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Abstract

Abstract

Basalts from Gough Island and the McNish Seamount were selected for a detailed
geochemical study, using major and trace element data as well as "“Nd/"*Nd, ¥'Sr/**Sr and newly
acquired '"°Hf/'""Hf isotope data. The geochemical data are subsequently used to determine the
petrogenesis of the Gough Island suite of lavas and the evolution of the underlying mantle source

region.

Gough Island (40°19°S; 09°56°W) and the McNish Seamount (40°10°S; 08°31°E) are both
located in the south Atlantic Ocean on ~34Ma crust of the African plate. The Gough Island suite of
lavas consist of picrite basalts, olivine basalts, trachybasalts, trachytes and aegirine-augite trachytes;
three different varieties of olivine basalt exist - the coarsely pyroxene-olivine phyric basalts,
moderately pyroxene-olivine phyric basalts and aphyric to finely porphyritic basalts (le Maitre, 1962,
le Roex, 1985). The oldest lavas from Gough Island are dated at 2.5Ma (Lower Basalts), whereas the
youngest lavas are dated at 0.1Ma (Upper Basalts) (Maund er al., 1988).

Thirty-eight olivine basalts and trachybasalts (10 Lower Basalts, 27 Middle Basalts and 1
Upper Basalt) were chosen to form the sample set used in this study and range from aphyric through
finely to coarsely porphyritic. Two distinct petrographic groups exist in the Lower and Middle
Basalts, where the first group consists of anhedral to euhedral olivine phenocrysts and anhedral to
subhedral clinopyroxene as the major and minor phenocryst phases, respectively. The second group
consists of anhedral to subhedral clinopyroxene and subhedral olivine as the major and minor
phenocryst phases, respectively. All of the samples exhibit an intergranular texture with a groundmass

assemblage consisting of olivine, plagioclase, titanomagnetite, ilmenite and apatite.

The lavas consist of basalts, trachybasalts and basaltic trachyandesites and therefore form a
alkali basalt — trachyte series on a TAS diagram. Both the Lower and Middle Basalts range from
basaltic to basaltic trachyandesite whereas the single Upper Basalt sample is a basaltic trachyandesite.
S10, ranges from 45.15 to 52.61wt%, K,O from 1.19-4.39wt%, Al,O; from 8.76-18.50wt%, CaO
from 5.74-12.00wt%, MgO from 3.05-17.30wt% and Mg# from 37.9-75.3. The Lower, Middle and
Upper Basalts of the Gough Island lavas as well as the McNish Seamount lavas are all superimposed

on major element variation diagrams.

High precision trace element data for the Gough Island and the McNish Seamount suite of
lavas exhibit high incompatible (¢.g. Ba, Ta, Nb, Rb) and moderately incompatible (e.g. Hf, Y, Ce,
Sr) trace element concentrations with high Ba/Nb (11.6-18.0), low Zr/Nb (4.51-7.39) and variable
La/Nb (0.84-1.18) ratios. The Lower, Middle and Upper Basalts exhibit similar trace element
concentrations. Variation diagrams of Ba, Ta, Rb vs. Zr indicates the continuous fractionation of

mineral phases with increasing magma differentiation. The primitive mantle normalised trace element
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diagrams are sub-parallel and exhibit positive Ba and Pb as well as negative Th, U and Zr anomalies.
The chondrite normalised REE diagrams for most samples are sub-parallel, and are LREE enriched

relative to HREE. Some exhibit crossing patterns between Tb and Dy.

YSHf/'TTHS isotope ratios were measured for 27 basalts from Gough Island and 3 samples
from the McNish Seamount and range from 0.282699+12 to 0.282778+10 and 0.282715+16 to
0.282757+12, respectively. The Gough Island lavas form a tight, steep array in Hf-Nd isotope space,
whereas the McNish Seamount forms a tight near-vertical array in Hf-Nd isotope space that intersects
the Gough Island array. These two suites of lava plot towards the enriched (relative to PM) end of the
global OIB array, within the more depleted (relative to PM) end of the continental array (Vervoort et
al., 1999), and exhibit similar '"*Hf/'""Hf, '*Nd/'*'Nd and ¥'Sr/**Sr isotope ratios as Tristan da Cunha

and Inaccessible Island.

Ten Gough Island primary magma compositions were calculated for use in constrained
forward modelling. The primary magma compositions were calculated by the addition of 14-28%
clinopyroxene and equilibrium olivine, in equal proportions, back into the primitive lava compositions
in 1% increments until an Mg# of 69 was reached. Constrained forward modelling methods were used
in determining the chemical and mineralogical nature of the mantle source region as well as the
required melting parameters required in producing the Gough Island suite of lavas. The models
indicate that the full compositional range, as well as the crossing REE patterns at Dy, can be produced
through ~5-8% equilibrium melting of a mantle source region composed of garnet therzolite or ~30-

50% melting of a garnet pyroxenite source.

Numerous studies of OIB from around the world show that the enriched trace element and
isotope compositions require involvement of a lithospheric component (Andres ef al., 2002, Chauvel
et al., 1992, Class & le Roex, 2008, Gibson et al., 2005, Lustrino, 2005, White & Hofmann, 1982,
Willbold & Stracke, 2006). To test this hypothesis, binary mixing curves were calculated between a
typical OIB mantle source region composition and datasets of lower crustal xenoliths, mantle
xenoliths representing Southern African SCLM as well as modern marine sediments in "*Hf/'"Hf-
"IN/ MNA-YS1/*Sr-Ba/Nb-Zr/Nb-(Ce/Ce* )nq space and superimposed on the Gough Island array. It
is shown, based on Ce-anomalies, that the Gough Island lavas do not exhibit a lower crust or SCLM
signature as these components do not exhibit a large negative Ce-anomaly. It is argued that the Gough
Island lavas are derived from a source more typical of South Atlantic OIB, but with a significant

recycled marine sediment component.
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Introduction

1 Introduction

1.1 Ocean Island Basalts and Gough Island

One of the fundamental problems in studying the mantle and mantle dynamics is the limited
availability of fresh, unaltered mantle rocks and therefore geochemists must rely on a range of
different rocks which can act as a window into the mantle (Hofmann, 1997). One type of rock that
serves this objective particularly well is ocean-island basalts (OIB). Volcanic islands and seamounts
that form on intra-plate oceanic crust by means of hotspots or local melting anomalies and are not
related to subduction zone processes, are composed (although not exclusively) of basalt known as
OIB (Hofmann, 1997). OIB have been and are extensively studied as these lavas pass through the
oceanic crust (Green & Ringwood, 1967, Hofmann, 1997, Yoder, 1976) and not the continental crust,
which implies that they have experienced less interaction with crustal material. However, OIB are still
subjected to processes which can alter their original primary magma composition and therefore
corrections need to be made for any chemical overprints which can occur as magma migrates from the

mantle source region to the surface of the Earth.

OIB exhibit a large variation in isotope ratios, whereas mid-oceanic ridge basalts (MORB)
exhibit a more depleted (relative to a primitive mantle (PM)) isotope composition, and OIB fan away
from typical MORB compositions to more enriched (relative to PM) isotope compositions (Hofmann,
1997, Zindler & Hart, 1986). This trend suggests that the various OIB plot on a mixing line between
less radiogenic (depleted relative to PM) and more radiogenic (enriched relative to PM) mantle
components (Hart, 1988, Hart et a/., 1992, Hofmann, 1997, Zindler & Hart, 1986). OIB which exhibit
low "Nd/"™"Nd, "*Hf/'"Hf and high 4SSy isotope ratios, and therefore plot within the enriched
quadrants in Hf-Nd-Sr isotope space, are referred to as EM-type OIB (Salters & White, 1998, Weaver,
1991, Zindler & Hart, 1986).

The Gough Island OIB are a prime example of lavas produced from an enriched mantle (EM)
source region (White & Hofmann, 1982). le Roex (1985) studied the fractional crystallisation
processes involved in the production of these lavas, but not the partial melting processes. Therefore,
this study aims at interpreting the partial melting processes involved in producing these lavas, using
geochemical principles, which are subsequently used to make inferences on the chemical and

mineralogical nature as well as the production of an EM-type mantle source region.

1.2 The Hafnium Isotope System

An important tool in understanding mantle geochemistry is the use of radiogenic isotope systems,
such as the Sm-Nd, Rb-Sr, U-Pb and Lu-Hf isotope systems (e.g. Gast et al.,, 1964 Patchett ef al,
1984, White & Hofmann, 1982), as geochemical tracers (Hofmann, 1997). Parent-daughter isotope
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ratios are able to record information of ancient enrichment or depletion events in the mantle as
unstable parent isotopes decay into more stable daughter isotopes thus changing the radiogenic/stable
isotope ratios as a function of time (Patchett et a/., 1984). The behaviour of individual isotope systems
differs during different Earth processes, and therefore by comparing one isotope system to another it
is possible to ascertain the nature and timing of specific processes which may have occurred
(Hofmann, 1997, Patchett ef al., 1984). Isotopes ratios, like incompatible trace element ratios, are
unaffected by melting and crystallisation processes and therefore are a direct representation of the

primary magma composition and the mantle source region (Hofmann, 1997).

Since some OIB exhibit isotope compositions more enriched relative to PM, it has been argued
that OIB form as a result of mixing processes between a typical depleted mid-ocean ridge mantle
(DMM) composition (convecting asthenospere) and a more isotopically enriched component (Hart,
1988, Hart et al., 1992, Hofmann, 1997, Zindler & Hart, 1986). It has been proposed that sediment
and oceanic crustal recycling could be the possible missing enriched component, as marine sediments
are constantly recycled back into the mantle through subduction zones and are isotopically enriched
(Andres et al., 2002, Chauvel et al., 1992, Eisele et al., 2002, Salters & White, 1998, White &
Hofmann, 1982). Another suggestion for the enriched component is sub-continental lithospheric
mantle (SCLM) which is argued, by some, to be present in the shallow mantle as a result of
continental break-up, or mechanically abraded from the upper plate in a subduction zone, recycled
and injected into the shallow mantle (Class & le Roex, 2006, Milner & le Roex, 1996, Willbold &
Stracke, 2006). Other methods that have been proposed for producing an EM-type mantle involve
metasomatic processes (Pilet ef al., 2005) and even recycling of oceanic plateaus (Gasperini ef al.,

2000).

The Hf-isotope system is a particularly powerful diagnostic tool in understanding sediment
recycling processes. This is because of the ability of Hf and Nd isotopes to decouple as a result of
preferential partitioning of Hf into the mineral zircon (known as the zircon effect) (Patchett et al.,
1984). This results in recycled zircon-rich (terrigenous) or poor (pelagic) sediments developing

SHf/'THS isotope ratios over time and results in decoupling of the Hf and Nd isotope

different
systems. Subsequent mixing of recycled sediments with a mantle source region results in the mantle

source region inheriting a unique isotope signature.

1.3 Petrogenesis of the Gough Island Suite of Lavas

Peridotite, composed of olivine, clinopyroxene, orthopyroxene and garnet or spinel, is the most
common rock type in the upper mantle (Jaques & Green, 1980, Kushiro, 1968, Ringwood, 1975, Sun
& McDonough, 1995) and therefore basaltic melts, such as OIB, derived from the upper mantle have
long thought to be the product of partial melting of peridotite (Kushiro, 1968, Takahashi, 1986).

However, recently it has been suggested that eclogite and pyroxenite may be present in the source
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regions of some OIB, such as Hawaii (Sobolev er al., 2007, Sobolev et al., 2005). The presence of
eclogite in the shallow mantle is argued to occur by the incorporation of recycled oceanic crust into

rising plumes (Sobolev ef al., 2007).

Constrained forward modelling methods are used to determine the chemical and mineralogical
nature as well as the melting parameters required to produce the Gough Island lavas. Feigenson et al.
(1996) introduced the concept of constrained forward modelling by attempting to constrain melting
processes involved in producing the Mauna Kea basalts. This modelling involves calculating a range
of REE patterns produced by the partial melting of a calculated theoretical mantle source region
composition using various melting parameters. The calculated range of REE patterns are subsequently
compared to the calculated Gough Island primary magma compositions in order to determine which
set of melting parameters and source region composition are able to most satisfactorily account for the

trace element geochemistry of the Gough Island lavas.

1.4 Evolution of the Gough Island Mantle Source Region

Earlier studies of the Gough Island suite of lavas have all argued for the interaction of the
mantle source region with another component. le Roex (1985) argued, based on trace element data,
that the Gough Island mantle source region must have been enriched relative to a more depleted
MORB source region. Willbold & Stracke (2006) argued that the trace element geochemistry of the
Gough Island lavas can be explained by a recycled oceanic lithosphere component with variable upper
and lower continental crust. Class & le Roex (2008) argued, based on Ce anomalies, that the Gough
Island mantle source region interacted with a recycled sediment component which had previously

experienced near-surface interaction with ocean-water.

Binary mixing curves are used to assess whether the Gough Island lavas could be produced
through the interaction of a mantle source region with a recycled sediment component, SCLM or
lower crust. Mixing curves are calculated between a typical OIB mantle source region composition
and SCLM, lower crust and modern marine sediment using TOHETHE, "UNd/™MNd and YSr/*Sr

isotope ratios, Ba/Nb and Z1/Nb ratios as well as Ce-anomalics.

