 0.418
Al 1.393 1.690 0.516 1.1670 1.6906 0.2952 1.401 0.305
Of 0.462 0.000 0.000 0.5909 0.0028 0.2493 0.314 0.169
F«^ 0.120 0.234 0.712 0.1769 0.2139 0.5806 0.224 0.689
Fo2+ 0.346 0.466 1.083 0.4413 0.3612 1.1857 0.422 1.148
Mn 0.001 0.005 0.007 0.0000 0.0030 0.0191 0.005 0.021
N 0.003 0.000 0.000 0.007 0.000
Mg 0.662 0.566 0.296 0.5913 0.6823 0.2326 0.596 0.248
Total 3.000 3.000 3.000 3.0000 3.0000 3.0000 3.000 3.000

Mgl 65.65 54.84 21.46 57.27 65.39 16.40 58.55 17.79
Cr« 79.41 0.09 0.00 76.96 1.27 30.04 58.33 19.70
Fs3*i 25.69 33.43 39.67 28.61 37.19 32.87 34.70 37.51

End-msmbsrs
MgjTlOs 0.83 2.07 8.28 1.87 3.03 7.17 1.76 7.44
MgAl204 45.73 46.34 5.54 33.41 55.27 2.42 41.03 Z71
MgCt204 15.16 0.01 0.00 16.92 0.09 2.04 9.20 1.50
MgF0204 3.93 6.42 7.64 5.06 6.99 4.76 6.57 6.13
Fe2T04 0.43 1.70 30.31 1.39 1.61 36.57 1.24 34.40
FaAl204 23.93 38.17 20.27 24.94 29.26 12.34 29.04 12.54
FoCr204 7.93 0.00 0.00 1Z63 0.05 10.42 6.51 6.95
F0F.2O4 ^06 5.29 27.96 3.78 3.70 24.27 4.65 28 33
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Table A3.3: Mineral chemistry (WDS) of representative silicate phenocryst and microphenocryst phases within Soela Seamount samples.
Analyses include: 1. rim of olivine microphenocryst; 2. rim of olivine microphenocryst; 3. core of previous olivine microphenocryst - normal zoning; 4. core of olivine
microphenocryst; 5. rim of clinopyroxene phenocryst (salite); 6. core of previous clinopyroxene phenocryst (augite) - normal zoning; 7. rim of clinopyroxene phenocryst (salite); 8.

of previous plagioclase phenocryst (bytownite) - normal zoning.

Analysis
Sanjpl^lo.

^162
TO2
AI2O3
CrzOa
FezOs
FeO
MnO
NK)

MeO
CaO

NajO
KzO
Total

Cations
Si

Tl
Al

Or

Fo3+
Fsa*
Mn
N

Me
Ca
Na
K
Total

He*

En
Pa
Wo

An
Ab
Or

Ollvlns: CUnop
1

8S3
2

8S4-1
3

884-1
4

882-4

5

S84-1
6

884-1
7

882-4
8

882-4
9

885
10

885

11

881-1
39.05 38.56 39.00 39.64 47.33 50.79 47.00 49.62 47.84 48.55 48.97

2.87 1.14 Z64 1.71 Z04 1.75 1.28
4.45 3.15 6.57 5.07 6.02 5.20 4.81

0.09 0.02 0.09 0.16 0.00 0.10 0.48 0.37 0.47 0.40 0.35
0.09 0.03 0.01 0.01 0.00 0.01 0.03

18.00 18.29 16.75 16.73 8.34 6.33 7.33 5.70 6.83 6.40 6.33
0.21 0.35 0.33 0.07 0.12 0.04 0.15 0.05 0.09

0.23 0.16 0.20 0.18
41.97 40.57 4Z46 4Z63 1Z91 15.80 12.55 14.38 13.78 13.91 14.25

0.24 0.37 0.36 0.30 22.57 21.77 21.72 22.79 22.81 22.65 21.89
0.45 0.26 0.39 0.35 0.41 0.36 0.85
0.00 0.00 0.06 0.05 0.03 0.01 0.00

99.58 98.18 99.21 99.64 99.34 99.44 98.87 100.09 100.38 99.29 98.85

1.000 1.004 0.999 1.008 1.797 1.887 1.776 1.835 1.781 1.819 1.840
0.082 0.032 0.075 0.048 0.057 0.049 0.036

0.001
0.199 0.138 0.292 0.221 0.264 0.230 0.213

0.000 0.001 0.001 0.000 0.004 0.014 0.011 0.014 0.012 0.010
0.003 0.001 0.000 0.000 0.000 0.000 0.001

0.385 0.398 0.359 0.356 0.265 0.197 0.232 0.176 0.212 0.201 0.200

0.005
0.005 0.008 0.011 0.002 0.004 0.001 0.005 0.002 0.003
0.004 0.005 0.004

1.602 1.574 1.620 1.615 0.731 0.875 0.707 0.793 0.765 0.777 0.798
0.007 0.010 0.010 0.008 0.918 0.867 0.879 0.903 0.910 0.909 0.881

0.033 0.019 0.029 0.025 0.030 0.026 0.062

3.000 Z995
0.000 0.000 0.003 0.002 0.001 0.000 0.000

3.002 Z992 4.037 4.021 4.011 4.015 4.039 4.025 4.044

80.62 79.82 81.86 81.94 73.39 81.66 75.31 81.80 78.26 79.49 79.97

38.18 45.15 38.89 42.35 40.53 41.19 42.47
13.84 10.14 1Z75 9.42 11.26 10.63 10.64
47.98 44.70 48.36 48.23 48.21 48.18 46.89

Plaeloelaas:
12 13 14 15 16 17

382-4 882-4 882-8 885 881-1 881-1

50.34 48.32 47.90 50.93 49.38 48.00

30.75 32.42 3Z80 29.48 29.95 30.83

0.01 0.01 0.01 0.03 0.01 0.00
0.57 0.50 0.51 0.62 0.52 0.54

0.09 0.11 0.11 0.09 0.03 0.06
14.34 16.25 16.56 14.33 14.96 16.17

3.21 2.21 Z12 3.56 2.97 2.35
0.22 0.11 0.08 0.20 0.23 0.11

99.53 99.93 100.09 99.23 98.05 98.06

Z312 ^220 Z200 2.347 Z307 Z248

1.664 1.755 1.775 1.601 1.649 1.703

0.001 0.000 0.000 0.001 0.000 0.000
0.022 0.019 0.020 0.024 0.020 0.021

0.004 0.008 0.008 0.006 0.002 0.004
0.705 0.800 0.815 0.707 0.749 0.812
0.286 0.197 0.189 0.318 0.269 0.213
0.013 0.006 0.005 0.012 0.014 0.007
5.005 5.005 5.010 5.017 5.010 5.009

70.26

28.47

1.27

79.74

19.62
0.64

80.82

18.72

0.46

68.20

30.66

1.13

72.60
26.07

1.33

78.68
20.68
0.64
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Table A3.4: Mineral chemistry of representative oxide phases within Soeia Seamount samples. Analyses 2,3.4, 7 and 8 were measured by EDS, all others by WDS.
Analyses include: 1. Mg-AI-titanomagnetite inclusion within a clinopyroxene phenocryst; 2. Cr-titanomagnetite inclusion within an olivine phenocryst (Mg#75 2): 3. titanian
chromite inclusion within an olivine phenocryst (Mg#73.8): 4. aluminous chromite inclusion within an olivine phenocryst (Mg#80.4); 5. Mg-titanomagnetite inclusion within an olivine
microphenocryst; 6. Mg-AI chromite inclusion within an olivine microphenocryst (Mg#81.9): 7. Mg-AI chromite inclusion within the same olivine microphenocryst (Mg#81.9): 8. Al-
Mg-titanomagnetite microphenocryst; and 9. Cr-Mg-AI-titanomagnetite inclusion within an olivine microphenocryst.