1.5 Objectives

OIB pass through the oceanic crust which implies that they have experienced less
contamination by country rock than lavas which pass through continental crust and therefore are
important in mantle studies (Green & Ringwood, 1967, Hofmann, 1997, Yoder, 1976). The Gough
Island lavas are, in some aspects, anomalous in comparison to other global OIB (e.g. Hf, Nd and Sr
isotope and Ba/Nb trace element ratios), which suggests derivation from a complex mantle source
region. Therefore, this study aims at exploring the geochemical nature and petrogenesis of the basaltic

lavas from Gough Island, as well as the evolution of the underlying mantle source region.
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This is accomplished using previously measured major and trace element data as well as
"*Nd/"**Nd and ¥’Sr/*Sr isotope data in conjunction with newly acquired '"*Hf/'""Hf isotope data for
the Gough Island and the McNish Seamount lavas. These data are used to explore differences between
individual lava flows within the Gough Island lavas, as well as between the lavas of Gough Island, the
MecNish Seamount and the geographically close islands of Tristan da Cunha and Inaccessible Island.
Subsequently, the petrogenesis and evolution of the Gough Island mantle source region is modelled

through the use of constrained forward modelling and binary mixing calculations.
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2 Geological Setting

2.1 Gough Istand

Gough 1slund s located in the south Atlantic Ocean (4071975, 09'S6"W) approximately
0k sowtheast of Trstan da Cunhy and 2700k sowthwest of Cape Town, located on - 34Ma crust
of the African Plate (le Maitre, 1960, le Roex, [985), It is a small island with a length of thireen
kilomctres und a width of six kilometres, rising from a depth of -3500m and reaching o maximum
altitude of 97km at Edinburgh Peak (le Roex, 1985, Maund cr ol 1988} The island has a rugged

topography with small pebble-boulder beyches and large clill faces, with numerous young. v-shaped

vallews with dense fern-type vegetation below 3Hm (le Maiwe, 1960

Fig 2-1: l'opographic map showing i detal the lecaten of the Trostan da Cunha proup of slands (e Trstan da Cunha,
Inaveessible Tsland and Mightngale 1sland) as well as the location of Goeugh Tsland and the MeMNish Scamount, Map created
using Geohlapapp (hitpswww seomanappaergh

The island was first discovered in the sixeenth centuey by a Portuguese navipator by the
name of Gongalo Alvarez and named Diego Alvarez (Carroll, 2003, After a period of time and due to
a lack of accurate co-ordimates, the sland was lost and rediscovercd in 1731 by Captan Gough and
subscguently renamed Gough Island (Canoll, 2003, le Maitre, 19600 The name Diego Alvares was

dropped and today the 1sland 15 koown as Gough [sland.

In Movember 1955, an eight-man expedition (Gough Island Scientitic Cxpedition arrived at
Ciough Tsland to complete a detatled map of the asband as well as o porform a detailed siudy of the

islimd’s geology, vegetation and animal lite. The first investigation into {he island’s geolopy was
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performed by RW. le Miuntre who also produced the Brst geologicil map (le Mare, 1960) and the

first comprehensive petrographic study {le Maire, 1962). Later visits to the island, in 1978 and 1986,

led to o more detailed description of the geochemistry of the lavas (le Roex, 1985) and a revised

eological man (Maund e al. 1988).
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Fig 2-2; Sketch peological map of Gough Lslond adapted from le Boex (1985)

The first studies by le Matre {1960, 1962) on Gough Island sugpested that the island was
Tertiary m age since it showed the same degree of erosion as 5t Helepa and that the island consisted
of eyclical units of hasalt and trachyre Tavas, l¢ Matre (1960} desenbed five main straographic unirs -

Lower, Middle and Upper Basalls as well us Fower and Lpper Trachytes.

By wsing K-Ar datmg, Miller (1964) deteemined the voleamie aciivity o be 2-6Ma, but this
was later revised 1o 2.5-0, 1Ma by Maund er af,, (1988} based on high-precision K-Ar dating and field
work. Maund e el (198R8) found that dhere were four different periods of volcanic activily. cruption
of the older basult group (2.5-005Ma), intrusion of wegerine-augite trachyile plugs (0 8-0.47%a),
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eruption of trachyte lavas (0.3-0.12Ma) and the final eruption of the youngest Edinburgh Basalts (0.2-
0.13Ma). As a result, the stratigraphy of Gough Island was revised (Maund er al., 1988) and is
summarised in Table 2-1.

Table 2-1: Revised Gough Island stratigraphy. Ages are only
general approximations.

Maund et al., (1988) Age (Ma)
Edinburgh Peak Basalts 0.1
Trachytes 0.2
Rowett Basalts 0.5
Aegirine-Augite Trachyte Plugs 0.8
Glen Basalts 1.0
Reef Point Basalts 2.5

2.2 Previous Work

Whole rock rare-earth element (REE) abundances on the Gough Island suite of lavas were
first measured by Zielinski & Frey (1970) for a limited number of samples in order to test a fractional
crystallisation model. They determined that the major and trace element trends in the Gough Island
lavas can be explained by fractional crystallisation of olivine, pyroxene, feldspar and apatite. le Roex
(1985) subsequently performed a more detailed determination of major, trace element and mineral
compositions to evaluate possible petrogenetic relationships between lava flows and major geological
units, and to make inferences on the geochemical nature of the mantle source region giving rise to the
lavas. le Roex (1985) concluded that the Upper and Lower Basalts have a restricted compositional
range compared to the Middle Basalts and the lavas have experienced up to 40% crystal fractionation
of clinopyroxene, olivine, plagioclase with minor fractionation of Fe-Ti oxides and apatite. More
recently, Willbold & Stracke (2006) also made inferences on the nature of the Gough Island mantle
source region and argued that the trace element signatures of the Gough Island suite of lavas can be
explained by the recycling of an oceanic lithosphere component with variable upper and lower
continental crust. Helium, lead, strontium, neodymium and oxygen isotope data have been
determined on a limited number of Gough Island samples in the past (Gast ef al., 1964, Harris et al.,
2000, Kurz et al., 1982, le Roex, 1985, White & Hofmann, 1982). The Gough Island lavas has never

been analysed for Hf isotopes.
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3 Analytical Techniques

The major element data for the Gough Island sample set used in this study were published in
le Roex (1985), whereas newly acquired high precision trace element data as well as Nd and Sr
isotope data are from Class & le Roex (2008). Operating conditions and analytical procedures used in
acquiring the "“Nd/"*Nd and *’Sr/*Sr isotope ratios as well as the major and trace element

concentrations are given in Class & le Roex (2008).

Hf-isotope data were acquired on an AXIOM MC-ICP-MS at L-DEO (New York, USA).
Samples were prepared by a two-stage process which first involved the initial sample digestion using
a 2.65mt ~3:1 conc. HF:HNO; solution, followed by a Lu-Hf purification stage using reversed phase
cation exchange one-column chromatography on EICHROM Ln-Spec® resin (following the method
adapted from Miinker et a/., (2001) at L-DEO (Cat, in prep.; see Appendix B for a detailed discussion
of sample preparation methodology)). Instrument stability and drift were monitored prior to and
during sample analysis by bracketing every sample with a 500ppb Specpure standard. Samples were
diluted to approximately 500ppb total Hf in order to produce similar voltage across the cups as the
500ppb Specpure standard. The dilution factors varied from one set of samples to another as a result
of varying percentage yields of Hf during sample preparation. Measurements over a two year span (7
repeat analyses) of the in-house standard, K1919, yielded an average value of 0.283106 with an
external 20 standard deviation of 9x10° (61ppm) which is within error of published values of
0.283116 + 4 (Blichert-Toft er al., 1999) and 0.283096 £ 7 (Miinker et al., 2001). Hf measurements
were normalised to a '"*Hf/'""Hf ratio of 0.28216 for IMC-475 so as to be comparable with other

published hafnium isotope data.
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4 Petrography

le Maitre (1962) was the first to complete a petrographic study of the Gough Island lavas and
recognised six different rock types, namely picrite basalts, olivine basalts, trachybasalts, trachytes and
aegirine-augite trachytes which were categorised into five main stratigraphic units — Lower, Middle
and Upper Basalts as well as the Lower and Upper Trachytes. Later, le Roex (1985) recognised,
based on petrography, that three different varieties of olivine basalts exist in the Gough Island lavas,
these include the coarsely pyroxene-olivine phyric basalts, moderately pyroxene-olivine phyric basalts

and aphyric to finely porphyritic basalts.

Thirty-eight olivine basalts, trachybasalts and basaltic trachyandesites were used in this study
(the trachytes were not considered for this study). This chapter provides a brief petrographic overview
of the three different stratigraphic units of basaltic lavas focusing on the more primitive lavas (see

Appendix A for detailed individual petrographic descriptions).

4.1 Lower Basalts

The ten samples from the Lower Basalt series consist of basalt, trachybasalt and basaltic
trachyandesite as determined by a total-alkali silica diagram (TAS diagram; Fig 5-1). The Lower
Basalts are composed of two petrographically distinct lavas, with both groups ranging from aphyric
through finely to coarsely porphyritic. The first of these lava groups have 0.5-10mm anhedral to
euhedral olivine (10-60% modal abundance) as a major phenocryst phase with minor phenocrysts of
0.5 to 4mm anhedral to subhedral clinopyroxene (5-10% modal abundance) and 2-4mm plagioclase
(5-10% modal abundance). The second lava type consists of 2-8mm anhedral to subhedral
clinopyroxene (10-30% modal abundance) as a major phenocryst phase with 2-4mm plagioclase and
minor 0.5-2mm subhedral olivine (5-20% modal abundance) as the other phenocryst phases. The
plagioclase (and to a lesser degree, the clinopyroxene and olivine) phenocrysts in both lava types
commonly exist as glomerocrysts and cumulocrysts of up to 10 individual mineral grains. The lavas
are vesicular with vesicles ranging in size from 0.5-4mm in diameter. ALR32G and ALR33G (both
trachyandesites) are unique as they also contain phenocrysts of titanomagnetite which range in size
from 0.5 to 2mm in diameter. All the Lower Basalts exhibit an intergranular texture where the matrix
minerals include olivine, plagioclase, clinopyroxene, titanomagnetite, ilmenite and apatite. Four of the
lower basalt lavas are fresh with minimal signs of alteration, whereas the remainder of the samples
exhibit evidence for limited hydrothermal alteration and development of indingsite and/or bowlingsite

after olivine.
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Fipore 4-1: Photomaerographs of seleerod samples o the Lower Basalis, a) subhedrad w cuhodral olivine
phonocryst (PP, AT.RAG) B cumulocrest of snhedral 1o subhodeal olivioe grains which show slight
altevataon o indingsie (red) along erain boundanes and frocteres (PPT. ATR 3300 o) subhedzal alivine
phenocrysts with ealensive praoan boundary alterudion w ndinpgsie (PP, ALRISG 4 pligrioclase anil
titanornagnetite phenociyst (XML ALRIZG)L PPL plane paladiesd light: XL polarized Light.

4.2 Middle Basalts

Twenty-seven samples are from the Middle Basalt series and form the largest group of lavas
amalvsed in this study. The Middie Basalts consist of hasalt. trachvbasall and lrachvandesite as
diternmimed by w TAS digram (Fue 5-13, These sumples range from aphyric through finely o coarsely
porplhiyriic and can be petrographically divided into two main growps, The frst lave group has 0.5-
S anhedral e echedral olivine (5-60% modal sbondance) as a major phenocryst phase with 0.5-
smm anhedral to subhedral elinopyrosene (5-30% modal abundanee) and (L5-6mm plagioclase {2-
%G muwdal ubundance) as minor phenocryst phases. The second lava type (two samples) has 0.3-
dmm anhedral w sublicdral olivine (1-3% modal ahundancey as a minor phenocryst phase with the
major phenocrest phases consisting of £.5-%mm anbedral to subhcdral clinopyroxene (5-20% mesdal
abundance} and amm plagioelase (10%  mundal abimdance), Both groops of lavas exhibit
plomerperysts and cumuloerysts of primarily plagioclase but also occasionally with clinopyroxens
and olivine, where the glomerocrysts and cumuloceysts consist of up Lo ten mdividoal mineral grains,
All of the samples are vesicular with the vesicles ranging in size from 0.5-6mum in diameter. All the
samiples exhibit an intergranular textwre where the malmx mincrals inclode olivine, plagicclase.

clinopyroxene,  lanciwanetite, ilmenite and  apatite, Six of the Middle Basalt lavas are
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Bulk Rock Geochemistry

5  Bulk Rock Geochemistry

5.1 Intreduction

The first detailed geochemical study of the Gough Tsland lavas was performed by Siclinsks &
Frey { 1970) who measured whide rock BEE sbundances on a different sample set from the one used
in this study. Later. le Roex (1985) performed w more detwled delenmnation of major and race
clement abundances on g newly acquired sample set (the same sample st wsed i this sudy),
Becently, Class & le Roex {2008} colleeted high precision Inductively Coupled DMlasma Mass
Spectrometry (ICT-MS) trace element data, at the Univeraity ol Cape Town (UCT), fie the same
sarple sef, which were made available for use in this study, As a result. the mayor element data arc

taken from le Koex (1983 whereas the trace clement data are from Class & le Boex {2008,

The MeNish Scamwunt (400107, OFF31EY s Jocated -120km to the north-gast of Gough
Island and dredee samples were collected in 1987 by 8A Agulhas (Cruise hoober 515 The najor snd
trace element data for the three samples were geguired by X-Ruy Fluorescence Spectrometry (XRF-5)
and [CP-MS methods (same method as used by le Boex {1983 and Class & o Boex {200%); Cliss &

le Roex unpublished datay sl the University of Cape Town and made available for use o this swwdy.