Spinal:
Analysis 1 2 3 4 5 6 7 8 9
Samnls No. SS3 SS3 SS3 SS3 SS4-1 S84-1 SS4-1 8S5 sss

Si02 0.03 0.26 0.12 0.00 0.08 0.00 0.00 0.11 0.03
TIO2 14.02 11.68 8.47 6.65 26.49 4.14 2.53 15.54 21.18
AI2O3 6.01 6.62 9.83 17.09 1.42 12.83 23.00 7.18 4.79
O2O3 3.00 18.13 29.89 21.70 0.04 38.76 29.96 Z91 6.14
F8ZO3 3Z14 23.11 15.39 18.90 14.04 1ZU 11.64 28.64 17.94
FsO 34.65 36.85 32.09 29.00 50.26 28.25 20.87 37.53 43.98
MnO 0.23 0.37 0.00 0.00 0.67 0.00 0.00 0.40 1.02
NiO 0.15 0.14 0.04
MgO 5.70 4.17 6.25 7.74 2.27 6.23 10.85 5.17 4.15
Total 96.02 101.19 102.04 101.08 95.27 100.35 98.85 97.62 99.28

Cations
Ti 0.385 0.308 0.214 0.162 0.764 0.104 0.060 0.420 0.570
Al 0.259 0.274 0.390 0.656 0.064 0.509 0.857 0.305 0.203
Cr 0.087 0.502 0.793 0.557 . 0.001 0.976 0.747 0.083 0.174
Fs3+ 0.884 0.609 0.389 0.462 0.405 0.307 0.276 0.774 0.483
Fa^* 1.058 1.079 0.901 0.788 1.613 0.793 0.550 1.127 1.317
Mn 0.007 0.011 0.000 0.000 0.022 0.000 0.000 0.012 0.031
N 0.004 0.000 0.004 0.001
Mg 0.315 0.218 0.313 0.375 0.130 0.312 0.510 0.277 0.221
Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Mg« 22.95 16.78 25.76 32.23 7.45 28.21 48.10 19.71 14.39
Cr# 25.04 64.69 67.04 45.93 1.85 65.72 46.57 21.33 46.17
Fa'*# 45.50 36.08 30.14 36.96 20.09 27.88 33.42 40.71 26.85

End-mcmbara
M92T1O4
MSAI2O4
MflCr2P4
MgF8204
Fe2T04
FaM204
FeCr204

8.84 5.16 5.51 5.23 5.69 2.95 ^89 8.27 8.21
2.98 2.30 5.02 10.57 0.24 7.18 20.61 3.00 1.46
0.99 4.21 10.22 8.98 0.00 13.76 17.96 0.81 1.25

10.14 5.11 5.01 7.44 1.51 4.32 6.64 7.62 3.48
29.68 25.60 15.88 11.01 70.75 7.50 3.11 33.69 48.81
10.00 11.40 14.48 22.23 2.98 18.27 22.24 12.23 8.67
3.34 20.89 29.45 18.88 0.06 35.02 19.38 3.32 7.44

34.04 25.34 14.43 15.65 18.76 11.00 7.17 31.06 20.69
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Table A3.5: Mineral chemistry (EDS) of representative silicate phenocryst and microphenocryst phases within Zeehan (C17/86 8DB) and Heemskirk (C17/86 7DB)
Seamount samples.
Analyses include: 1. rim of olivine microphenocryst: 2. core of previous olivine microphenocryst - reverse zoning; 3. rim of olivine phenocryst; 4. core of previous olivine
phenocryst - normal zoning; 5. rim of ciinopyroxene microphenocryst (augite); 6. core of previous clinopyroxene microphenocryst (ferroaugite) - reverse zoning; and 7.
clinopyroxene lath (augite).

Analysis
Sample No.

8X32
TI02
AI2O3
C12O3
FeaOs
FM

MnO
NO

MgO
CaO

Na20
K2O
Total

Cations
SI

Tl
Al

Cr

Fo®*
Fe2+
Ml

Mb
Ca
Na

K
Total

Mg<

En

Fs
Wo

Ollvlna:
1

8DB 2/1
2

C17/86 8DB 2/1
3

017/86 8DB 2/2
4

C17/88 8DB 2/2

Clinopyroxene:
s

C17/86 80B 2/1
6

C17/88 8DB 2/1
7

C17/86 7DB 1/13
32.16 31.91 32.20 32.93 48.94 47.88 49.39

0.65 0.83 1.71
1.25 1.69 3.15

0.00 0.00 0.00 0.00 0.00 0.17 0.11

0.01 0.01 0.01
51.96 52.50 .51.32 50.04 16.12 19.73 12.99

1.29 1.29 1.37 1.03 0.41 0.54 0.24

13.91 13.71 14.32 16.05 9.34 7.07 12.03
0.34 0.28 0.38 0.31 20.88 20.64 19.94

0.45 0.61 0.65

0.00 0.00 0.00
99.66 99.69 99.59 100.36 98.05 99.17 100.22

0.990 0.985 0.989 0.992 1.937 1.910 1.875
0.019 0.025 0.049

0.000
0.058 0.080 0.141

0.000 0.000 0.000 0.000 0.005 0.003
0.000 0.000 0.000

1.337 1.356 1.318 1.260 0.533 0.658 0.412
0.034 0.034 0.036 0.026 0.014 0.018 0.008

0.638 0.631 0.656 0.720 0.551 0.420 0.681
0.011 0.009 0.013 0.010 0.885 0.882 0.811

0.034 0.047 0.048

3.010
0.000 0.000 0.000

3.015 3.011 3.008 4.032 4.046 4.028

32.30 31.76 33.21 36.37 50.82 38.97 62.28

27.98 21.44 35.75
27.08 33.58 21.65
44.94 44.98 42.60
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TableA3.6: Mineral chemistry (WDS) of representative silicate phenocryst and microphenocryst phases within submarine Scott Island samples.
Analyses include: 1. olivine microphenocryst; 2. core of olivine microphenocryst; 3. rim of olivine microphenocryst; 4. core of previous olivine phenocryst - normal zoning; 5.
olivine microphenocryst; 6olivine microphenocryst; 7. groundmass feldspar lath (oligoclase); 8. feldspar microphenocryst (anorthoclase); 9. feldspar microlite (anorthoclase); *10.
groundmass feldspar lath (oligoclase-anorthoclase); 11. rim of plagioclase microphenocryst (labradorite); 12. core of previous plagioclase microphenocryst (labradorite); 13.
groundmass feldspar lath (anorthoclase); and 14. kaersuthe microphenocryst.

Analytia
Samola No.

Ollvino;

1
E27-34B-1

2
E27>34B-2

3
E27-34C-2

4

E27-34C-2

5

E27-34D-1

6

E27-340-1

Falilapar:
7

E27-34A-4
8

E27-34A-4
0

E27-34B-1

10

E27'34B-2

11

E27-34C-2

12

E27-34C-2
13

E27-34D-1

Ampblbola;
14

E2T-34B-2

SOo 30.80 30.14 38.47 35.95 31.13 30.05 61.44 65.20 63.97 84.07 55.18 54.40 63.44 30.25

TO2 4.78

AI203 23.00 20.04 20.12 2^61 28.00 28.02 22.04 13.13

C12O3 0.02 0.00 0.00 0.00 0.00 0.00 0.05

F»2p3
FtO 56.87 57.83 35.37 34.55 58.01 54.03 0.30 0.55 1.78 0.85 0.49 0.55 0.71 16.11

k*o 3.83 3.72 0.08 1.03 4^7 3.84 0.21

NO 0.02 0.00 0.01 0.04 0.00 0.00

MgO 7.07 8.52 27.83 28.08 8.82 7.10 0.00 0.04 0.06 0.00 0.04 0.05 0.00 922

CaO 0.84 1.08 0.47 0.86 0.05 1.43 4.37 2.11 220 4.09 10.37 10.59 3.34 10.98

8.05 8.51 7.34 7.68 5.40 5.18 8.01 2.63

K20 1.21 2.03 3.07 1.99 029 0.31 2.27 0.89

Total 09.55 09.20 100.03 100S1 09.18 08.25 08.37 100.28 00.51 10120 99.75 99.17 09.81 9725

Callona

SI 0.094 0.083 1.006 0.007 1.006 1.005 2.778 2899 2.013 2.827 2.500 2.488 2.840 5.066

Tl 0S46

Al 1.220 1.100 1.082 1.170 1.500 1.512 1.186 Al (tat) - 2.034
AI(oct)-0.325

Or 0.000 0.000 0.000 0.000 0.000 0.000 0.006

Fa2» 1.534 1.577 0.818 0.801 1.512 1.401 2.048

Mn 0.105 0.103 0.023 0.024 0.117 0.106 0.027

M 0.001 0.000 0.000 0.001 0.000 0.000

Mg 0.340 0.317 1.138 1.180 0.328 0.344 2.000

Ca 0.032 0.038 0.014 0.020 0.033 0.050 0.212 0.101 0.112 0.103 0.504 0S18 0.180 1.788

Na 0.706 0.734 0.648 0.857 0.475 0.457 0.805 (M4)-0.180
(A)-0.808

K 0.070 0.188 0.231 0.112 0.017 0.018 0.130 0.173

Total 3.006 3.018 2.995 3.003 2.096 2.006 4.096 5.000 4.986 4.968 4.908 4.993 4.001 15.778

Ms* 18.14 18.74 58.20 59.15 17.83 18.75 50.51

An 21.48 10.09 11.30 20.06 50.80 52.17 18.24

Ab 71.48 73.33 85.39 88.30 47.89 48.02 70.56

Or 7.09 18.58 23.31 11.64 1.71 1.81 13.20
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TableA3.7: Mineral chemistry (WDS) of representative siiicate phenocryst and microphenocryst phases within southwest Pacific Ocean seafioor samples.
Analyses include: 1. olivine microphenocryst rim; 2. core of previous olivine microphenocryst - normal zoning; 3. olivine microphenocryst rim; 4. core of previous olivine
microphenocryst - riormal zoning; 5. rim of olivine phenocryst with saiite overgrowth rim (analysis 23); 6. olivine phenocryst rim; 7. core of previous oiivine phenocryst - reverse

• O aw* • a M mi • A mm. ^ ^ .m.t mm. mm. > * ...

olivine phenocryst - homogeneous grain; 19. oiivine rim; 20.coreof previous oiivine; 21. clinopyroxene microphenocryst rim (saiite.)
previous

Analytl*
S«mpl« No.

Ollvino:

1

E27-03

2
E27-03

3

£27*36.2
4

£27*36*2
5

£27*36*2
6

E27*36*4

7

E27-36*4
8

E27*36*S
0

£27*36*5
10

£27-36*7
11

£27*36*7
12

£27*36*7
13

£27*36*8
S02
•noz
Aizoa
CrzOs
FozOs
FeO
MO
NO

M0O
CaO
FKqO
KzO
Total

34.3d 35.34 39.8 40.41 39.19 40.02 39.52 39.54 38.98 38.82 39.91 38.57 39.34

0.00

39.66
1.14
0.02

23.6
0.57

99.38

0.00

35.02
0.85

0.00

27.13
0.37

99.61

0.00

15.08

0.26
0.08

43.69
0.29

09.27

0.00

11.37

0.04

0.26

47.13

0.20

09.41

0.10

15.99

0.26
0.19

43.06
0.29

09.08

0.00

14.19

0.15

0.23

45.31

0.25

100.15

0.00

18.81

0.24

0.11

40.98

0.22

99.88

0.00

15.08

0.15

020

44.02

0.27

99.26

0.00

20.24

0.19

0.29

40.43

0.08 .

100.21

0.00

18.37
0.28

0.17

41.05

0.34

99.03

0.00

13.28
0.18

0.10

44.88
0.37

98.72

0.00

24.27
0.40

0.05

36.71
0.39

100.39

0.00

15.78
0.29

0.18

42.88
0.30

98.77

Catlona
Si

Tl
0.092 0.994 1.008 1.004 1.001 1.000 1.011 1.002 1.002 1.002 1.008 1.009 1.005

Al

Cf

Fa^
Fe2^

Nl

Mb
Ca

Na

0.956

0.026

0.001

1.014

0.016

0.845

0.020

0.000

1.137
0.011

0.319

0.006

0.002

1.640

0.008

0.236

0.001

0.006

1.744

0.005

0.001

0.341

0.006

0.005

1.636

0.008

0.297

0.003
0.005

1.688

0.007

. 0.402

0.005

0.003

1.562
0.006

0.310

0.003

- 0.005

1.662
0.007

0.435

0.004

0.007

1.548

0.002

0.397

0.006

0.004

1.579

0.009

0.280

0.004

0.002

1.686
0.010

0.531

0.009
0.001

1.431
0.011

0.337

0.006

0.004

1.633

0.008

K

Total 3.009 3.007 2.992 2.006 3.000 3.000 2.989 2.998 2.998 2.997 2.992 2.992 2.993

Mg# 51.47 57.37 83.79 88.08 82.77 85.04 79.53 83.9 78.06 79.91 85.77 72.94 82.89

En
Fa
Wo

An
Ab
Or
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Table A3.7: (continued) 22. core of previous dinopyroxene microphenocryst (salite): 23. salite rim around olivine phenocryst (analysis 5); 24. salite inclusion in olivine
phenocryst; 25. dinopyroxene microphenocryst rim (salite); 26. core of previous dinopyroxene microphenocryst (salite) - reverse zoning; 27. dinopyroxene phenocryst rim
(salite); 28. core of previous dinopyroxene phenocryst (diopside) - normal zoning; 29. dinopyroxene microphenocryst rim (salite); 30. apple-green core of previous dinopyroxene
microphenocryst (salite) - reverse zoning; 31. salite rim around olivine microphenocryst (analyses 13 and 14); 32. dinopyroxene microphenocryst rim (diopside); 33. core of
previous dinopyroxene microphenocryst (salite); 34. dinopyroxene phenocryst rim (salite); 35. core of previous dinopyroxene phenocryst (salite) - reverse zoning; 36. diopside
indusion in olivine phenocryst; 37. plagioclase phenocryst rim (labradorite); 38. core of previous plagioclase phenocryst (labradorite); 39. plagioclase phenocryst rim (bytownite);
40. core of previous plagioclase phenocryst (labradorite) - reverse zoning; 41. plagioclase microphenocryst rim (labradorite); and 42. core of previous plagioclase
microphenocryst (bytownite) - normal zoning.

Analyala
Sampl^No.
SI02
7102
AlzOa
CrzOa
FazOa
FaO
IWO
rro

mbo
CaO
NazO
KzO
Tolal

Callona

SI
71

A!
Cf

Fa®*

Mn
Ni

Mb
Ca

Na
K

Total

Mg»

En
Fa
Wo

An

Ab
Or

Ollvlna ;

14

E2T-i6-e

40.08

0.04

13.11
0.09
0.32

45.44

0.23

09.31

1.005

0.275

0.002

0.007

1.698

0.006

2.093

86.06

1 9

E27-36-8

40.01

0.00

17.47
0.29

0.16
42.96

0.28

101.17

1.004

0.367

0.006

0.004

1.607

0.008

2.096

61.41

1 6

E27-36.8

39.71

0.01

18.04

0.39
0.16

42.42
0.26

ira.99

1.002

0.381

0.008

0.004

1.595

0.007

2.997

80.72

1 7

E27.37-2

39.56

0.04

16.33
0.26

0.12

43.24

0.35

99.90

1.002

0.346

0.006

0.003

1.632
0.009

2.998

82.51

E27-37^
39.32

0.00

16.61
0.14

0.29

43.11

0.34

99.81

0.998

0.353

0.003

0.007

1.631

0.009

3.001

82.21

1 9

E27.37.3

32.47

0.00

51.08

2.43
0.10

13.68

0.58

1X.34

0.993

1.306

0.063

0.003

0.623
0.019

3.007

32.30

20

E27-37.3

Cllnopyrexana:
21

E27-03

22

E27-03
23

E27.36*2
24

E27*36-2
25

E27-36>4
26

E27-36-4

32.38 49.75 47.23 46.63 47.52 4725 44.93
1.64 2.60 2.55 1.74 2.18 2.89
3.05 5.22 7.75 7.33 6.72 10.3

0.00 0.00 0.06 0.04 0.29 0.37 0.19

51.99 11.63 10.48 9.18 6.50 6.88 6.93
2.27 0.35 0.30 0.31 0.05 0.06 0.00
0.00

13.11 10.83 11.14 11.3 13.43 1325 1227
0.57 22.08 21.86 2126 22.19 22.83 21.6

0.70 0.55 0.79 0.63 0.41 0.72
0.01 0.01 0.00 0.00 0.00 0.00

100.32 100.04 99.45 99.81 99.68 99.93 99.83

0.994 1.891 1.802 1.758 1.773 1.767 1.679
0.047 0.075 0.072 0.049 0.061 0.081
0.137 0.235 0.344 0.322 0296 0.454

0.002 0.001 0.009 0.011 0.006

1.335 0.374 0.334 0289 0203 0214 0217
0.059 0.011 0.010 0.010 0.002 0.002 0.000
0.000

0.600 0.613 0.633 0.635 0.747 0.738 0.683
0.019 0.899 0.894 0.859 0.687 0.914 0.865

0.052 0.041 0.058 0.046 0.030 0.052

3.007
0.000 0.000 0.000 0.000 0.000 0.000
4.024 4.026 4.026 4.038 4.033 4.037

31.01 62.11 65.46 68.72 78.63 77.52 75.89

32.5 34.01 35.61 40.66 39.55 38.70
19.83 17.95 1621 11.05 11.47 1229
47.67 48.04 48.18 4829 48.98 49.01
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Table A3.7: (continued)

Analysis
Ssmpio No.