This chapler s wimed st mtroducing, comparing and discussing the bulk rock mujor gl wace
element geochenustry for each of the Lower. Muddle and L pper Basalts of the Gough sland Lavas and

tor compare these lavas wilh the MeWish Scamoun! lavas,

5.2 Major Element Geochemistry
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Fig 5-1: (NaO+K,0)  wve SBildy (TAS)  thagram  showing
compositonal varistien wichin the CGouch [sland lavas.
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Bulk Rock Geochemistry

Major clement analyses of the Gough Island lavas are given in Table 5-1 and are ilustrated in
a total-alkali silica (TAS) diugram (Fig 5-1) and sclected variation diagrams (Fig 3-23. A plot of Si0,
versls NasO+HK-0 (TAS dhagram) indicates thal the Gough Island Lavas is composed of alkali hasalts,
trichyhasalts and basaltic trachyandesites and thus form an alkali hasalt-irachvie series (Fig 5-1
trachyles not shown on Lhe TAS diggram as they do not form part of the sample set usced in this study).
Both the Lower and Middle Basalts range from basall 1o basaltic truchvundesites in composition
whereas the single Upper Basalt sample plots within the basaltic trachvandesue Geld and is the most
evolved sample out of this sample set, The Middle Basalt array is less tightly constrained than the
Lonwer Basalt arvay. Owerall there 15 no distinet grouping or vanation of compasition or trend between

cach ol the different groups based on the TAS diagram.
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Fig &2 Vanation of selected major elemeat oxides with hMes (where Mes atomic | 008 g Ma-Te™ ).

SCH (45.2-5200 witla), KO (119439 wela) and AlO (8.76- 185 wita) all exhibit a negacive
corrclaion with My (Mg# ranges from 37.9 to 75.3: Fe( ranges from 6.46 10 1002 wi%y and My(
ranges from 305 o 173 wio), whereas Car (5.74-12.0 w1%) exhihits a scattered positive correlatian
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Bulk Rock Geochemistry

with Mt (see Fig 5-2), Lhe steady inercase in AL with inereasing difTerentiation (1.e. decreasing
Mg#) for hath the Lower and Middle Basalls imndheates thar plagioclase was not an important
tractionating phasc: this is confirmed by a gradual nerease in NusCH with inerensing differentiation,
Clinopyrosene appears to have been an important fractionaring phase during magma differentiation as

the Cal) content of the lavas decreases gradually with increasing differeniauon.

Tahle 517 XREF-5 major clement analyses for the Lower, Middle snd Upper Rasalts of the Gough Island sute of lavas, Daa from e Roex

(10855,
Sikd- 4717 A47.18 4734 50.05 SCES B0LS5 43,72 el e AB.5= AT R E LT B ] A0 5l
Tikd: 211 0 20K 2.:50 3.11 404 A.al 273 8 a0 ks 1.EY W
AR u 32 a3 1} ka4 1k, 00 14.5% 14.445 14,07 15414 o.iks 12,10 15.0% 16 165 15745
Fe= b, 1.4id 1.491 144 1.5 1.Ff 167 175 171 126 LR 174 1.73 164
Feld 502 up? H5.19 751 i 8.37 B.77 2.63 e 28 302 3563 21K
Il 015 A1s 016 o1z a.13 Q.13 C.13 0L [ 015 A5 0.15 .14
S 1592 17,18 11,52 1.8 T.23 Fimg .71 R 17.33 1255 .05 4.0 5 R4
Calk BET B.51 2.4 5,22 733 Hsg ERH &.50 9.3 K77 a.nh K.k BEY
Ma-iy 243 245 FES 127 4.0 im 3.44 ERE Ty FE? ol AR B
K0 Thd 1.8 206 Lk b 260 25 KR 1,54 192 1491 22 241
Bl (131 nir 0Lz a9,7d 1,0 L7 1184 ney .30 053 .55 171 C.E2
L&d iz 5a 056 2.44 a0k N5z 050 2.9 oL (R 0286 L.L7 EEd
Teral 1000 10050 LCO.ED 10 A0 100.20 1C01.30 10020 SE:RT 10080 130 13020 10080 100,12
haH TOME 150 57,85 5310 BGh EULT3 112 ALAT 5.1k hiRT L3 7T L Ll ELH
AT AN 27 A7 A Ll B L0353 b e 5141 TH e a4 43 =tAa= E 4844 445 U5
|ty £ [X] A 'R 1.7k L2 354 245 Al 158 i) In? | 171 237
Ak, 1315 14, 700 15.d449 1= 15,54 1142 1K S0 1112 5.7 1222 1525 14.11 11.83
tpelly 1.7 1ef2 1.0 1.k 141 A 1.4 1,85 1,70 187 1.8g 181 1,90
1= B54 354 14 BN B4 LIL1E & 924 882 nE7? n.43 e [ 9.4%
Ml Cnld [N .14 Q.14 n.14 018 (W et [ B Q.16 016 Q16 215 [
hald #.08 538 %l G, 10 429 17.11 3.1C 12.22 1207 11.11 10,40 747 11.33
Zal B0 9.1 BTG .21 3.2 F.58 508 a4 12.0m .67 H.38 m H.BD
(R 3,35 202 116 320 Fr 181 4,71 LT i%3 41 280 A4 23k
a0 213 153 53 2_.-‘-12 255 1y 4.4 1.54 114 1. BE 141 A 1.Bi
PAY; L5k .53 LR~ [ 1LE5 [147 1.5 iy B | A0l 059 0,60 i
N8 ]] 042 1.47 .47 H LG4 (WR=11 Q&2 .48 242 .72 C.al 0.84 050

Lal 101,40 100 80 10450 1311 100,40 10120 10080 10C g0 10170 9%.96 100,50 2oe L01.6e
sy R L 52750 G544 4787 7423 A5.14 G530 73.08 E5.B7 EG6.63 GB.57 G717

S0, 49.3% 49 o L0.S0 A5.74 A7.641 A%EA n1.27 LOAa? A7.A3 1320 52,29 ikl

Tid: .02 3.18 2,87 20T 2.4 3.00 3.35 +02 274 2R 2.0 23R
Al 1285 14.58 15.41 15,01 11.98 a8k 16207 184K 11.53 11 44 1800 17.47
| &l 1.93 1.7% 1 h? "M 1.87 1.73 L.G? 1.45 1HE 14 b5 1.37
kRl ER 8.7 K. AT 9,12 B67 B8.37 7.24 0.An 9.27 .25 £33
REniid LG .15 .1z 0.1z 0.lG 015 Q.11 J2.12 015 0.5 C.14 0.12
ica} 1038 500 5.32 .01 1211 &.14 3,72 3.5 1087 1294 [ 175
{an 7AE 514 711 g.57 9.17 i 80 TR an q9.49 Wi w4
ER] 3.1 3.3 3.94 3.4 T 64 T AA0E 01 HG 359 4 20
<0 +18 T A 2% 1.801 L1 144 F84 17% 1.:% i R
Pt iLL? 054 Q80 n5e 04 0,75 R 18 2.68 0.43 CA2 0.5 C.84
-0 il id (.41 144 I & [N} (RS} .83 157 0.9 0.3% 0A7 o7

Tora 101,30 Tl He sl Rz .n TLLED 1650 10040 13C .93 1oL.:0 L0e.ac 1ca.Bo 107.50
g hd &7 F1.061 WEER G5l w8.n 5o ES 3,25 2193 1012 60 YD 48,57
Star. reters te samples aatierapho: unit where LR Tower Tasadl; MIE = Soldle Masal; TR = Upper Hasall A1 mojor

cloment exides grven s wih, Mps awoitic e MeTe2 | with Te203 FeO=0.20.




Bulk Rock Geochemistry

The single Upper Basalt sample (ALRG3G) exhibits high 5100 (32,6 wi™), ALCH (173 wi%)

and Ko (404wt und low Cald (574

witn} abundances, and therefore plets ar the more

differentiatedd end of the Lower Basalt array i migor element vanation diagrams, 110- (2,09-3 85

win) exlubits a tight negative correlation

with Moz vreater than 34 und s scattercd positive

correlation with lower Mg indicating the increasing importance of tractionating Fe-Ti oxides with

mercasing dilferentialion. P-0s (034-1.04 w%) and Na { 175479 wi®) exhibits o negalive

carrelation with Me# where the Lower Basalts have hicher P00 and Na-0b content for a siven Me#

Hb |ppm )
40 (2 Bl

B Lowes Basalt
100 & Meddle Sasal |
® LpperBasalt

1

1]

R {ppm)

40

20

Ta {ppmj

1200

1000

400

Ba {ppm)

Hb {ppm}
Fig 5-3: Varaton of the wwompatitle glemeants b,

Taand Ba with Wb for the Lower. Middle and Lpper

Basalts aof the Gough lsland lavas, Solid black Lne 15
i hime af best A calevlated usimg onky 1he Ciough
Tslarl Tavas gthe gradicnt of tha best e Line is slumswn
alingside).

than the Middle Basalis. The gradual increuse in P-Oy
with inereasing differenualion indicates the auninal
importance of apatite as g tactiopating phase io these

Liwins.

5.3 Trace Element Geochemistry

Trace eloment daty Tor the Gough Island suite of lavas
are reported in Table 3-2 and vanation diasrams of
sclecled trace elements are shivwn n Fig 5-3, Fig 53-4

and Fig 3-5.

The abundances of the incompaiihle trace
cloments Ba (346-1205ppm). T (1.31-505ppm), Nb
(23595 Ippm) and Rb (14.8-1{dpmn) are all high
with B, Rb and espectally Ta exhibming a sirong
positive correlation with Nk (Fig 5-3. Rh exhibits more
sealter wt Nboabundauees below —00ppm and Rb
abundanees less than ~50ppmn), The Loswer and Middle
Hasalts have o similar mange in incompatible irice
clement abundances and therefore the armays [or cach
of these groups ure superimposed. The single Uppor
Basult =ample (ALK63IG) has high incompalible trace
vlement abundances and plots at the differentiated end
of the Lower und Middle Basalt armays, As a resalt of
the high abundance of Ba in the Goughe Tshimed Tovas,
the Ba™Nb 11.6-18.0) rutio [or these lavas 1s high, and
the ZrWb and LadND ratio ranges from 4.5 to 7.3 and

1R 1o | IR respectively.

The ncownpatible trace elements TIE {3 .68-

ReSppmd, Y (16.3-34.2ppm), Co (S1.4-155ppm) and
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Bulk Rock Geochemisiry

Srd23- 101 3ppm) exhubiae a large range {especially Ce) and are high in abselute abundance. Srand Y
birth exhibit broad positive correlations with Zr which breaks down at 21 abundances greaier than
-Atppm, whereus Ce and HI exhibil strong pesitiye correlubons with Zr for the enure range of Zr
comeentration (Fig 3-4). The Lower and hiddle Basalts have similar abundances of these wrace
elements and therefore the Lower and Middle Buasalt armays are superimposed, excep! i Y s, Zr
where the Tower Basalts plob at kower Y values for a given Zr coneentration. The single Tpper Basalt
sample [ALR&3G) has high moderately incommatible ace element abundances and plots at the
difterentiated end of the Lower and Middle Basult urmays, The Zr/Hf rutios for Gough lslund range
from 44.5-34.0 and the Nb'Ta ratie ranges from 168 to 193 The YN and CePh ratios range fronm
028082 and 18.3-34.00 respectively, The (La/Smiw and (Lo by ratios mange [Tom 2.55-5.00 )
118305, respeenvely (values normalised w chondritic values of Sun & MeDottough (989,

Zrippm) £r [ppmp
00 ang 400 200 300 400

"E" —
& B
I -
——+ 4 — ——— ——+ ]
P ‘| ®  Lowsr Basafs | -I
Tl ®  Midde Basalts | |
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® o 1000
150 -
H E
2 gon B
a -
] L]
10g -
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ol - "l 4
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Z1 [ppm] 1 {ppm]

Fig 5-4: Varation of the incompanble trace clements HE, ¥, Cc and Sc wath Zr for the Lower, Middle and Lpper Basalts
af the Gough Tsland suite of lavas, Salid black lime s oa hoe of best £t calewlated usige all the Gough lsland lavas (the
eradlient of the best fit line 15 shown aloneside),

The compatible fermo-magnesan trace elements Co (20-90ppm), M (8. 30-64%pm) and Cr
(11 4-1020ppm) cxhibit 4 burge range an absolute abmdances and decrense systematically with
mcreasing differentiation (e, decreasing Mg#; Tip 3-3) The Co, Ni and Cr abundances of the Lower
and Middle Basalts are similar amd therelore these arrays are superimposced an vanation diagrams of

Co, Nivand Crvs, My, The single Upper Basalt sample {ALRGAG) has similar abundances of Co, Ni

35




Bulk Rock Geochemistry

and Cr as the Lower and Middle Busalts, und therefore plots within the Lower and Middle Basal
arrays, The overall decrense i abundanee of these compalible trace elements indicutes the importance
ol the continuous (ractionation of Grro-magmesian mngrals (such 25 olivine and clinopyroxeng) with
increasing napgma dilferentiation.
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Buik Rock Geochemistry

The majority of the lavas lrom Gough Tsland exhibit sub-parallel primitive mantle normalised
trace element patterns (Fig 53-0), wilh positive Ba and Ph apomalics as well as relative depletion m Th,

Ll and Zr. Soime samples exhibit small negative Ti ancmalies.