Cllnopyroxono:
27

E27-36-7
28

E27-36-7
29

E27-36.7
30

E27-36-7
31

E27-36-8

32
E27-36-a

33
E27-36-8

34

E27-37-2
39

E27-37.2
36

E27-37-2

Feldapar:
37

E27-03

38

E27-03

39

E27-36.4

SIO2 48.72 48.41 47.01 5024 46.35 49.03 45.98 50.06 47.89 50.44 5Z61 54.13 4930
1102 1.86 1.63 2.56 0.79 2.39 1.84 2.60 126 2.05 121
AI2O3 6.47 6.59 5.74 3.51 8.08 5.26 8.08 3.79 5.08 3.99 29.31 28.48 31.14
C12O3 0.08 0.71 0.09 0.00 0.13 0.43 0.02 0.30 0.17 1.24
F8203
FoO 6.11 5.37 6.83 11.79 7.93 5.86 6.69 6.58 8.12 5.05 0.31 0.33 0.78
MrO
NO

0.08 0.12 0.00 0.57 0.22 0.10 0.15 0.23 0.15 0.15

MgO 13.69 13.78 13.26 10.69 11.85 14.30 12.49 14.88 13.43 15.14 0.02 0.04 0.00
CaO 22.78 2323 22.43 21.75 21.54 22.91 22:54 22.45 22.35 22.67 11.71 10.93 15.05
Ns20 0.56 0.49 0.33 1.00 0.77 0.47 0.60 0.33 0.38 0.44 4.64 5.37 2.81
K2O 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.31 0.32 0.18
Toisl 100.35 100.33 9827 100.34 9926 10021 99.15 99.88 99.62 100.35 98.91 99.6 99.46

Cstlons

SI 1.801 1.790 1.786 1.903 1.749 1.817 1.732 1.862 1.804 1.858 2.413 2.462 2287
71 0.052 0.045 0.073 0.022 0.068 0.051 0.074 0.035 0.058 0.034
Al 0282 0.287 0257 0.157 0.359 0230 0.359 0.166 0.226 0.173 1.589 1331 1.700
Or 0.002 0.021 0.003 0.000 0.004 0.013 0.001 0.009 0.005 0.036

Fo2* 0.189 ^0.166 0217 0.373 0250 0.182 0211 0205 0.256 0.156
Mn
Nl

0.003 '0.004 0.000 0.018 0.007 0.003 0.005 0.007 0.005 0.005

Mo 0.754 0.759 0.751 0.603 0.666 0.790 0.701 0.825 0.754 0.831
Ca 0.902 0.920 0.913 0.883 0.871 0.909 0.910 0.895 0.902 0.895 0.575 0333 0.745
Na 0.040 0.035 0.024 0.073 0.056 0.034 0.044 0.024 0.028 0.031 0.413 0.474 0252
K 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.016 0.019 0.011
Total 4.025 4.027 4.025 4.032 4.030 4.029 4.037 4.028 4.038 4.020 5.008 5.019 4.995

Hg# 79.96 82.05 77.58 61.78 72.71 81.28 76.86 80.10 74.65 84.19

En 40.87 41.14 39.93 32.44 37.27 42.00 38.47 42.86 39.44 44.16
Fa 1024 9.00 11.54 20.06 13.99 9.68 11.58 10.65 13.39 8.29
Wo 48.89 49.86 48.54 47.50 48.74 48.32 49.95 46.49 47.18 47.56

An 57.16 51.95 73.91
Ab 41.05 46.2 25.00
Or 1.79 1.85 1.09
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Table A3.7: (continued)

Fsldapar:
Analysis 40 41 42
Ssmpis No. E27.3$-4 E27-37.2 E27.37.2

S102 51.71 52.09 47.15

JK>2
AI203 29.82 28.68 31.79
Cr203
F«203
FeO 0.79 0.81 0.60
MnO
NO

MgO 0.01 0.10 0.07
CaO 13.54 13.34 17.34
NagO 3.78 3.92 1.85
K2O 0.22 0.24 C.09
Total 99.87 99.18 98.89

Cations

SI 2.370 2.405 2.205
71
Al 1.616 1.565 1.757
Of

Fe3*
Fe2*
Ml
Ni

Mb
Co 0.665 0.660 0.869
Ma 0.336 0.351 0.*68
K 0.013 0.014 0.005
Total 4.999 4.995 5.004

Mg«

En

Fa
Wo

An 65.58 64.39 83.4
Ab 33.14 34.24 16 12
Or 1.28 1.37 0 48
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Tablo A3.6: Mineral chemistry (WDS) of representative oxide phases within southwest Pacific Ocean seafloor samples.
Analyses Include: 1. Cr-pleonaste inclusion within an olivine microphenocryst; 2. ^-Al-titanomagnetite groundmass crystal; 3. Cr-pleonaste inclusion within an olivine
phenocryst; 4. pleonaste inclusion within a clinopyroxene phenocryst; 5. pleonaste microphenocryst rim; 6. core of previous microphenocryst; 7. pleonaste inclusion within an
olivine phenocryst; 8. Cr-AI-titanomagnetite inclusion within an olivine microphenocryst; 9. Cr-pleonaste inclusion within an olivine microphenocryst; 10. Cr-AI-titanomagnetite
groundmass crystal; 11. Cr-pleonaste Inclusion within an olivine phenocryst; and 12. Al-titanomagnetite microphenocryst.

Anatyato
Samola No.

Spinal:
1

E27-S6-2
2

E27-36-2
3

E27-36-2
4

E27-36-4
5

E27-36-S

6
E27-36-S

7

E27-36-7
a

E27.S6-7
9

E27-36-7
10

E27-36-8
11

E27-37-2
12

E27-37-3

8K)2 0.35 0.08 0.14 0.10 0.05 0.03 0.08 0.03 0.12 0.19 0.08 0.15

TKJ2 1.87 23.54 1.47 1.11 0.09 1.00 1.97 21.18 2.08 17.41 2.26 20.44

AI203 31.90 2.92 27.70 54.74 49.42 49.35 47.12 4.79 23.01 6.03 24.11 4.08

CrjOa 27.63 0.23 31.88 0.00 9J29 9.29 3.68 8.14 33.13 7.77 28.72 0.00
7.80 19.81 8.86 11.00 7.92 6.04 12.94 17.94 9.69 21.10 12.11 24.47

FbO 16.14 46.87 15.43 14.40 16.71 18.80 18.38 43.98 18.69 39.95 18.08 46.83
MnO 0.18 1.13 0.24 0.41 028 0.02 0.14 1.02 0.23 1.01 0.05 1.10
NO 0.22 0.05 0.19 0.09 0.19 0.23 0.11 0.04 0.15 0.09 0.13 0.05
MCP 14.54 3.12 13.78 17.24 14.51 13.88 14.46 4.15 11.76 4.31 1257 1.49
Total 100.51 97.54 97.87 99.09 98.46 98.63 98.88 9928 98.86 97.65 97.81 98.61

Callona
71 0.041 0.656 0.034 0.022 0.002 0.021 0.042 0.570 0.049 0.473 0.053 0.570
A1 1.106 0.128 1.002 1.733 1.626 1.627 1.562 0203 0.852 0.258 0.894 0.179
Cr 0.839 0.007 0.772 0.000 0.2O4 0.205 0.082 0.174 0.821 0.222 0.713 0.000

Fa^* 0.172 0.553 0.158 OJ222 0.166 0.127 0273 0.483 0.229 0.574 0586 0.682

0.398 1.447 0.395 0.323 0.389 0.438 0.431 1217 0.490 1.208 0.475 1.461

Ml 0.004 0.035 0.006 0.009 0.007 0.000 0.003 0.031 0.006 0.031 0.001 0.035
M 0.005 0.001 0.005 0.002 0.004 0.005 0.002 0.001 0.004 0.003 0.003 0.001

>4> 0.638 0.172 0.628 0.688 0.602 0.577 0.805 0221 0.549 0.232 0674 0.082
Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Mgf 81.61 10.65 81.38 68.09 60.74 56.82 58.37 14.39 52.86 18.13 54.73 0.05
Cr* 36.60 5.01 43.50 0.00 11.17 11.19 4.97 46.17 49.07 48.30 44.35 0.00

F»'*0 30.30 27.64 28.58 40.74 29.90 22.41 38.77 26.85 31.82 32.21 37.60 0.32

End-mambora

MreTOa 2.54 6.99 2.08 1.52 0.11 1.19 2.43 821 2.59 7.63 2.92 3.06
MgAljOa 34.08 0.68 30.76 59.01 49.38 46.21 45.59 1.48 22.53 2.08 24.48 0.48
MBC12O4 19.68 0.04 23.69 0.00 62t 5.82 2.38 1.25 21.70 1.79 1961 0.00
MBF02O4 5.31 2.94 4.85 7.55 5.04 3.60 7.97 3.48 6.04 4.83 7.83 1.83
Fa2T04 1.58 58.65 1.31 0.71 0.07 0.91 1.73 48.81 2.31 39.69 2.42 53.90
FaAl204 21.23 5.72 19.35 27.66 31.91 35.12 32.52 8.67 20.09 10.80 2054 8.45
FaCi204 12.28 0.30 14.90 0.00 4.01 4.42 1.70 7.44 19.35 9.31 16.13 0.00
FaFapO^ 3.31 24.69 3.05 3.54 326 2.74 5.68 20.69 5.39 24.06 6.47 3258
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Table A3.9: Olivine, clinopyroxene and feldspar equilibrium c»mposifions for Balleny Plume samples ascalculated via the methods of A) Nielsen and Dungan (1983);
B) Nielsen et al. (1988); C) Glazner (1984); and D) Boeder and Emslie (1970). Apart from aphyric samples (SS4-4 and 7DB 1/13) and samples with no phenocryst plagioclase (35A-
5 and SS3), calculated data are presented only for fresh phenocryst phases for which electron microprobe analysesare available.