The chondrite nemalised REE patterms exlubin omiform ennehment of LREE relative to the
MREE and HREE, where the LREE and HREE are [00-400x and —~10-20x chandrite, respectively.
The mayority of the REE patierns are sob-pamallel. bt o few individual samples exhibit slight
variations in gradient towards the MREE and HIRTE which results in erossimy pattems (for example

ALRZSG and ALRS1G; Fig 5-7)

e =3 i
[ .. gm0 ALRSG |
100 | '_: Gt BLRZEG
» Cm=0 fp RIS
pemo ALRAEE |
ALRS1G
=
B L
e
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e 1 1 1 - 1 1 1 1 1 1 I s | L 1 | |
Fbh Ba Th U K Ta Nb La Ce Pb Sr P Nd Sm Zr Hf Eu Ti Gd Th Dy Ho Er

i 3 [
Tm ¥h Lu

Fig 50 Prminive mantle pormalized tace element diagram of Tive selecied sammles from the Gongh Island lavas, Samples
wire selectod soas to represent the full ranze of comjesitcnal Sariative exhibited by ihe sonpbe se1 ¥elbow ficld eepresents

Ihe Full compusitionat range of Javas from Googh lsland. Narmalisalion valoes fom Sun & MyThoeneugsh (1585

[ ' |
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Fig 5-7: Chondrite normalised BEE patierns of five selected samples from the Gough Iskand lavas. Samples were selected 5o

ax o represent the full manpe of compositiomal variatinr exhibited hy the sonple sel, Yellow fichl reprase
compusitgna ] rmes of Jivas i the sample set. Normalisalion saloes taken from Sun & MoeDonough | 1989),
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Bulk Rock Geochemistry

Table S-2: ICPMS and XRF trace element data for the Lower, Middle and Upper Basalts of the Gough Island suite of lavas.
ALRSG ALR7G  ALR27G ALR30G ALR32G ALR33G ALR35G ALR36G ALR37G ALR38G ALR6G ALRSG ALR9G

Strat. LB LB L8 LB L8 LB LB LB LB L8 MB MB MB
sc 24.0 24.0 23.8 11.4 15.5 16.3 24.0 13.4 23.0 22.0 23.1 17.8 20.3
v 165 157 192 122 149 166 177 171 173 158 214 214 205
o 779 731 322 74.0 129 200 243 11.6 792 371 118 29.0 139
co 84.0 84.0 62.0 33.0 40.0 420 46.0 28.0 90.0 65.0 420 33.0 39.0
Ni® 599 613 293 76.0 151 171 198 8.50 649 324 85.0 27.0 107
cu’ 29.0 40.0 33.0 10.4 13.7 23.2 29.0 9.30 37.0 20.0 36.0 17.7 49.0
Zn” 106 101 101 109 107 110 105 121 101 94.0 115 111 105
Rb 31.0 29.0 33.2 60.1 49.2 486 51.0 64.4 36.0 38.0 23.4 37.4 45.0
sr 500 489 566 645 830 797 930 723 527 706 728 725 784
Y 17.8 17.1 22.9 23.8 25.3 25.1 25.9 34.2 16.3 20.9 28.0 30.1 26.4
e 197 189 268 402 342 322 339 385 169 235 278 346 297
Nb 30.7 30.4 48.2 61.9 49.2 487 46.8 63.5 36.0 36.6 403 57.9 496
Ba 448 461 609 749 852 767 809 883 545 659 569 695 618
La 30.3 29.9 47.2 520 515 49.8 54.8 65.4 32.6 434 45.2 54.2 46.6
Ce 62.8 61.2 926 108 107 103 109 134 61.8 83.2 92.2 113 96.9
Pr 7.79 7.64 113 12.8 13.1 12.7 13.6 155 7.36 10.3 11.2 13.4 11.7
Nd 30.7 30.0 428 48.1 50.8 49.4 53.0 59.7 28.2 39.6 44.3 51.6 45.4
Sm 6.25 5.99 8.08 9.27 9.97 9.82 10.1 11.8 5.42 7.47 9.26 10.3 9.33
Eu 1.90 1.87 2.46 2.75 3.05 3.02 3.10 3.60 1.63 2.35 2.80 3.12 2.86
Gd 5.59 5.51 7.54 8.73 9.22 9.06 8.98 10.6 5.01 6.76 8.41 9.20 8.08
Th 0.79 0.78 1.04 1.21 1.26 1.23 1.22 1.49 0.71 0.92 1.18 130 1.14
Dy 4.01 3.90 5.02 5.66 5.87 5.74 6.08 7.70 3.63 472 6.03 6.62 5.80
Ho 0.72 0.71 0.93 1.03 1.02 1.00 1.07 1.41 0.68 0.85 1.12 1.24 1.07
Er 172 1.68 2.18 2.43 2.26 2.24 2.46 3.31 161 1.97 2.64 2.91 2.52
Tm 0.23 0.23 0.29 0.33 0.30 0.29 0.33 0.45 0.22 0.26 0.36 0.40 0.35
Yb 1.39 1.39 1.76 2.00 1.74 1.70 1.93 2.76 133 1.59 2.14 2.44 2.11
Lu 0.20 0.20 0.25 0.29 0.24 0.23 0.27 0.38 0.19 0.23 0.31 0.35 0.30
HE 4.29 4.20 5.84 8.15 7.29 7.15 7.27 8.20 3.68 5.17 5.84 7.17 6.06
Ta 1.77 1.81 2.64 3.37 2.62 2.52 2.75 3.47 2.13 2.14 2.34 3.17 2.79
Pb 2.63 3.27 3.71 5.26 4.48 4.90 5.12 5.56 2.54 3.42 3.60 4.54 3.93
Th 3.14 3.10 5.31 7.04 6.15 6.34 5.27 6.76 3.70 4.02 4.04 5.44 4.84
0] 0.59 0.64 0.96 1.18 1.09 1.00 1.10 1.16 0.73 0.75 0.68 1.05 1.01

ALR10G ALR12G ALR13G ALR14G ALR23G ALR24G ALR34G ALR40G ALR41G ALR43G ALRAAG ALRA5G  ALR46G

Strat. M8 MB MB MB MB MB MB M8 M8 MB MB M8 MB
5S¢ 24.0 23.2 185 20.0 16.4 24.0 11.1 26.0 32.0 18.6 23.0 20.0 24.0
v 190 202 197 206 216 171 124 194 205 172 188 182 187
o 219 192 104 119 25 354 12.4 580 1020 250 387 182 461
co’ 47.0 40.0 35.0 39.0 35.0 85.0 20.0 62.0 60.0 63.0 60.0 52.0 64.0
Ni' 202 94.0 73.0 94.0 31.0 585 11.6 350 364 346 328 239 351
v’ 50.0 36.0 32.0 28.0 23.0 43.0 21.0 31.0 23.0 32.0 35.0 37.0 38.0
n’ 102 107 101 103 116 109 84.0 110 92.0 120 115 117 116
Rb 37.0 14.8 41.8 36.7 432 45.0 104.0 30.0 24.0 27.0 35.0 32.0 34.0
sr 777 734 771 770 688 665 1013 569 425 681 635 775 601
Y 23.4 26.6 25.6 25.4 27.4 183 26.4 20.9 19.4 22.0 244 24.7 21.8
z 276 274 291 282 318 213 467 219 169 251 273 293 250
Nb’ 45.2 424 51.3 44.2 51.2 47.3 93.1 30.4 235 373 38.0 43.1 341
Ba 528 562 726 726 641 625 1081 526 346 632 572 670 557
La 42.9 438 46.7 46.9 473 40.7 83.5 33.8 24.9 39.2 38.8 46.3 38.7
Ce 88.1 86.6 100 98.4 102 77.6 155 66.9 51.4 79.3 75.8 91.6 75.2
Pr 11.1 10.5 11.9 11.8 12.2 9.05 17.6 8.55 6.89 9.83 9.66 115 9.61
Nd 436 413 463 46.2 4756 338 62.6 34.3 28.1 39.0 38.2 44.6 38.1
sm 8.67 8.67 9.37 9.14 9.60 6.25 10.6 7.15 6.28 7.91 7.77 8.79 7.81
Eu 2.74 2.71 3.01 2.83 2.84 1.91 3.09 2.28 2.05 2.52 2.49 2.85 2.44
Gd 7.75 7.99 8.23 7.88 8.44 5.62 9.77 6.68 6.00 7.25 7.17 8.14 7.14
Tb 1.09 1.13 1.16 1.10 1.19 0.80 1.32 0.93 0.91 1.00 1.00 111 0.99
Dy 5.59 5.79 5.86 5.63 6.06 4.13 5.97 4.77 4.52 5.15 5.09 5.71 5.01
Ho 1.03 1.06 1.07 1.03 113 0.76 1.10 0.86 0.85 0.93 0.96 1.03 0.92
Er 2.40 2.55 2.53 2.42 2.66 1.85 2.66 1.98 1.91 2.17 2.18 2.42 2.11
™ 0.33 0.34 0.34 0.33 0.36 0.25 0.37 0.26 0.27 0.29 0.29 0.32 0.28
Yb 2.00 2.10 2.07 2.00 2.26 1.54 2.29 1.58 1.51 173 173 1.92 1.67
Lu 0.29 0.30 0.30 0.29 0.32 0.22 0.33 0.23 0.24 0.25 0.26 0.28 0.24
Hf 5.61 5.76 6.00 5.98 6.62 4.43 8.65 4.61 3.80 5.37 5.51 6.21 5.18
Ta 2.48 2.39 2.76 2.45 2.85 2.76 5.05 173 131 2.15 2.08 2.47 1.96
Pb 3.37 3.24 3.40 3.93 3.78 3.62 8.42 2.87 1.70 3.68 3.23 4.54 3.57
Th 4.30 4.17 4.86 4.25 4.84 4.90 12.5 3.07 2.23 3.77 3.99 4.39 3.44
U 0.82 0.75 1.04 0.75 1.10 0.93 2.61 0.64 0.52 0.57 0.87 0.798 0.76

Strat. refers to the samples stratigraphic unit where LB = Lower Basalt Series; MB = Middle Basalt Serics: UB = Upper Basalt Scries. * indicate trace clement
concentrations acquired using XRFS methods (all other trace element concentrations acquired using ICP-MS methods). All trace elements expressed in ppm.
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Table 5-2: continued...

ALR47G  ALR48G ALR49G ALR50G ALR51G ALR52G ALR53G ALR54G ALRS5G ALRS56G  ALR64G  ALR63G

Strat. MB MB MB MB MB MB M8 MB M8 MB MB UB
Sc 18.7 18.0 18.1 19.6 24.0 20.4 17.1 127 235 23.4 17.1 9.10
v* 162 180 141 184 177 174 195 166 171 184 160 97.0
Cr* 216 169 102 169 414 142 114 25.0 445 436 148 38.0
Co* 27.0 48.0 30.0 44.0 64.0 39.0 28.0 27.0 65.0 66.0 35.0 24.0
Ni* 316 203 80.0 149 351 111 10.1 41.0 390 418 136 44.0
Cu* 194 41.0 24.0 39.0 46.0 34.0 17.5 26.0 49.0 47.0 49.0 16.2
Zn* 113 113 98.0 104 101 105 115 103 102 101 94.0 111
Rb 38.5 28.5 71.2 42.6 40.0 65.4 71.8 515 37.0 336 49.2 78.9
Sr 593 710 743 686 630 774 717 719 558 570 687 976
Y 234 24.4 30.2 259 22.4 29.5 30.6 26.2 20.1 206 29.2 24.3
Zr* 272 280 386 255 240 350 384 340 232 223 309 359
Nb* 394 41.2 67.5 44.1 39.9 64.2 68.2 54.3 355 35.4 53.1 729
Ba 627 681 956 652 575 842 981 750 550 536 742 1205
La 426 43.8 65.0 45.0 404 64.3 63.5 53.0 36.1 37.7 61.5 74.4
Ce 87.2 911 129 87.8 77.9 117 123 107 75.8 75.6 110 143
Pr 10.1 10.6 15.5 10.3 9.50 149 14.9 121 8.58 8.64 12.7 159
Nd 40.5 42.1 59.0 39.8 36.6 55.8 57.0 46.8 336 336 48.9 59.0
Sm 8.27 8.57 111 8.10 7.09 10.4 11.0 9.17 6.87 6.84 9.29 10.6
Eu 2.65 2.82 3.28 2.62 2.18 3.07 3.16 3.04 2.12 2.14 2.94 3.64
Gd 7.45 7.74 10.7 7.49 6.43 9.87 10.2 8.08 6.28 6.28 8.37 8.55
Tb 1.03 1.07 1.48 1.05 0.93 1.36 1.43 1.14 0.88 0.88 1.17 1.15
Dy 527 5.50 7.01 5.58 4.77 6.60 6.89 5.90 461 4.58 6.02 5.67
Ho 0.97 1.00 1.30 1.05 0.88 1.22 1.27 1.08 0.85 0.85 1.12 0.99
Er 2.24 2.33 3.04 2.47 2.09 2.90 3.02 2.56 1.96 1.99 2.65 2.25
Tm 0.30 0.31 0.42 0.35 0.28 0.40 0.41 0.35 0.27 0.27 0.35 0.30
Yb 1.80 1.80 2.53 2.10 1.67 2.40 2.57 2.16 1.65 1.62 2.15 1.75
Lu 0.26 0.26 0.36 0.30 0.25 0.34 0.37 0.31 0.23 0.23 0.29 0.24
Hf 5.59 5.84 7.92 5.25 5.30 7.39 7.80 6.73 4.94 4.77 6.18 7.16
Ta 2.25 233 3.70 2.48 2.19 357 3.70 2.93 2.03 2.07 2.83 3.88
Pb 2.57 3.67 571 3.36 3.46 4.81 5.99 4.35 3.25 3.28 4.19 5.90
Th 3.72 3.98 8.00 4.61 431 7.30 7.84 5.52 3.79 3.62 5.29 8.44
U 0.78 0.66 1.63 0.94 0.86 1.51 1.45 0.81 0.74 0.73 1.14 1.76

Strat. refers to the samples stratigraphic unit where LB = Lower Basalt Scrics; MB = Middle Basalt Series; UB = Upper Basalt Scrics. *
indicate trace clement concentrations acquired using XRFS methods (all other trace element concentrations acquired using [CP-MS
methods). All trace elements cxpressed in ppm.