BALLENY PROVINCE: SOELA 8EAMOUNT: SOUTH TASMAN SEA SEAMOUNT8:
Pi«glocl««e

E27.39A-1 8S1-1 SOB 2/1
A MB«B5 MB»79.73 Anse A MB»8a25 Anaa A M0AB1 "0*57.07 An?,
C Mb»90 M9»77.52 An63 B MB»81.01 B "0*56.18
D MB«B7 C An67 C "9*72 Ana6

D "0*42
E27-3SA-2 SS2-4
A MB»33 M0»47.76 An69 A MB»81 MB»87.87 Anaa SOB 2/2
B Mg#50.59 B Mg#a521 A "0*B8 "0*58.04 Anas
C Anas C Mg»98 Anaa B "0*55.69
0 MB«38 D Mg#82 C "0*88 Ana?

D "0*41
E27>3SA>3 8S2-8
A MO»B9.02 Anaa A M0»83.72 Anaa SOB 2/9
B

MB»97
M9»87.75 B MO*81.90 A "0AB2 "0*53.87 An?i

C An74 C An?, B "9*54.24
D MB»81 C "0*74 Ana4

S83 D "0*41
E27-39A-4 A Mg»B3 M9»B9.91 Anaa
A Mb»79.55 An48 B MB#a8.19 SOB 3/4
B Mg»78.43

An62
C Me*96 An7B A "0*81 "0*54.74 An?o

C 0 M0R54 B "0*54.78

E27-39A-9
C "0*78 Anas

SS4-1 0 "0*41
A MbAB4 M0»81.14 Anaa A Mb»82 Mo#88.a0 Anaa
B MB»90.31 B M0»88.O9 70B 1/13
C Mb»98 An74 C Mo#B5 Anao A "0*57.63 Anaa
D Mb#86 D Mg#B3 B "^.35
E27-39A-7 SS4-2

C Anaa

A MB*82 MB»89.74 Ane7 A M9488.89 Anas
B M0»88i8 B Mg*83A8
C MB»99 An77 C An7g
D MbAB3

884-4
E27-39B-1 A Ma#83i8 Anaa
A MB»78 M9»8a.67 Ana7 B M9*80.79
B MQ#84.6fl C An73
C Mb*96 An7B
D Mb»78 889

A M|j»a3.36 Anaa
E27-39B-2 B "0*82.09
A Mb*83 M0»9o.44 Anaa C Anya
B Mb»89.36
C MB«ge An78
D Mb»84



Table A3.9. In the absence of melt composition data (ie. groundmass compositions), the

best results would be expected for those samples with the least number of phenocrysts so

that whole-rock composition most closely approximates the composition of the liquid.

Graphical comparisons of measured and calculated mineral compositions are presented in

Figures A3.1, A3.2 and A3.3.

Calculated equilibrium divine compositions for the submarine Scott Island and

southwest Pacific Ocean seafloor samples are compared with measured values in Table

A3.10.

Table A3.10: Olivine compositions (Mg-values) in equilibrium with whole-rock
compositions werecalculated via the method of Roeder and Emslie (1970), and are here compared to
the most Mg-rich olivines measured in each of the submarine Scott Island and southwest Pacific
Ocean seafloor samples for which electron microprobe data are available.

Scott island:-
E27-34B-1

E27-34B-2

E27-34C-2

E27-34D-1

Southwest

E27-02A-2

E27-03

E27-36-2

E27-36-4

E27-36-5

E27-36-7

E27-36-8

E27-37-2

E27-37-3

Pacific Ocean:

Calculated Olivine
Composition

Mg#19.9
Mg#i9 8
Mg#55.1
Mg#i7.o

Mg#66.3
Mg#59.7
Mg#84.0
Mg#84.4
Mg#83.7
Mg#83.5
Mg#81.8
Mg#76.9
Mg^37.9

Measured Olivine

Composition

Mg#i9.2
Mg#2b.O
Mg#59.3
Mg#18.7

Mg#60.5
Mg#60.7
Mg#88.1
Mg#86.4
Mg#87.5
Mg#86.7
Mg#87.0
Mg#85.7
Mg#33.7

A3.2.1 Olivine:

Three methods were used to calculate equilibrium olivine compositions, as

described by Roeder and Emslie (1970), Nielsen and Dungan (1983) and Glazner (1984).

The olivine compositions predicted by the activity-composition relationship method of

Glazner (1984) are significantly more Mg-rich than the results produced via the methods of

Roeder and Emslie (1970) and Nielsen and Dungan (1983) which are generally in close

agreement, at least for the Balleny Province and Soela Seamount samples (Figures A3.1

and A3.2), despite the differences in their methodology. Nielsen and Dungan (1983)

prescribe the use of temperature-dependent mineral-melt distribution coefficients,

calculated by regressing the results of equilibrium experiments, whereas Roeder and Emslie

(1970) present a fixed, temperature-independent, distribution coefficient: (Kq = 0.30). Their

poor correlation with compositions predicted by Glazner's (1984) method is probably a

function of the calibration of the latter being inappropriate to the Balleny Plume magmas, as a

result of the limited data set upon which the model has been based.
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Equilibrium olivine compositions calculated by the Roeder and Emslie (1970) and

Nielsen and Dungan (1983) methods indicate that most of the Balleny samples contain

olivine phenocrysts and/or microphenocrysts which are too Mg-rich to be in equilibrium with

their host rock melt compositions. In some samples (e.g. sample 35B-1 - Table 3.2) it is

evident that these Mg-rich cores are rimmed by less magnesian olivine of equilibrium

composition. Calculated equilibrium olivine compositions within the Zeehan Seamount

samples vary greatly according to the method used (Figure A3.3). Those values obtained

using the method of Roeder and Emslie (1970) are closest to the observed compositions.

Despite the sparseness of phenocryst phases within these samples, the Roeder and Emslie

(1970) method results in equilibrium olivine compositions inconsistent with measured olivine

compositions. These more Mg-rich calculated compositions may be due to the relatively

evolved whole-rock compositions of these rocks for which none of the methods used may

be entirely appropriate.

A3.2.2 Clinopyroxene:

Equilibrium clinopyroxene compositions have been calculated via the methods of

Nielsen and Dungan (1983) and Nielsen et al. (1988) and are in close agreement. Measured

Balleny, Soela and south Tasman Sea seamount clinopyroxene compositions are generally

similar to calculated equilibrium compositions. However, clinopyroxene phenocrysts and/or

microphenocrysts within Balleny basanite (except for the most evolved sample 35B-1) and

alkali basalt samples have Mg#s well below calculated equilibrium compositions (Figure

A3.1). Although these samples contain substantial phenocryst components, which may be

expected to affect correlations between observed and calculated compositions, sample

35A-2, with the greatest phenocrystcontent of the Balleny samples, contains clinopyroxene

crystals of similar composition to that calculated. Soela Seamount samples which

demonstrate this same disagreement between measured and calculated clinopyroxene

compositions (Figure A3.2) include the relatively densely-phyric alkali basalts SS3 and SS4-

1. However, other equally porphyritic alkali basalts, such as sample SS2-4, have

clinopyroxenes which range in composition up to calculated Mg values. In contrast,

Heemskirk sample 7DB 1/13contains some clinopyroxene which is more magnesian than

the calculated equilibrium composition (Figure A3.3). Although this lack of correlation

between measured and calculated compositions in some samples may therefore be

indicative of some degree of mineral-melt disequilibrium, it should also be considered as a

possible effect of limited microprobe analyses.

A3.2.3 Plagioclase:

The methods of Nielsen and Dungan (1983) and Glazner (1984) yieldverydifferent

equilibrium plagioclase compositions for the majority of samples. The reason for this is not

clear; however, the results produced bythe Glazner (1984) method are consistently closer
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Figure A3.1: Measured mineral compositions versus equilibrium mineral compositions (Table A3.9) as calculated by the various methods described in the text for
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Soela Seamount samples SS1-1 (open circles). SS2-4 (open squares). SS2-6 (filled diamonds). SS3 (crosses). SS4-1 (open triangles). SS4-2 (crosses within squares) SS4-4
(filledcircles) and SS5 (open diamonds).