5.4 The McNish Seamount
The three analysed McNish Seamount lavas (AG51-7-1, AG51-7-2 and AG51-7-3) all have

near identical major and trace element geochemistry, which suggest that the three rock samples are
from the same lava flow. Therefore, for the sake of clarity, in some diagrams an average value for all

three samples is shown instead of the three individual samples.

The McNish Seamount lavas have similar S10,, K-O and Na,O abundances (5i0,=44.73-46.19
wt%; K,0=1.93-2.14 wt%; Na,0=2.77-2.99 wt%) to the Gough Island lavas, and therefore McNish
Seamount data plots within the Gough Island array on a TAS diagram. The McNish Seamount lavas
also exhibit similar ALO; and CaO abundances (Ca0=8.50-9.10 wt%: Al,Ox= 12.5-12.6 wt%) as well
as Mg# (62.89-64.53) as Gough Island.

The trace element abundances exhibited by the McNish Seamount lavas fall within the ranges
of the trace element abundances of the Gough Island suite of lavas, but towards the differentiated end
(Fig 5-3). Since the McNish Seamount exhibits similar trace element ratios to Gough Island, all of the
incompatible and moderately incompatible trace element ratios for the McNish Seamount fall within
the range of the respective ratios exhibited by the Gough Island suite of lavas. These trace element

ratios include high Ba/Nb ratios (15.2-17.1), low Zr/Nb and La/Nb ratios (6.98-7.39 and 1.02-1.09,
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respectively) as well as Zr/Hf, Yb/Nb, Nb/Ta and Ce/Pb ratios which are ~48, ~0.57, ~18 and ~22,
respectively. The (La/Sm)y and (La/Yb)y ratios are ~3 and ~17, respectively (values normalised to

chondritic values of Sun & McDonough (1989)).

Table 5-3: Major and high precision trace

Primitive mantle normalised trace element
element data for three samples from the

McNish  Seamount. Data collected using patterns (Fig 5-8) plot within the trace element
XRFS and ICP-MS methods at the University
of Cape Town (UCT). Data are unpublished compositional field for the Gough Island lavas, and are
but made available for use in this study. . . L
AGS1.7-1 AG51.7-2 AG51-7-3 identical to the majority of Gough Island trace element
:'igz 435";6 4;;3 434_;93 patterns. Thus, the McNish seamount lavas exhibit
AL,O, 1257 12.60 12.45 o . .
Fe.0, 149 150 18 positive Ba (~100x chondrite), Pb (~60x chondrite) and
;";‘% g:i; 3:22 g:?; Zr (~22% chondrite) anomalies as well as negative Th
MgO 9.89 9.70 10.29 (~50x chondrite) and U (~40x chondrite) anomalies.
a0 9.10 8.94 8.58
Na,0 2.99 2.95 2.77 The chondrite normalised REE patterns exhibit uniform
k.0 2.02 2.14 1.93
P20; 0.89 0.83 065 enrichment of LREE relative to the MREE and HREE,
Lol 0.41 0.38 1.20
Total 100.20 100.03 99.14 where the LREE and HREE are ~190x chondrite and
Mg# 63.39 62.89 64.53
~10x chondrite, respectively. The McNish Seamount
Sc 23.0 23.0 24.0
v* 205 205 202 REE patterns (Fig 5-9) plot within the Gough Island
cr* 267 263 296
Co* 56.0 55.0 54.0 REE compositional field and are identical to the Gough
Ni* 248 250 263
Cu* 230 26.0 24.0 Island REE patterns.
n* 112 114 113
Rb 353 37.6 33.0
sr 856 804 775 The McNish Seamount and the Gough Island
Y 25.9 237 24.1
zr* 312 306 323 lavas have almost identical major and trace element
Nb* 447 415 43.9
Ba 694 709 667 geochemistry and as a result it is argued that Gough
La 454 45.1 46.5 . )
Ce 99.0 95.3 99.9 Island and the McNish Seamount are derived from
Pr 12.6 11.7 12.4 . )
Nd 47.8 6.8 48.5 similar source materials.
sm 9.67 9.64 9.98
Eu 2.94 2.82 2.96
Gd 8.71 8.36 8.83
Th 1.23 1.15 1.20
Dy 5.89 5.77 6.06
Ho 1.09 1.00 1.06
Er 2.47 2.34 2.48
m 0.33 031 0.32
Yb 1.96 1.87 1.93
Lu 0.28 0.27 0.26
Hf 6.54 6.33 6.73
Ta 2.44 2.32 2.43
Pb 4.18 4.60 4.50
Th 437 4.18 4.33
u 0.79 0.85 0.84

All major element oxides given as wt%.
Mg#=atomic 100Mg/(Mg/Fe’") with
Fe,03/Fe0=0.20.* indicate trace element
concentrations acquired using XRFS methods
{all other trace element concentrations
acquired using ICP-MS methods). All trace
element concentrations expressed in ppm.
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6 Isotope Geochemistry

6.1 Introduction

An important tool in understanding mantle geochemistry is the use of radiogenic isotope
systems as geochemical tracers (Hofmann, 1997), such as the Sm-Nd, Rb-Sr, U-Pb and Lu-Hf isotope
systems (e.g. Gast et al, 1964 Patchett et al., 1984, White & Hofmann, 1982). Parent-daughter
isotope ratios are able to record information of ancient enrichment or depletion events in the mantle as
radioactive parent isotopes decay into more stable daughter isotopes, thus changing the
radiogenic/stable isotope ratios as a function of time (Patchett er al., 1984). The behaviour of
individual isotope systems differs during different Earth processes and therefore by comparing a
specific isotope system to another it is possible to ascertain the nature and timing of specific processes
which may have occurred (Hofmann, 1997, Patchett et al., 1984). Isotopes ratios, like incompatible
trace element ratios, are unaffected by melting and crystallisation processes and therefore are a direct

representation of the primary magma composition and the mantle source region (Hofmann, 1997).

This chapter discusses the systematics and relevance of the Lu-Hf isotope system and reports,
for the first time, newly acquired 'Hf/'”"Hf isotope ratios for Gough Island and the McNish
Seamount which are subsequently compared to global OIB, MORB and continental '"*Hf/'/"Hf

isotope ratios.

6.2 The Lu-Hf Isotope System and its Relationship to the Sm-Nd Isotope
System

Lutetium (Lu) is the heaviest REE and forms a trivalent cation with an ionic radius of 0.85A,
whereas hafnium (Hf) is a high-field strength element (HFSE) and forms a tetravalent cation with an
ionic radius of 0.79A (Whittaker & Muntus, 1970). There are numerous radiogenic isotopes of Lu, but
"“Lu is the most abundant (97.41%) and stable isotope, whereas Hf has five stable isotopes ('"°Hf to
"“Hf) with the most abundant being '""Hf (35.1%) followed by '™*Hf (27.297%). ""Lu (2.59%) forms
"UHf through beta decay with a half life of 35.9Ga (Sguigna er al., 1982) .

In both the Lu-Hf and Sm-Nd isotope systems, the parent elements (Lu and Sm) are less
incompatible than the daughter elements and both are rare-earth elements (Blichert-Toft, 2001,
Blichert-Toft et al., 1997). The similarity between the parent elements of these two systems results in
near-identical behaviour in geochemical systems and together with time-integrated decay, results in a
well constrained positive correlation in Hf-Nd isotope space (Blichert-Toft, 2001, Patchett &
Tatsumoto, 1980, Salters & Hart, 1991, Vervoort et al., 1999).
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Even though the parent elements are similar in these two isotope systems, the daughter
elements are not. In the Sm-Nd isotope system the daughter clement (Nd) is a REE whereas in the Lu-
Hf isotope system the daughter element (Hf) is a HFSE (Blichert-Toft e a/., 1997) and Nd and Hf
occur in tri- and tetravalent states, respectively. Differences in ionic radii and valence states between
Lu and Hf results in two very important decoupling mechanisms, which not only decouples Lu from

Hf, but also the Lu-Hf isotope system from the Sm-Nd isotope system.

Hf is more incompatible than Lu during mantle partial melting processes (mineral/melt
partition coefficients for Hf in garnet, clinopyroxene, orthopyroxene and olivine are smaller than for
Lu in the same minerals; (Blichert-Toft ef al., 1997, Donnelly et al., 2004, Hauri et al., 1994)). This
results in the extraction of Hf in preference to Lu from the upper mantle to newly formed crust, and
the present day crust is thus enriched in Hf relative to Lu, leaving the mantle depleted in Hf relative to
Lu (Blichert-Toft et al., 1997). Since Hf is able to easily substitute for Zr in the mineral zircon (both
ions are tetravalent and have similar 1onic radii (Blichert-Toft er a/l., 1997, Patchett er al., 1984)) and
as zircons are very resistant to both chemical and mechanical weathering, detrital zircons are naturally
sorted in the oceans into larger-grained sediments which include sandstones and turbidites along and
adjacent to the world’s continental shelves (Patchett et al., 1984). This natural sorting process of
zircons in oceanic sediments acts as a tracer during sediment recycling through the mantle, as zircon-
rich, terrigenous sediments have lower '"°Lu/'""Hf isotope ratios (0.002-0.013) and deep-sea, zircon-
poor, pelagic sediments have higher '"Lu/'"Hf isotope ratios (0.035-0.09) (Patchett er al., 1984),
which, with time-integrated decay develop lower and higher '"*Hf/'"Hf isotope ratios for terrigenous
and pelagic sediments, respectively. Subduction and binary mixing of recycled sediment with ambient
mantle results in a mixture enriched in Hf relative to Lu. Therefore, the lower relative concentration
of Lu in the resulting mixed mantle results in lower concentrations of ""SHf over time and therefore
lower '"*Hf/'""Hf isotope ratios ('"Hf is stable and therefore is not affected by decay processes). This

1s known as the Zircon Effect.

Hf is more incompatible during partial melting events in the presence of garnet than Lu, since
the mineral/melt partition coefficient for Hf in garnet is smaller than Lu (”"D(;mm =0.115 and "“"Dgamer
= 4.5 (McKenzie & O'Nions, 1991)); Lu’ is able to easily substitute AI’* in garnet as a result of
similar ionic radii and valency states (Salters & Hart, 1989). This results in partial melts derived from
a garnet bearing source having low Luw/Hf ratios, which with time-integrated decay results in low
YU TTHE isotope ratios (Dickin, 1995, Patchett & Tatsumoto, 1980). The fractionation of Lu/Hf
ratios is larger than Sm/Nd (Patchett & Tatsumoto, 1980), as the difference between the Lu-Hf
mineral/melt partition coefficients is larger than for Sm-Nd C"Diamer = 0.17 (McKenzie & O'Nions,
1991) and NdD(,n‘,mc. = 0.0052 (Johnson, 1994)), and results in the development of a larger variation in
TOHETHSE than YNNG isotope ratios over time (Dickin, 1995, Patchett & Tatsumoto, 1980,

Salters & Hart, 1989). This is known as the garnet effect and results in mantle derived partial melts or
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a mantle sourre tegion produced by the interaction ol partial melis with ambient mantle {where the
paartial mells are generated in the presence oif garnet) torming steep arrays in =N isctope space
(over time) that plol below the HEND mantle amay line of Vervoort e al, (1999) (Palchet &
Tatsumiste, 19800, However, the fractionation of Lu/HE and SouNd is not exhibited by partial melts
detived from a garnet-poor source (within the spinel stability field). This results in the T and Nd
isotope svstems behaving simularly over ime and lorming armays. [or partil mels or a mantle source
region produced by the nteraction of partial melis with ambient mantle. that plot aleng the THE-Nd

mantle array line (Dickin, 1995, Patchett & Tatsumoto, 1380},

6.3 Isotope Geochemistry of the Gough Island and McNish Seamount Lavas
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The "HE'THT dsolope matios for the MeNish Sewmmomit lavas, tange from 0282715816 1o
0.282737_12, respectively, whereas the  Nd™™Nd and VSe™Sr isetope raties range from
fLE12591 1045 10 051259645 and (WTD497TLI3 10 QTH992 013, respectively (Class & le Roex,

unpublished dala).
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Fie 6-2: Lo/HE vs. ""HE 1Y and Smidd ws, "N N for che Gouah [sland Leswer and Middle Basales as well the

MeMish Scamount lavas, Errar bars represent o 2g 5 F. cHF calowaed using (' HE " Hleyue of G282772 (at =004 and
eMad ealendared wsiog £ M PN oF B3 L2638 (a0 =000 (Blichent- Toft & Albarede, 1997 Nd isotope data far the
Ciongeh Bsland lavas aod the MeNish Scameust lavas from (Class & le Roex, 2008) and Class & e Roex (unpublished
datud, respectively,

The Gough Island Lewer and WMiddie Basalts as well as the WMeXNish lavas form seattered, sub-
matallel arravs within the enmched guadrants (near primitve nentle compaosinonsy in HE=Nd and Hi-Se
isatope space (Fig 6-1). The Lower and hMiddle Basalt as well as the MeMNish Scamount arrays are
suptctinposed m HEMd wnd HE-St isolope space and therctore all of these lavas are 1solopically
similar. Heowwever, despite the MeNish lavas appearing o be from the same lava o (Secetion 540,
these Tavars exbibil different 'HE"HE isotope ratios, which indwale mter-sample heterogeneity.
These artays plot below the HEND mantle aray hne (cHE=1 3300-3.19; (Vervoorl e al, 19997)
with AsHt' (measurement indicating the difference between a caleulated 1T value from the HE-Nd
stantle array bine and a measured eHO value (lohnson & Beard, 1993 ranging Gom 1.5 1o 3.4 lor
Giongh Island and 2.5 1o 4.1 (or the MeNish Seamouot. which indicates decoupling of the HE and Nd
olope systems (Janney & le Roex, 2005, Johnson & Beard, 19933 as a result of the Zicon or Garnet