CO
00

42 52 62

Calculated plagloclasa An content
(Nielsen and Dungan, 1983)

40 45 50 55 60
Calculated cllnopyroxene Mg#
(Nielsen and Dungan, 1983)

(Figure A3.3)

35 40 45 50 55
Calculated plagloclase An content

(Glazner, 1984)

40 45 50 55 60
Calculated cllnopyroxene Mg#

(Nielsen et al., 1988)



Oi
00
CO

« 35

•4 I
35 45 55

Calculated ollvlne Fo content
(Nielsen and Dungan, 1983)

45 55 65 75

Calculated ollvlne Fo content
(Glazner, 1984)

o 39

32 35 39 42
Calculated ollvlne Fo content

(Boeder and Emslle, 1970)
Figure A3.3: Measured mineral compositions versus equilibrium mineral compositions (Table A3.9) as calculated by the various methods described in the text for

Zeehan -8DB 2/1 (filled circles). BOB 2/2 (open squares), 8DB 2/5 (crosses). 8DB 3/4 (open diamonds) and Heemskirk - 7DB 1/13 (filled diamonds) Seamount samples.



to the measured values, resulting in less feldspar of apparently disequilibrium composition in

both the Balleny and Soela samples (Figures A3.1 and A3.2).

A3.2.4 Summary:

The results presented here combine with petrographic observations (Chapter 3) to

suggest that some mineral-melt disequilibrium is present in many of the Balleny Plume

samples. This is particularly evident in the Mg-rich olivine crystals or crystal cores present in

Balleny Province samples, which may therefore have either a cumulate or xenocrystic origin.

Disequilibrium may also be responsible for the unexpectedly low Mg# of some Balleny and

Soela clinopyroxenes and the resorption textures observed in all of the major mineral

phases. The cause of this disequilibrium, whether it involves crystal contamination and/or

high-level magma chamber processes is, however, beyond the scope of this study.
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APPENDIX 4

Radiometric Dating of

SOELA SEAMOUNT

Four Soela Seamount samples have been dated using the K-Ar and '̂ ^Ar-^^Ar

techniques. This work was not performed by the author, however, the results have not been

published elsewhere and are presented here with the permission of I. McDougall and R.A.

Duncan.

K-Ar analyses of two Soela Seamount samples, SS1 and SS3, were performed by I.

McDougall at the Research School of Earth Sciences, The Australian National University,

following the procedure of McDougall and Schmincke (1977). The results are presented in

Table A4.1.

Table A4.1: K-Ar radiometric age data for two Soela Seamount samples. Ages were
calculated using the decay constants X '̂̂ ^Kp-) =4.962 x10'1®/year and XC^^Ke) +X'C^^Ke) =0.581 x
10-10/year (Steiger and Jager, 1977); '̂ ''K/K= 1.167 x 10"'̂ mol/mol; and

.4(1. radiogenic'̂ ®Ar X100% radiogenic ^^Ar = •

Sample No. % K Radiogenic ^®Ar
(X 10-10 mol/g)

% Radiogenic ^®Ar Age +1o

SSI 2.245 1.232 82.9 31.6 0.5

2.216 1.229 80.2 31.5 0.5

SS3 1.204 0.705 73.4 33.4 0.3

1.205

40Ar.39Ar analysis of two other Soela Seamount samples was performed by R.A.

Duncan at the College of Oceanic and Atmospheric Sciences, Oregon State University,

U.S.A. (Table A4.2). Rgure A4.1 depicts the apparent ^^ArV^^ArK plateau ages for the two

samples as a function of the cumulative proportion of ^^Ar released during incremental

heating after sample irradiation. These ages assume that trapped Ar has an atmospheric

40Ar/36Ar ratio of 295.5 (Steiger and Jager, 1977). The inverse isochron diagrams of Figure

A4.2 plot measured ^^Ar/'̂ ^Ar versus ^^ArK/'̂ ^Ar*. The y-intercept gives the measured

composition of the pure trapped Ar component; the x-intercept represents the pure

radiogenic Ar component and provides the age of the sample. Further information on the

40Ar-39Ar dating method used is available in McDougall and Harrison (1988).

The inverse isochron plots (Figure A4.2) indicate that the trapped Ar component in

the Soela Seamount samples has a composition close to atmospheric. This is also reflected

inthe agreement, within error, of the ^^^Ar-^^Ar plateauand isochron ages for bothsamples.

The slightly younger ages produced by the K-Ar method may be due to either geological

variation or minor Ar loss (as obsen/ed in theage spectra produced by the ^"^Ar-^^Ar
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measurements). The ^^OAr-^^Ar ages are therefore considered to providethe best estimate

for the age of the Soela Seamount.

Table A4.2; Results of ^®Ar-^®Ar analyses performed on two Soela Seamount basalts on
an MS-10 mass spectrometer with a sensitivity of -6 x 10"'* cc/pico-amp. Units of measurement for Ar
isotope data are pico-amps; ^^Ar and ^^Ar are corrected for post-irradiation decay and ail isotope
measurements are corrected for mass fractionation; A values represent 1o errors on intercept values
after regressing peak height versus time.

Step Age ±1o 36Ar A36 37Ar A37 »»Ar A30

<
O

A40

Sample 1:
1 18.9 1.7 0.006270 0.0000829 0.060 0.001 0.005443 0.000269 2.1167 0.76

2 30.0 1.1 0.012340 0.0001040 0.185 0.002 0.010490 0.000283 4.4574 1.41

3 36.4 0.3 0.007596 0.0000676 0.738 0.007 0.034360 0.000420 5.4790 3.13

4 36.7 0.2 0.006093 0.0000638 0.934 0.009 0.050690 0.000566 6.6243 1.99

5 36.3 0.6 0.006100 0.0002000 0.962 0.010 0.039490 0.000403 5.4994 0.98

6 35.7 0.3 0.007517 0.0000902 4.053 0.041 0.033460 0.000240 5.0165 1.06

Sample 2:
1 20.3 8.8 0.004516 0.0001730 0.125 0.001 0.002203 0.000176 1.4406 0.44

2 36.4 4.1 0.010900 0.0001000 0.159 0.002 0.002735 0.000189 3.4679 2.41

3 36.9 1.1 0.020000 0.0001500 1.656 0.017 0.015120 0.000213 7.2384 0.18

4 35.0 0.7 0.006000 0.0000500 1.164 0.012 0.007830 0.000238 2.3938 2.26

5 36.0 1.2 0.007350 0.0001210 0.775 0.008 0.011100 0.000264 3.1573 1.85

6 34.3 0.6 0.030100 0.0002000 6.425 0.065 0.041450 0.000167 12.0837 4.43
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APPENDIX 5

ICP-MS Rare Earth and

Trace Element Data

Inductively coupled plasma-mass spectrometry (ICP-MS) REE and trace element

data have been obtained for most of the samples analysed for Sr, Nd and Pb isotopes during

the course of this study. Analytical methods are described in Appendix 2. The ICP-MS data

presented in Table A5.1 are not, however, necessarily representative of whole-rock

compositions as the samples used for analysis were taken from the same fractions of fine

rock chips used for the radiogenic isotope analyses. These fractions were chosen, using a

binocular microscope, to be relatively free of phenocryst phases and were less likely to

include areas of alteration than the larger chips hand-picked (with the naked eye) for

XRF/INAA analysis. They were also quite limited in volume and therefore more at risk of not

producing entirely representative whole-rock values in heterogeneous samples than the

larger fractions crushed for analysis by XRF and/or INAA procedures.

The main objectives of performing the ICP-MS analyses were to gain a range of REE

and trace element data for the south Tasman Sea seamount samples, which were too small

to analyse by other methods, as well as to gain elemental (such as Pb) data not available to

the same level of precision using the other analytical methods. Despite the fact that the

actual elemental abundances obtained by the different analytical methods vary slightly, the

trace element abundance ratios are considered to be more representative of whole-rock

values. A comparison between Rb/Sr and Sm/Nd values measured by the various analytical

methods (Figure A5.1) indicates that the former are very similar by both methods. However,

some of the REE ratios measured by INAA are significantly higher or lower than those

measured by ICP-MS. This is particularly true for the most altered samples, such as the

Southern Ocean dredge samples, and therefore appears to be due to the more selective

hand-picking of the ICP-MS samples. The poorer precision of the INAA method as compared

to ICP-MS analysis (Appendix 2) may also be a contributing factor.

Due to the above limitations, interpretations and discussions in this thesis involving

ICP-MS REE and trace element data have been limitedto the use of ratios involving U or Pb

(Th/U, Nb/U, Nb/Pb and Ce/Pb) in the characterisation of trace element systematics on the

basis of elemental abundance ratios.
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Table A5.1: ICP-MS REE and trace element data for samples analysed for radiogenic Sr, Nd and Pb isotopes.

laetopa
U7
BaS
B11
Sc45
VS1

CrS3
CoSS
NI60

Cu63
znse
Qa71
RbSS
SrSS
YSS
ZrSI
Nb83
Ca133
Ba137

U139
Ca140
Pr141

Nd14e
Sm147
Eu151
TblSS
QdlSO

Oy1S3
Holes

Er187

Tmiee
Yb174
Lu17B
H1178
Taiei
Pb208

Th232
U238

Ballany Provbica:
E27-3SA-1 E27-35A-4

65.24
950.89
3926

459.60
123.83

0.60

681.54

76.63
147.49

16.64

5924

10.85
3.32

1.39
8.76

7.12

3.64

3.10
0.45
9.51

7.76
4.51

1166
3.19

8.80
2.56
7.23

24.52

358.35
15.05

42.79

15.85
30.48

134.88
23.78

40.50
582.88

40.47
312.51
76.95

0.38
385.37

45.22
93.27
11.44

45.83
9.41

2.93
1.36

8.68

7.30
1.38

3.59

0.49

2.85
0.42
6.33

4.21

2.31

4.79

0.96

E27-39A-S

5.43
2.12
6.55

31.89
266.86
401.09

49.82
238.12

63.57
88.85
18.85

30.40
692.92

31.17
222.88

73.23
0.35

372.85

41.37

81.93
9.80

38.51
7.69
2.45
1.08

6.90

5.69
1.08
2.79

0.39

227

0.33

4.62
3.70

1.95
4.47

1.17

E27.35B-2

Soala 8«unount:

8S3 S34-7
Januoon 8«amount:

883 2DB 10
Zaahan SaamounI:

2DB 14 8DB 2/1 SOB 2/2 SOB 3/4

4.84 6.11 33.64 29.81 8.78 9.54
2.48 1.82 2.60 2.06 5.37 4.99
5.54 40.46 64.25 50.26 23.51 26.36

3026 31.72 19.45 21.40 13.50 13.14
265.73 249.16 335.91 262.32 1.30 1.10
28728 441.74 14.19 63.70 6.64 1826

48.10 74.99 36.00 36.95 6.67 6.83
170.13 383.63 52.90 6428 1.85 8.86

48.31 127.06 27.43 60.61 10.80 1025
91.63 124.68 136.83 149.35 138.77 14128
19.05 20.34 26.50 24.95 30.65 31.17
3520 32.10 64.80 5020 37.25 10.57 47.38 43.90 42.90

656.61 536.56 806.14 853.15 937.39 1011.56 299.60 274.17 272.00
30.98 23.80 34.83 32.42 44.90 91.68 84.54 60.68 8228

257.65 253.86 347.55 36124 435.09 355.78 641.35 650.98 655.66
78.34 62.60 87.46 69.78 103.17 97.98 90.25 91.07 91.05
0.42 0.69 1.37 2.27 0.52 025 1.25 0.52 0.63

390.00 343.99 442.07 466.05 461.18 454.91 481.79 46821 464.62
4262 40.39 53.68 58.54 65.05 69.76 61.32 58.45 69.19
8268 82.12 107.59 116.66 129.60 126.91 13025 122.49 12324

9.74 9.69 13.00 13.96 15.29 18.62 16.14 15.39 1626
37.68 37.68 50.45 5325 57.83 70.50 63.61 61.41 61.96

7.49 7.34 9.98 1022 11.30 13.47 14.37 13.71 13.77
2.34 2.27 3.04 3.11 3.54 3.87 4.10 3.89 3.91
1.05 0.94 1.31 1.26 1.54 1.97 2.46 2.36 2.41
6.66 6.27 8.60 9.39 9.71 12.68 14.18 13.75 13.67
5.64 4.75 6.59 6.32 8.10 10.97 14.05 13.46 13.78
1.05 0.65 1.19 1.11 2.75 2.63
2.81 2.10 2.96 2.74 3.97 622 8.13 7.74 7.91
0.39 0.27 0.40 0.37 1.17 1.16
2.30 1.53 2.17 1.99 3.26 5.00 7.36 6.94 7.04
0.35 0.22 0.32 0.27 0.48 0.77 1.11 1.05 1.08
5.25 5.42 7.07 7.23 9.19 823 14.15 13.25 1327
4.12 3.43 4.64 4.69 6.13 5.63 5.23 4.66 4.73
2.55 3.72 3.09 3.43 13.65 14.74 5.36 4.94 5.06
5.63 4.96 6.63 6.89 8.15 7.73 7.57 6.84 7.37
1.43 1.15 1.64 2.07 2.20 2.64 2.13 1.88 1.97
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Table A5.1: (continued)

80B 2/S
Haomoklrk

7DB1/10
Soomeunt:

7DB1/13
T**iii*nl*:

10 2 DR 13516

Uotop*
U7 27.42
Be9 1.75
B11 165.59
Se46 17.80
V61 132.49
Or53 1625
Co SB 8.10
NI60 20.76
Cu63 72.80
Zn68 195.94
C3a71 23.73
Rb66 48.08 25.24 20.00 61.54 23.04 24.75
SrB8 267.24 477.26 36621 734.64 649.57 902.88
Y89 77.78 147.34 169.17 28.59 28.66 35.21
ZrBI 601.32 257.10 367.01 172.41 223.75 196.43
Nbaa 84.08 47.53 68.64 20.82 87.36 73.12
0*133 0.45 0.57 0.53 0.59 0.62 0.30
Ba137 453.84 350.88 364.67 458.99 339.61 581.88
U139 57.41 110.73 91.33 33.93 40.22 50.06
0*140 122.51 94.28 92.76 66.02 78.01 87.74
Pr141 15.25 22.84 23.66 8.06 9.13 10.06
Nd146 60.01 90.91 99.41 31.14 34.38 36.78
Sm147 13.45 19.17 20.53 6.35 6.62 6.92
EulSI 3.83 520 6.19 1.70 2.10 2.17
TbISB 2.34 329 3.76 0.67 0.94 1.01
Qdieo 13.35 20.62 23.45 5.33 6.82 6.27
Dy163 13.34 18.60 21.99 4.65 5.17 5.52
Holes 4.83
Erie7 7.73 11.30 13.91 2.66 2.68 2.97
Tmieg 2.03
Yb174 8.B4 9.62 12.03 2.45 221 2.51
Lu17S 1.04 1.50 1.93 0.38 0.33 0.38
H1178 13.24 7.19 8.49 3.96 4.57 3.81
T*181 4.BS 3.56 3.66 1.21 3.76 3.69
Pb208 4.84 18.51 2.92 7.16 221 3.19
Th23Z 7.17 4.92 4.96 8.16 5.12 5.93
U238 2.04 1.92 1.24 2.55 1.42 1.55

Southern Oeeen Oredgee:
DR10*1B DWIO'lC DR11-2A DR11.mmilHL

3.66

217.37
44.00

175.53
6.67
0.13

32.23
8.09

22.17
3.51

17.40
6.18

1.82
1.17

6.49

7.11
1.53
4.37

0.63

3.89

0.60

4.00

0.46

0.97

0.46
0.85

9.95 0.82 0.20 2.35 2.84
224.72 117.17 138.96 168.13 150.32

45.00 16.20 21.69 33.73 32.68
162.43 31.12 12.49 101.84 92.88

7.38 0.44 0.20 3.54 3.92
027 0.05 0.01 0.10 0.14

33.70 7.70 8.32 17.72 17.32
829 1.13 3.84 4.62 4.39

23.47 3.93 10.58 12.74 12.05
3.66 0.72 1.58 2.08 1.95

17.82 3.99 7.62 10.65 9.92
5.34 1.50 2.25 3.41 3.13
1.86 0.68 0.89 128 124
121 0.40 0.57 0.84 0.82
6.71 2.14 3.02 4.52 429
726 2.53 3.51 5.10 5.02
1.58 0.76 1.14 . 1.13
4.47 1.57 2.14 3.18 3.15
0.64 0.31 0.45 0.45
3.93 1.39 1.90 2.88 2.78
0.60 0.21 0.29 0.44 0.44
3.81 0.81 0.48 2.39 2.29
0.48 0.05 0.02 023 0.25
0.97 0.18 0.23 0.67 0.64
0.60 0.02 0.09 027 028
0.59 0.01 0.07 028 0.36
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Table A5.1: (continued)

Southarn Oeaan Dradgn:
DHH.3D DR13-3E

Oldar Volcanica:

OV1 OV3 OV4 OV3

Macquaria laland;
38287 47978 23637 25601 47963 47978

laolopa
U7
Ba9

B11
Sc46
V61

Or 63
Co 69
NI60

Cu63
Zn68
aa71
Rb86 2.68 1.01 15.65 6.66 27.49 3.28 19.54 3.43 11.67 28.91 50.93 41.74

Sr86 169.42 109.80 623.17 1379.47 642.90 200.83 250.58 156.43 252.72 411.49 706.29 787.46

V89 26.96 43.75 24.32 34.29 32.90 46.66 46.14 23.25 24.86 29.52 28.03 28.43

Zr91 62.03 91.68 171.74 276.14 200.76 101.16 185.86 66.21 94.44 169.88 196.00 177.14

Nb93 8.36 1.63 34.95 106.22 42.06 1126 43.00 7.97 25.59 57.16 101.48 86.62

caias 0.07 0.11 0.36 0.82 0.23 2.14 0.21 0.04 0.12 0.33 0.57 0.43

Ba137 87.06 3.53 237.31 684.81 393.08 52.36 186.15 35.48 12420 291.28 542.21 388.89