LCitects {Secton 6.2,

YARHE = eftf — (1.33evd + 3.19) Johnson & Beard, 1993),
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Table h-1: HE Nd and Sr isotepe rotios as well as Dwoarsd T1F traee clement coneertrations of the
tioueh fsland and the MeMish layas,
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T A N, TS dasa dor gl (sl A e Metish Seameeun | oo 16 L & e Roes, S00E] and
10Tass & T Roex, unpuhilished dua, wspectively, ® Teporied errors are 2 standard deviwoons from repeat
by ses ul the standand JMCST5 Gl atos normalised g “HE'"HE G =0 202772 a1 —tGay | Rlicher
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6.4 Gough Island in a Regional and Global Context

The Tristan da Cunka lavas range in cHT and eNd from 028 w0 205 (Class ef af, unpuablished
data) and =250 to -0.94 (Class & le Roex, unpublizhed datal, respectively, and form an wmay i HE-Nd
sotope space which straddles the HEN mantle array line (Vervoort e af., 19999, but plots towards

+ 171 ol 2 + '
higher 'FLFHT isotope catios for a gven

PRdNG 1sotope ratie in comparison o the Gough
Island array (Fig 6-3), The Inaccessible Island lavas extend 1o higher PO ETHE (cHE = -10.43 to 5.76
Class ef af., (unpublished datay) and "N NG (gNd — -1.91 10 1.59 Class & le Roex (unpublished

datal) isotope ratios m comparison to the Gouph Tsland lavas and plots along the HENG mantle aray
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line, stretching trom the field of Tristan da Cunha towards more depleted TTF and Nd isotope
compositians, Unlike Gough Iland and the MeNish Scamount, the Tostan di Cunha and Tnaceessible
Island lavas plot along the TT-XNd mantle array line and therefore the T1f and Nd isotope systems are

net decoupled.,

-6.0 4.0 -2.0 0.0 Z0
0.28300 T : T T T T v T — &0

&  Gough [sland

@  McMish Beamount
@ Tristan da Cunha . 1
[ ] ngccessble [sland ;

i Walvis R dge Hele 5254 i 5

0.28290 Walvis Ridge Hole 527

FIF-Mel Mantle Aray _ . * 1 4.0

1

0.28280 gl 1

€ Hf

1?BHﬂ1T?Hf

023270

.*

e O | R i, PREPOLLL AT
0.51230 0.512440 0.51250 0.51260 051270 0.51280
HSNd-"MNd

Fig 6-%: Congeh Tsland, o™ ishe Seamannt, Tristan da Conbes and Inaccessible and in HEM isotope spuce.
The HEMG mantle array Tine (eTF 1332N3153.19; solid black line) i Vervoort ef af, (1999 eHE
caleulated using 4 0 T of (282772 (ul t-0a) and #Nd cadeulated wsing ("R N g of
0512638 (Blichet-Toft & Alharede. 1997 "NA ™ Kd values for Gough [sland from Class & le Roex
(2008, UCHETHE for Trison da Cenbia [haccessible Island from Class e wof, junpublished data)
"INd N for Tristan da Cunha, Inaceessible 1sland and the MeMish Seamount from Class & e Roex
runpuablished dota), Walvis Ridac N/ " ™4 from Richaedson er o ( 19841 and "B THE from Salers &
Hart ( 19901, Ervers arc not shown for the sake of clanty, however crmors for Gough Island and MMeMish
Scamaount arc shown in Fig -1

The Gough Island and the MeNish Seamount lavas plots at the emviched cnd of the global QIR
arrays (Fig 6-4 and Fig 6-5), within the more depleled end of the continental armay {Vervoor ef af,,
19995, in TTf-Nd-Sr isotope space and therefore are some of the most isotopically enriched oceanic
lavas in the world, o Lerms of HE, Nl and Srosotopes, Other 1slands which exhibae enmiched H isolope

ratios  {although not as  enriched as Gough  Island) are St Helena, Kerguelen (PETDB
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(hitpziwww petdb.org) and  precompiled  files from the GEOROC  (hipsfeeoroe mpeh-

miaine rwdgde/georod’ ) dulihasest and Bowvet Island lavas (JTanney & be Foos, 2003,

-10
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0.2876 d Plalzau
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143Ndf144Nd

Fig 6-4: Global MORB and (HB cosnpositions represented in FIEMNG metope space. The ARG mantlk: areay line
(M= 33eM0=-0 19 solid Black Line) from Vervoort e el {29997 and manle end-mymber composilions from Salters &
White (19981, &HT calewdated using © "HE HE g of 0252772 (a0t OCiad and sWd caleubaled using ¢ Nd" P Ndlop of
(512635 e (=000 (BlichereToft & Albarcde. 19971 "™ Nd ™ daa far Gough Bland frem Cluss & le Roos (2008);
PEETT el NN isetope data for Tristan da Cunla and naccessible Tsland from ¢Class or i, (unpublishedl duta,
PN data Tar Woalvis Ridge o Rivhardson oo ed, 019%2 1 and 7 HE THE ftom Salters & Elarl (19917, Bouvet 1slamd
feean Janney & le Roen (2063 Continenta] Array from Yervoors ¢f af, (19997 and ali other (IB and MORB jsotope data
fcom  the  PETDB  {higpeowwsoperdhong) and  precompiled  files  of  the  GEOROC  chiippeonoc npoh-
mainz ewda dedzeoroc) databases.
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Fig 6-5: Global MORE and (HB compisitisns represcnled in M-8t (opd and HESr dbottan) isotape space. Maurle end-
menther compazsitions from Salers & White (1998 el caloulmed vsing ¢ "HE "HEoe of 0253772 (at ¢ 0Ga), o
caleulated using N Nk of 0512638 (a 1=0Ga) (Blichern-Toft & Albaréde, 19471 and cSr caleolated using
PSS Gt =G of 07045, TS Sr and MM NG fsotope dat for Gough Istand tram Class & le Kaex (20041,
CHEETHE isolope data for Inaccessible Island and Teistar da Cunha From Cluss of @ (umpublished data) and *'id Mind
|:i:u|u:£1_|: elala for Inacegssible lland and ‘Tostan da Cunha from Class & e Roes Gmpublzshed data), respectively, Mg g
and TSEP8r daia for Walvis Radpe from Bichavdson o e, (19520 and "™E L Tromn Salters & Darl (1990171 Bigvel
Island from Janney & le Roea (2005% Continental Armoy from Vervoort ef of, (1988 and all other 003 and MOR isolope
data from the PETDR  (hopedwww petdvorpd and precompiled  files of  the GEOROC (hip:dgeanoc.mpeh-
maing, gl galo georoc ) datalases,
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6.5 Hf Isotope and T'race Element Variation
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Fie -8 Sclected trace element ratios vs. o isolope ralios foc the Tower and Middle Basalts as well as 1he
Memish Seamount lavas, " HE LI e baes tepresent 26 5.0

The Gough [stand lavas extnbit high Ba/Nb ratios (BaNb- 11.6-18.0) and low Ze/Nb and La‘Sm
ralios (Ar'b — 4.531-7.32; La/Sm - 3.90-7 87} The Lower and Muldle Basalts extubil similar Ba/Nb,
ZrNly and La‘Sm ratios (Fiyg 6-6) and therefore these arrays are superimposed, withour any obvious
corrclations, inoa plot of these imcompatible trace element ratias vs. ' "HEHE The samce s troe for

the purent/davghter ratios va. momope tatios (Fig 6-2), However, the Lower Busalts have lower ZeTIF

6-9



Isotope Geochemistry

ratios than the Middle Basalts (Lower Basalts: Zr/Hf = 45.0-49.4; Middle Basalts: Zr/Hf = 44.5-54.0).
The difference in the Zr/Hf ratios between the Lower and Middle Basalts suggests that the Gough
Island mantle source region is heterogeneous, where the Lower Basalts are generated by a source that
has similar Hf isotope ratios to the Middle Basalt mantle source region, but has different Zr/Hf trace
element ratios. The McNish Seamount lavas exhibit similar Ba/Nb, Zr/Nb, La/Sm and Zr/Hf ratios as
the Gough Island basalts (Ba/Nb = 15.2-17.1; Zt/Nb = 6.98-7.38; La/Sm = 4.66-4.69; Zr/Hf = 47.6-
48.4). The McNish Seamount lavas plot within the Middle Basalt array on a plot of Zr/Hf vs.
Hf/'"THE, which suggests in this respect, that the McNish Seamount mantle source region is similar

in composition to the Middle Basalt mantle source region.
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7 Petrogenesis of the Gough Island Suite of Lavas

7.1 Introduction

One of the fundamental problems in studying the mantle and mantle dynamics is the inability
to sample fresh mantle rocks directly from the mantle and therefore geochemists must rely on a range
of different rocks which can act as a window into the mantle (Hofmann, 1997). Ocean island basalts
(OIB) serve this objective particularly well as they are mantle derived lavas that do not pass through
continental crust (Green & Ringwood, 1967, Yoder, 1976) and therefore have been and are still
extensively studied. However, OIB are still subjected to processes which can alter their original,
primary composition and therefore corrections need to be made to correct for any chemical overprints
which can occur as magma migrates from the source region to the surface of the Earth. Such
processes include mixing of magmas of differing compositions (Andres er al., 2002, Blichert-Toft &
White, 2001, Davis ef a/., 2003, Janney & le Roex, 2005, Langmuir ef al., 1978, le Roux et al., 2002),
crystal fractionation and accumulation effects (Frey & Rhodes, 1993, Gibson ez al., 2005, Kliigel et
al., 2005, le Roex, 1985, le Roex & Erlank, 1982, Zielinski & Frey, 1970) and contamination by
country rocks or near surface sediments as well as hydrothermal processes at shallow crustal depths
(Davis er al., 2003, Hansteen & Troll, 2003). It is important that these chemical overprints are
understood and corrected for in order to ascertain the nature and composition of the mantle source

region.

In this chapter, ten primary magma compositions are calculated from measured major and
trace element data of Gough Island lavas, which are subsequently used to gain an understanding of the
nature and composition of the Gough Island mantle source region through constrained forward

modelling methods.

7.2 Partial Melting Models

Different styles of partial melting are postulated to exist, with the two end-members being
equilibrium (batch) melting and fractional melting. In equilibrium or batch melting, melt produced
remains in contact with the residual source and therefore is able to equilibrate with the residual source
until a threshold is reached at which time all the melt is removed (Shaw, 1970). In contrast, fractional
melting involves the production and immediate removal of infitessimally small amounts of melt, and
therefore the bulk source composition continually changes (Gast, 1968). Intermediate melting styles
include aggregated fractional melting, which differs from fractional melting by allowing removed
melts to aggregate prior to eruption, and continuous melting, where a large portion of the melt
produced is removed and the remainder of the melt is allowed to equilibrate with new melts produced

from the residual source prior to removal (Feigenson ef al., 1996).
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Equilibrium (batch) melting is preferred in this study as this melting style produces realistic
results in all the models and is simple to model. Pure fractional melting produces unrealistic results
and the two intermediate styles of melting, continuous melting and aggregated fractional melting
produce reasonable results in all the models but are no better than equilibrium melting. Therefore all
modelling in the remainder of this chapter is based on equilibrium melting, which is defined by the

following equation:

o 1

C, D,+F(1-P)
Equation 7.1: Trace clement behaviour during
equilibrium (batch) melting (Shaw, 1970).

Where: ¢ . = concentration of trace element in melt

C, = concentration of trace element in source prior to melting

D, = bulk partition coefficient of trace element, calculated
from phase proportions in source prior to melting by the
equation: D, = Z X,D

F = degree of melting (0< F <1)

P = bulk partition coefficient of trace element, calculated
from the phase proportions entering melt by the
equation: P = Z pD

X, = phase proportions in source material (Start Mode)

p = proportions of phase entering melt (Melt Mode)

7.3 Determination of Primary Magma Compositions

The magma produced from the melting of a source region that has not undergone any
subsequent form of differentiation or contamination processes is known as a primary magma. The
majority of basalts are argued to have undergone crystal fractionation processes after melting and
prior to eruption, and therefore cannot be classified as primary magmas (O'Hara, 1965). Crystal
fractionation processes results in the removal of mineral phases from magma whereas crystal settling
results from the addition of mineral phases to the magma. Roeder & Emslie (1970) argued that
basaltic magmas with a Mg# greater than 68 can be considered to be primary, as such a magma of this
composition is in equilibrium with mantle olivine (~Fogy 97). Since primary magmas indirectly reflect
the composition of the mantle source region it is imperative that primary magma compositions be

determined in order to fully understand the chemical nature of a mantle source region.

100Mg

Mg# = atomic [——
Mg + Fe
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A number of secondary processes can act on the original magma composition, these include
alteration by surrounding country rock, contamination by near-surface sediment and interaction with
hydrothermal fluid as well as crystal fractionation and accumulation processes. Contamination of the
Gough Island primary magmas by hydrothermal processes and interaction with the surrounding
country rock and near-surface sediments is assumed to be minimal as the Gough Island lavas do not
exhibit low Ce/Pb anomalies expected to be inherited from seawater circulating through the volcanic
stack and near-surface sediments (Ben Othman ef al., 1989, Class & le Roex, 2008, Plank &
Langmuir, 1998). Therefore the calculation of the primary magma compositions for these lavas
involves correcting primarily for fractional crystallisation and crystal accumulation processes. The
Mg# of a magma undergoing crystal fractionation/accumulation processes changes as ferro-
magnesian minerals (e.g. olivine and pyroxene) are either removed or added to the primary magma,
and therefore monitoring of the Mg# is useful when calculating primary magma compositions. Both
Zielinski & Frey (1970) and le Roex (1985) have argued that the Gough Island lavas have undergone
up to 40% fractional crystallisation of olivine and clinopyroxene, which is confirmed petrographically
as olivine and clinopyroxene are the major phenocryst phases in this suite of lavas. The accumulation
of these two mineral phases is corrected for in the calculation of primary magma compositions

(described below).

Table 7-1: Table of mineral/melt partition coefficicnts used throughout this study.

Element Grnt Cpx Opx ol Sp
Ni 5.1° 44° 1.1° 12.20° 0.01
Rb 0.00001° 0.0006" 0.00045' 0.000045" 0.0001’
Ba 0.00001° 0.00068° 0.00004° 0.000043° 0.0001’
Th 0.0015° 0.003" 0.00005° 0.00005" 0.01’
U 0.027¢ 0.0052" 0.00005° 0.00005" 0.01
Ta 0.0084" 0.014" 0.0002° 0.000082" 0.06'
Nb 0.0042° 0.007° 0.0001° 0.000041° 0.08'
la 0.001° 0.042° 0.0005° 0.00003* 0.01
Ce 0.005* 0.08* 0.0015* 0.00006° 0.01
Pb 0.00012° 0.0102° 0.0013' 0.000069° 0.001
Sr 0.003° 0.096° 0.009° 0.008° 0.0017’
Nd 0.06" 0.19" 0.0063* 0.0002'* 0.07’
Sm 0.17'* 0.26* 0.0096* 0.0038'* 0.07
zr 0.27° 0.128° 0.013° 0.0013° 0.06'
Hf 0.115° 0.23° 0.013° 0.005" 0.05'
Eu 0.38'* 0.33'* 0.013° 0.0007° 0.01
Ti 0.688° 0.451° 0.061° 0.009° 0.048
Ho 2.3* 0.41° 0.035* 0.006° 0.01
Tb 1.13* 0.382° 0.023* 0.0023* 0.01"
Pr 0.02" 0.13* 0.0035* 0.00011* 0.01"
m 3.7 0.427 0.044" 0.012* 0.01"
Gd 0.7 037" 0.0175* 0.0013* 0.07
Dy 1.6% 0.402" 0.029* 0.0038* 0.07
Er 3.1* 0.422° 0.041° 0.0087° 0.01'
Yb 4.18° 0.432° 0.047° 0.016* 0.01'
Lu 45° 0.439° 0.052° 0.02° 0.00

All values arc mineral/melt partition coefficients. Abbreviations: Gt — garnet, Cpx — clinopyroxene,
Opx - orthopyroxene, Ol — olivine, Sp — spinel. * indicates values are either calculated or fictional,
where calculated values are listed with their respective reference and fictional values have no other
reference. References as follows: “(Beattic, 1993), h(Donnelly et al.. 2004), “(Foley ef al., 2000),
d(Fujimaki. 1986), “(Hauri ef af., 1994), (Horn et af.. 1994), {(Kennedy e al.. 1993). "(McKay ef al..
1994), (McKenzie & O'Nions, 1991), (McKenzie & Onions, 1995), *(Miinker et al., 2004), '(Hauri er
al.. 1994), "(Rubatto & Hermann, 2003), "(Thomas ef al., 2002), "(Mysen, 1978). P(Hart & Davis,
1978). (Bougault & Hekinian, 1974).
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Other minecral phases which have been shown to have contributed to crystal
fractionation/accumulation processes in the Gough Island lavas are plagioclase, Fe-Ti oxides (present
as ilmenite in the basalts used in this study) and apatite (le Roex, 1985, Zielinski & Frey, 1970).
However, it was shown in Chapter 5 that these mineral phases are not important fractionating phases
in the more primitive Gough Island lavas (Mg#>~50). This observation is confirmed petrographically,
where these mineral phases are either absent or present in small modal abundances in the lavas chosen
to be corrected for primary magma compositions. le Roex (1985) also shows that fractionation of the
Fe-Ti oxides and apatite only occurs at higher degrees of differentiation than experienced by the lavas

in the sample set used in this study.

In order to minimise the necessary corrections, only samples with Mg# >55 (MgO = 6-8wt%;
Ni and Cr = 85-250ppm) were used to calculate primary magma compositions. In addition, only fresh,
aphyric to moderately porphyritic lavas were used, as these lavas are assumed to have been least
affected by late-stage alteration and crystal fractionation/accumulation processes. Thus, ten samples

were chosen for primary magma calculations based on the above criteria, and are listed in Table 7-2.

In calculating the fractionation effects on the Gough Island lavas using a least squares
approximation technique, le Roex (1985) showed the ratios of accumulated clinopyroxene and olivine
were not constant and varied from olivine dominated to clinopyroxene dominated (ol:cpx ratios range
from 1:0 to 1:4). Therefore, in order to correct for the effect of crystal fractionation on the major and
trace element compositions, clinopyroxene and olivine were added in equal proportions to the
primitive lava compositions in 1% increments until an Mg# of 69 was reached. The clinopyroxene
composition was kept constant at Wosy En,g Fs;o (based on microprobe data of clinopyroxene; le Roex
(1985)), whereas the equilibrium olivine composition was re-calculated after each increment using the

formula:

ol
K e _ [ng ~030+003 (Roeder & Emslie, 1970)

d lig

Trace element concentrations were calculated after each addition of clinopyroxene and olivine

using the Rayleigh law for fractional crystallisation:

C, = concentration of trace element in fractionated liquid

—L_ plby C’ = concentration of trace element in parental liquid
F = fraction of liquid remaining

D = bulk partition coeffictent for trace element
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Table 7-2: Table of calculated Gough Island primary magma compositions.

ALR6G ALR10G ALR12G ALR32G ALR33G ALR35G ALR45G ALR48G ALRS0G ALR64G
Meas. 28% Meas. 14% Meas. 24% Meas. 18% Meas. 16% Meas. 18% Meas. 22% Meas. 16% Meas. 20% Meas. 20%
Conc. Add. Conc. Add. Conc. Add. Conc. Add. Conc. Add. Conc. Add. Conc. Add. Conc. Add. Conc. Add. Conc. Add.
Si0, 49 .48 48.89 49.27 48.94 47.99 48.07 50.68 49.76 50.95 49.87 48.78 48.67 48.34 48.71 49.59 49.02 49.74 49.08 50.24 49.50
TiO, 3.24 2.46 3.00 2,61 3.26 2.59 3.11 2.58 3.04 2.56 3.40 2.86 321 2.62 3.18 2,70 297 2.43 2.99 2.44
Al,05 15.03 11.39 14.16 12.31 15.70 12.47 14.62 12.14 14.44 12.18 14.08 11.83 14.31 11.69 14.58 12.38 15.21 12.42 15.02 12.27
Fe,04 1.78 1.35 1.71 1.49 1.72 1.37 1.66 1.38 1.67 1.41 1.75 1.47 1.81 1.48 1.75 1.49 1.71 1.40 1.65 1.35
FeO 8.92 9.63 8.54 8.92 8.59 9.32 8.28 8.77 8.37 8.76 8.77 9.27 9.06 9.69 8.77 9.15 8.57 9.10 8.26 8.85
MnO 0.15 0.11 0.14 0.12 0.15 0.12 0.13 0.11 0.13 0.11 0.13 0.11 0.15 0.12 0.15 0.13 0.15 0.12 0.14 0.11
MgOo 6.05 11.92 8.09 10.99 6.39 11.50 7.23 10.98 7.55 10.84 7.71 11.46 7.47 12.07 8.00 11.27 7.01 11.19 6.64 10.89
Ca0 9.55 10.17 8.99 9.39 9.94 10.46 7.33 8.07 7.55 8.14 7.94 8.65 7.91 8.84 8.14 8.69 8.59 9.19 8.32 8.98
Na,0 2.92 2.21 3.33 2.90 3.02 2.40 4.01 3.33 39 3.30 3.44 2.89 3.04 2.48 331 2.81 3.44 2.81 3.59 293
K,0 1.91 1.45 2.13 1.85 1.63 1.29 2.68 2.22 2.60 2.19 2.52 2.12 2,22 1.81 2.19 1.86 2.18 1.78 2.63 2,15
P,0, 0.55 0.42 0.56 0.49 0.53 0.42 0.80 0.66 0.76 0.64 0.80 0.67 0.60 0.49 0.59 0.50 0.59 0.48 0.64 0.52
LOI 0.86 0.00 0.32 0.00 1.42 0.00 0.36 0.00 0.32 0.00 0.56 0.00 0.94 0.00 0.40 0.00 0.66 0.00 0.47 0.00
Total 100.44 100.00 100.24 100.00 100.34 100.00 100.89 100.00 101.29 100.00 99.88 100.00 99.06 100.00 100.65 100.00 100.82 100.00 100.59 100.00
Ni 85.0 244 202 342 394.0 232 151 298 171 313 198 390 239 548 203 371 149 317 136 289
Rb 23.4 17.7 37.0 32.1 14.8 11.6 492 41.1 48.6 41.38 51.0 42.6 320 25.7 28.5 24.2 426 34.8 49.2 40.3
Ba 569 430 528 459 562 442 852 711 767 654 809 675 670 537 681 580 652 533 742 607
Th 4.04 3.05 4.30 3.73 4.17 3.28 6.15 5.13 6.34 5.40 5.27 4.40 439 1.98 3.98 3.39 4.61 3.77 5.29 4.33
u 0.680 0.516 0.823 0.716 0.747 0.589 1.092 0.914 0.999 0.853 110 0.922 0.798 1.99 0.659 0.563 0.936 0.768 1.14 0.932
Ta 2.34 1.77 2.48 2.16 2.39 1.88 2.62 2.19 2.52 215 2.75 2.30 2.47 1.98 233 1.99 2.48 2.03 2.83 2.32
Nb 40.3 30.5 45.2 393 42.4 333 492 41.1 48.7 41.5 46.8 39.1 43.1 34.6 41.2 35.1 44.1 36.1 531 43.5
La 45.2 34.3 429 37.4 43.8 34.6 51.5 43.1 49.8 42.6 54.8 45.9 46.3 37.3 43.8 374 45.0 37.0 61.5 50.5
Ce 92.2 70.5 88.1 77.0 86.6 68.7 107.3 90.3 103 88.6 109 91.5 91.6 74.2 91.1 78.1 87.8 72.5 110 90.6
Pb 3.60 2.72 3.37 293 3.24 2,55 4.48 3.74 490 4.17 5.12 4.28 4.54 1.98 3.67 3.13 3.36 2.75 4.19 3.43
Sr 728 557 777 680 734 584 830 699 797 684 930 783 775 628 710 610 686 566 687 568
Nd 44.3 34.6 43.6 38.5 413 335 50.8 43.3 494 429 53.0 45.2 44.6 36.8 42.1 36.6 39.8 33.4 48.9 41.0
Sm 9.26 7.43 8.67 7.77 8.67 7.17 9.97 8.65 9.82 8.66 10.1 8.80 8.79 7.39 8.57 7.55 8.10 6.92 9.29 7.93
Ir 278 222 276 247 274 226 342 296 322 283 339 293 293 245 280 246 255 217 309 263
Hf 5.84 4.63 5.61 4.99 5.76 4.72 7.29 6.27 7.15 6.26 7.27 6.26 6.21 5.17 5.84 5.11 5.25 4.45 6.18 5.24
Eu 2.80 2.34 2.74 2.50 2.71 2.32 3.05 2.72 3.02 2.72 3.10 2.76 2.85 2.47 2.82 2.55 2.62 2.30 2.94 2,58
Ti 19421 17205 17982 16925 19541 17613 18642 17245 18222 17003 20380 18853 19241 17494 19061 17786 17802 16327 17922 16437
Ho 1.12 1.235 1.03 1.09 1.06 1.16 1.022 1.09 1.00 1.06 1.07 1.14 1.03 1.12 1.00 1.06 1.05 1.13 1.12 1.20
Tb 1.18 1.099 1.09 1.06 113 1.07 1.26 1.20 1.23 1.18 1.22 1.17 1.11 1.05 1.07 1.03 1.05 1.00 117 1.11
Pr 11.2 8.64 111 9.73 10.51 8.40 13.11 11.1 12.7 10.9 136 115 11.5 9.33 10.6 9.11 10.3 8.54 12.7 10.5
Tm 0.361 0.488 0.328 0.381 0.344 0.444 0.297 0.360 0.294 0.349 0.326 0.395 0.322 0.407 0.311 0.368 0.346 0.429 0.351 0.435
Yb 2.14 3.09 2.00 2,40 2.10 2.88 1.74 2.20 1.70 2.10 1.93 2.44 1.92 2.57 1.90 2.34 2.10 2.74 2.15 2.79
Lu 0.312 0.471 0.286 0.352 0.302 0.430 0.238 0.311 0.231 0.292 0.268 0.349 0.277 0.383 0.263 0.333 0.295 0.396 0.294 0.396
Gd 8.41 7.38 7.75 7.26 7.99 7.14 9.22 8.48 9.06 8.40 8.98 8.26 8.14 7.34 7.74 7.19 7.49 6.82 8.37 7.62
Dy 6.03 6.03 5.59 5.59 5.79 5.79 5.87 5.87 574 5.75 6.08 6.08 5.71 5.71 5.50 5.50 5.58 5.58 6.02 6.02
Er 2.64 3.26 2.40 2.67 2.55 3.06 2.26 2.60 2.24 253 2.46 2.82 2.42 2.86 2.33 2,64 2.47 2.88 2.65 3.08
Mg# 55 69 63 69 57 69 61 69 62 69 61 69 60 69 62 69 59 69 59 69

Major oxides in wt% and trace clements in ppm. Percentage addition refers to addition of clinopyroxene and olivine in equal proportions. Calculated primary magma compositions arc shown
in bold.
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Ten primiry magma  composiions were caleuluied by the addiion of  14-28%  of
clinopyroscne and olivineg, m equal proportiens. Calculated primacy sagima compasitions are hsted n
Table 7-2 and selected samples shown on w chendritc-normalised REE disgram in Fig 7-1.
[nlTerences between the culculated pomary sagme REE patemns do not diller sigmificant]y Trom the
uncorrected lava REE patterns, although the La and Tu absolute abundances bave decrcased op 1o
24% and 31%., respectively. The primary magmas show an enriched REE pattern with LREL and
HREE abundunces 150200 and 15-20x chondrite, respeciively, Very small varistions in grudient
are gahihiied by the different prirnary sagmas, which resulis m a fow crossing REE paticros (bevaeen
Th and Dy and must be constderad when determining the composition and mineralogy of the Gough

Ialand mantle sopurce region (discussed i the next section).
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Fig 7-13 Selected  chondnie-normalised REE patterns for caloulated Gough [sland primany magini composicions.