U139 6.32 3.49 20.56 78.29 36.16 8.11 20.70 4.55 12.97 26.93 46.10 3926
Ca 140 12.62 12.16 42.42 149.93 64.00 21.63 42.50 10.66 25.90 60.31 81.78 71.06

Pr141 1.83 2.16 5.21 16.88 8.96 3.35 5.39 1.66 2.18 5.84 8.95 720

Nd146 8.86 11.71 21.48 61.46 36.90 16.57 23.13 7.62 1321 22.79 3323 29.83
8m 147 2.67 422 4.90 10.59 628 6.17 5.69 2.34 3.15 4.80 6.04 6.74
Eu161 1.09 1.48 1.67 3.24 2.63 1.76 1.91 0.92 1.14 1.68 2.04 121
Tbi&g 0.68 1.13 0.76 1.24 126 1.23 1.21 0.67 0.66 0.85 0.88 0.87
odieo 3.64 6.89 4.84 8.62 7.98 6.70 6.70 3.12 3.68 5.06 5.63 6.40
Dy163 4.13 6.64 4.27 6.26 6.56 7.59 7.19 3.59 3.86 4.91 4.81 4.77
Ho 166 0.90 0.87 1.15 123 1.65 1.56 0.79 0.84 1.03 0.97 028
Ef187 2.56 424 2.22 2.79 3.06 4.60 4.49 225 2.38 2.82 2.53 2.64

Tmie9 0.37 0.32 0.36 0.41 0.66 0.65 0.33 0.33 0.39 0.35 026
Yb174 2.27 3.80 1.90 2.05 2.42 4.06 3.95 2.03 2.09 2.44 2.18 224
Lu176 0.34 0.55 0.28 0.29 0.34 0.60 0.63 0.32 0.33 0.38 0.34 026
H(178 1.69 2.50 3.60 4.91 4.52 3.03 4.09 1.63 2.05 3.47 3.91 3.66
Ta181 0.48 0.13 1.97 4.67 2.45 0.66 2.31 0.44 0.98 2.99 6.31 423
Pb208 0.41 0.16 1.90 6.96 4.18 0.98 1.24 0.39 0.89 1.71 2.45 2.42
Ttl232 0.67 0.09 2.36 9.93 425 0.77 3.22 0.57 2.07 4.78 8.34 722
U238 0.13 0.32 0.76 2.31 0.05 0.20 0.80 0.16 0.51 1.22 2.06 1.71



APPENDIX 6

Radiogenic Isotope Calculations

A6.1 INITIAL RATIOS:

The following equations were used to calculate the initial Sr, Nd and Pb isotope

ratios quoted throughout this thesis, where t = age (years) cited in the text, Ab = isotopic

abundance and W = atomic weight.

A6.1.1 Strontium:

(87sr/86sr)i„itia| = (87Sr/86Sr)measured "87Rb/86sr (e^ -1)

where the Rb-Sr decay constant is X. = 1.42 x 10"'''' y'̂ (Steiger and Jager, 1977) and
Q-7r-.. ,Qc^ /Rb, ,Ab®^Rb X l/VSr,87Rb/86Sr =(3^)measured^^ H^b^

A6.1.2 Neodymlum:

(143Nd/144Nd)jnrtial = (^^Nd/144Nd)measured " •"^7Sm/144Nd (e^ - 1)

where the Sm-Nd decay constant is A,= 6.54 x lO'''^ y-l (Lugmair and Marti, 1978) and
,1/i/iK.-. /Sm, X IVNd,Sm/1 Nd - (^^)measured *

A6.1.3 Lead:

(206pb/204pb)inrtia| = (206pb/204pb)^333,^g^ . 238u/204pb (eX8t. 1)

where the U-Pb decay constant X.8 = 1.55125 x 10"''̂ y""", (Steiger and Jager, 1977) and
238, „204dk /JJ-x ,Ab238u x yypb,U/2 Pb - p- (pjj)measured *^b204pb x W\J^

(207pb/204pb)jnitia| = (207pb/204pb)n,aasured "235u/204pb (e^St. i)

where the U-Pb decay constant A.5 = 9.8485 x 10"''° y"'' (Steiger and Jager, 1977) and
235u/204pb =

137.88

(208pb/204pb)jnitia, = (208Pb/204pb)^aasured *232Th/204pb (gXSt.

where the Th-Pb decay constant X,2 =4.9475 x 10'"" y"'' (Steiger and Jager, 1977) and
232Th/204Dh -/Xll\ •• /Ab232jb ^ [/ypb,Th/2 Pb - (p^j)measured *jib204pb x WTTh^

_ 232tv./238i i_ /Jllx „ ,At^^^Th XI44J^K- Th/2 U- (jj )measured *jjb238u xIVTh^
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A6.2 EPSILON Nd and Sr VALUES:

Initial epsilon eNdand esr values were calculated using:

. rC^^Nd)sample at time t i]xio4
(=Nd),.[,,43Nd/144Nd)cHURa„i™,
where:

('''̂ Ncl/144Nd)cHURattimet =('''̂ Nd/''44Nd)cHUR ' ('''̂ '̂ Sm/144Nd)cHUR (e^ *1)

, _ r(Q^Sr/86Sr)samDle at time t ^q4
^ (87Sr/86Sr)uR at time t

where:

(87sr/86sr)uR at time t ={87Sr/86Sr)uR - (87Rb/86Sr)uR (e^ -1)

Present-day epsilon ENd and esr values were calculated using:

ENd-I (143Nd/144Nd)cHUR ^

r(®^Sr/®®Sr)measuredESr =[ (87s,/86sr)uR

Bulk Earth values used are:

(143fvjcj/144fgjj)^l_Hjp _ 0.51265 (equivalent to accepted valuefor BCR-1 at RSES)

('''̂ ^Sm/^^^Nd)cHUR = 0.1966 (Jacobsen and Wasserburg, 1984)
(87sr/86sr)yR = 0.7045 (DePaolo, 1988)

(87Rb/86sr)uR = 0.0827 (DePaolo, 1988)
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APPENDIX 7

Acronyms and Abbreviations

The following is a list of the acronyms and abbreviations used throughout the main

text of this thesis. Other abbreviations associated with mineral chemistry or radiogenic

isotope data can be found in Appendices 3 and 6 respectively.

A AD Australian-Antarctic Discordance

Ab albite content of feldspar = 100 Na/(Na + Ca + K)

A n anorthite content of feldspar = 100 Ca/(Na + Ca + K)

B E Bulk Earth

D1 first deformational event

DMM Depleted MORB Mantle end-member component

CHUR CHondritic Uniform Reservoir

E-MORB Enriched MORB

EDS Energy-Dispersive Spectrometry

EMI Enriched Mantle 1 end-member component

EMU Enriched Mantle 2 end-member component

E P R East Pacific Rise

F extent of partial melting

f206 proportion of common 206pb to total 206pb

F e O * (0.9 XFe203) + FeO

FOZO isotopic FOcal ZOne

HF S E High Field Strength Elements (ionic potential >2.0)

HIM U High-p (23®U/20'tpb) end-member component

HR E E Heavy Rare Earth Elements

ICP-MS Inductively Coupled Plasma-Mass Spectrometry

INAA Instrumental Neutron Activation Analysis

Kd FeO-MgO partition coefficient between olivine and the melt

Kd mineral - melt partition coefficient

LILE Large Ion Lithophile Elements (ionic potential <2.0)

LIP Large Igneous Province

LLD Liquid Lines of Descent

LOI Loss On Ignition

Lo Nd HIMU - EMI mixing array

L R E E Light Rare Earth Elements

LVZ Low Velocity Zone
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Ml first metamorphic event

MAR Mid-Atlantic Ridge

Mg# 100 Mg/{Mg-t-Fe2+)

MO R B Mid-Ocean Ridge Basalt/s

M R E E Middle Rare Earth Elements

N-MORB Normal MORB

Nag 0 Na20 normalised to 8 wt % MgO to correct for low P (1 atm) fractionation

NHRL Northern Hemisphere Reference Line

No-EM HIMU - DMM mixingarray

01B Ocean Island Basalt/s

O r orthoclase content of feldspar =100 K/(Na -i- Ca -i- K)

P Pressure

PGE Platinum Group Elements

PRE MA PREvalent MAntle end-member

RA atmospheric ^He/^He = 1.39 x 10"®

REE Rare Earth Elements or lanthanides (La®+ to Lu^)

SEIR Southeast Indian Ridge

SHRIMP Sensitive High-Resolution Ion Microprobe

S O PITA South Pacific Isotopic and Thermal Anomaly

T Temperature

T-M O R B Transitional MORB

TAB Total Alkalis versus Silica

U R Uniform Reservoir

WDS Wavelength-Dispersive Spectrometry

XRF X-Ray Fluorescence
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