Wormglisation walues from Sun & MeDoneogh (1989) Yellow field represcots the ranee of all caloolaed Gough Island
TCIMHATY TR,

74  Constrained Forward Modelling

Teigenson ef al {1996) inrpduccd the concept of constramed  forwund modelling by
attempting to constrain melting processes mvelved o producing the Mauna Kea basalis. In ocder 1o
achieve this, Feigenson af ¢f (1996) areoed thar melting conditions required to produce a suite of
lavas could be constrained by first using a primary mageia cotposilion 1o caleulals & potential suantlc
SOUICE repinn composition, assuming o suiwble source mincralogy, fullowed by the melting of this
calcolated mantle source region composition using the same sel of parameters hut at different deprees
of partial melting. This latter step produces 4 range of model mels for various degrecs of partial
meling, which can bé subsequently compared to the suite of primary magma compositions in order
set reasonable constraints for each of the parameters (start and melt maodes, meling styvle und degree
of partial meling).
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The use of the REE is a powerful tool when attempting to constrain the role of certain
minerals during melting processes. This is due to the varying degrees of compatibility of the LREE to
HREE in different mantle minerals (expressed as mineral/melt partition coefficients and the REE
mineral/melt partition coefficients are well established). It is argued that an OIB mantle source region
can be composed of one or a combination of three different rock types; peridotite, eclogite and garnet
pyroxenite (Herzberg, 2006, Hirose & Kushiro, 1993, Kogiso et al., 1998, Kogiso & Hirschmann,
2006, Kogiso et al., 2003, Sobolev et al., 2007, Sobolev et al., 2005, Takahashi & Kushiro, 1983).
Garnet may or may not be present, depending on the depth of melting (Takahashi, 1986, Walter &
Presnall, 1994). Therefore, an understanding the role of garnet is required in order to understand the
mineralogical nature of a mantle source region. This can be achieved by modelling REE behaviour in
a source with variable garnet, as the compatibility of the REE in gamet increases from the LREE
through the MREE to the HREE. Therefore if melting occurred in the presence of garnet, the HREE
would be buffered and the melt would have a lower concentration of HREE than MREE and LREE

(relative to chondrite).

The remainder of this chapter aims at understanding the mineralogy of the Gough Island
mantle source region, through the use of constrained forward modelling methods for each of the rock
types capable of producing silica-undersaturated lavas similar in composition to the Gough Island

magmas.

7.5 A Peridotite Mantle Source Region

Peridotite, composed of olivine, clinopyroxene, orthopyroxene and garnet or spinel, is the
most common rock type in the upper mantle (Jaques & Green, 1980, Kushiro, 1968, Ringwood, 1975,
Sun & McDonough, 1995), where spinel is stable at lower pressures (<25-35kbar (Takahashi, 1986,
Walter & Presnall, 1994)) and garnet is stable at higher pressures (Kushiro & Yoder, 1966,
Ringwood, 1958, Ringwood, 1966, Takahashi, 1986, Walter & Presnall, 1994). Basaltic melts, such
as OIB, derived from the upper mantle have long thought to be the product of partial melting of
peridotite (Kushiro, 1968, Takahashi, 1986) and as a result many melting experiments have been
performed on peridotites using a number of different techniques and approaches (Boyd & England,
1960, Tto & Kennedy, 1967, Jaques & Green, 1980, Johnson & Kushiro, 1992, Kinzler & Grove,
1992, Kushiro et al., 1972, Ohtani & Kumazawa, 1981, Stolper, 1980, Yoder, 1952) in order to fully

understand the processes involved in generating melts in the upper mantle.

Jaques and Green (1980) showed experimentally that four main melting fields (Fig 7-2) are
present on the peridotite P-T phase diagram, with the first melting field being defined as
olivine(Ol)+orthopyroxene(Opx)+clinopyroxene(Cpx)+Al-phasetliquid(L) (where Al-phase is spinel
or garnet depending on pressure) as the first melts are formed near the solidus. Since melting results

in the removal of chemical components from the source, the source gradually becomes more
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refractory (ie increasing Mg/(Mg+Fe) and Cr/(Cr+Al) ratios), this is seen by the removal of Al from
spinel/garnet (through Cr-Al substitution), resulting in the formation Cr-spinel (Jaques & Green,
1980). Thus, the second melting field is defined as Ol+Opx+Cpx+Cr-spinel+L. The third and fourth
melting fields are marked by the exhaustion of clinopyroxene (Ol+Opx+Cr-spinel+L) and

orthopyroxene {(Ol+Cr-spinel+L), respectively.
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Fig 7-2: P-T diagram for melting of pyrolite adapted from
Jaques & Green (1980). Ol — olivine: Opx — orthopyroxene;
Cpx — clinopyroxene; Sp — spinel; Cr — chrome spinel: Pl -
plagioclase; L — liquid.

Melting experiments have shown that partial melts from a peridotitic source range from
silica-saturated to silica-undersaturated as a function of, among others, the degree of partial melting
and pressure (Jaques & Green, 1980, Kushiro, 1968), where melts range from alkali olivine basalt
(<15% melting) through olivine tholeiite (20-30% melting) to komatiite-picrite (40-60% melting)
(Jaques & Green, 1980, Walter & Presnall, 1994) and generally become silica-undersaturated with

increasing pressures (Jaques & Green, 1980, Kushiro, 1968). Alkali-olivine basalts are shown to form
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by moderate degrees of partial melting above 10kbar (in both the spinel and garnet stability fields)

within the second melting ficld as defined by Jaques & Green (1980) (clinopyroxene still present).

Therefore melting experiments have shown that it is possible to form magma compositions
similar to the Gough Island alkali basalt primary magmas as a result of moderate degrees of partial

melting of a garnet or a spinel lherzolite mantle source region.

7.5.1 Spinel Lherzolite

Constrained forward modelling of a spinel lherzolite mantle source region first involves
calculating a potential mantle source region composition assuming 8% equilibrium melting of the
ALR6G primary magma and secondly the calculation of a range of model melt compositions
assuming 6-10% equilibrium melting of the potential mantle source region composition. Mineral/melt
partition coefficients used in the model are listed in Table 7-1 whereas the start and melt modes are
listed in Table 7-3. The spread and gradients of the calculated model melt chondrite normalised REE
patterns are subsequently compared to one of the Gough Island primary magmas (ALR35G) which
exhibits some of the highest REE abundances and one of the steepest REE patterns of this dataset.
The remainder of this section first discusses the validity of the assumptions and parameters used in

this model followed by the presentation and discussion of the results.

Even though the spread and gradients of the model melt REE patterns can be changed by
adjusting various parameters, the overall shape of the pattern remains the same as this is determined
by the primary magma used in the model. Minor changes in both the absolute abundances of REE as
well as the gradients of the calculated model melt REE patterns are observed when changing the
primary magma composition used in the model. However, the changes are subtle and therefore the
primary magma composition used in the model (ALR6G) was chosen because it exhibits some of the

lowest REE abundances of any of the Gough Island primary magmas.

Diagrams of Y vs. Zr (Fig 5-4) and Zr/Hf vs. '"*Hf/'"Hf (Fig 6-6) indicate that the Gough
Island mantle source region is heterogeneous, however the heterogeneities are assumed to be localised
within a single source region as the overall geochemistry of the Lower, Middle and Upper Basalts are
identical. Therefore, if the Gough Island mantle source region is composed of spinel lherzolite, it
follows that the full range of Gough Island REE patterns should be produced from this source, which
includes the full compositional range of REE as well as crossing REE patterns at Dy. Thus, the
calculated model melts produced from this source region are compared to one of the Gough Island
primary magmas (ALR35G) which exhibits some of the highest REE abundances and one of the
steepest REE patterns (Fig 7-3b) out of this dataset.

The spread of the model melt REE patterns can be changed by adjusting the degree of partial

melting used in calculating the potential mantle source composition, where an increase in the degree
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of partial melting decreases the spread of all the REE. 8% equilibrium melting was chosen for all the
peridotitic models as this degree of partial melting is within the acceptable field of partial melting
required for producing alkali basalt melts (Jaques & Green, 1980, Walter & Presnall, 1994) and also
produces the best correlation between calculated model melt REE patterns and the Gough Island

primary magma REE patterns.

The spread and the slope of the model melt REE patterns can also be changed by adjusting the

start and melt modes (Table 7-3) as well as the mineral/melt partition coefficients (Table 7-1).

Large variations are observed in literature values for start and melt modes, where values for
spinel lherzolite range from having 2-8% spinel, 46-58% olivine, 28-30% orthopyroxene and 10-18%
clinopyroxene in the source, with phases entering the melt varying from 5-22% for spinel, 10-45% for
olivine, 20-55% for orthopyroxene and 65-67% for clinopyroxene (Class ef al., 1994, Johnson ef al.,
1990, Kelemen et al., 2003). Orthopyroxene, olivine and spinel exercise little control in changing the
spread of the model melt REE patterns, whereas a decrease in the spread of all the REE is observed
when the start and melt modes for clinopyroxene are increased. However, the start and melt modes for
clinopyroxene should not be increased as the chosen values are near the maximum values observed in
literature. Also, adjustments to the start and melt modes do not result in a change in the calculated
model melt REE patterns and therefore cannot produce crossing REE patterns as observed in the

Gough Island primary magmas.

Large variations are also exhibited in literature values for the mineral/melt partition
coefficients, where literature values for La and Lu in clinopyroxene range from 0.032 to 0.103
(McKay et al., 1994, Skulski et al., 1994, Sobolev et al., 1996) and 0.223 to 0.958 (Hauri et a/., 1994,
Johnson, 1994, Skulski et al, 1994), respectively. By increasing the mineral/melt partition
coefficients for clinopyroxene (as well as olivine, orthopyroxene and spinel) the spread of the REE for
the model melts decreases. Changes in the gradients of the model melt REE patterns are observed
when adjusting the mineral/melt partition coefficients; however, unrealistic values are required in

order to create crossing REE patterns similar to the Gough Island primary magmas.

Therefore, the parameters used throughout this study are based on literature values, but have
been adjusted so as to produce the best correlation between the model melt REE patterns and the

Gough Island primary magma REE patterns (for this and all subsequent models).

Based on the assumptions discussed thus far, Fig 7-3a) shows that the calculated REE
composition of a spinel lherzolite mantle source region is LREE enriched relative to HREE
{((La/Sm)~x=2.25) and has LREE and HREE abundances of 12.4x and 2.87x chondrite, respectively.
The calculated chondrite normalised REE patterns of model melts derived from this mantle source are

sub-parallel, LREE enriched relative to HREE (La=163-220x and Lu=19.4-21.4x chondrite;
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(La/Smin=2.9%-3.59) and exhibit broadly similar absolute abundances of REE as the Gough lsland
primary magmas. However, the spread of LREE and HREE exhibited by the caleulated model melis
are larger and smuller, respectively, than the corresponding ranges of the Gough Tsland primary

mugmas, where ~6-8% and ~8- 1 7% cquiltbrium melting covers the ranges of the LREE and HREE,

respectively.
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The LREE abundances exhibited by ALR35G are produced by 6-7% equilibrium melting of
this source whereas 15% equilibrium melting is required to produce similar HREE abundances. Thus
a spinel lherzolite mantle source region cannot account for the overall spread of REE exhibited by the
Gough Island primary magmas, nor produce melt REE patterns similar to the Gough Island primary

magmas nor melt REE patterns that cross at Dy.

Table 7-3: Start and melt modes used throughout this study.

Garnet
Sp Lherzolite Grnt Lherzolite Pyroxenite

Start Melt Start Melt Start Melt
Mode Mode Mode Mode Mode Mode
(Xo) (p) (%) (p) {Xo) (p)

0.03 0.49 0.20 0.47

Grnt
Cpx 0.17 0.68 0.10 0.43 0.80 0.53
Opx 0.27 0.12 0.29 0.04

ol 0.50 0.12 0.58 0.04

Sp 0.06 0.08

Abbreviations: Sp - spinel; Gt — garnet. All start and melt
modes based on values from Class et al., (1994), Donnelly et
al., (2004), Johnson et al., (1990), Keleman et al., (1992,
2003), Stracke et al., (2003).

In summation, it is argued that the Gough Island mantle source region is unlikely to be
composed of spinel lherzolite, since (a) the spread of the model melt REE is different to that shown by
the Gough Island primary magma REE, and (b) partial melts from such a source do not exhibit
crossing REE patterns at Dy. Therefore the Gough Island mantle source region must be composed of a
different rock type; one which contains a mineral which is able to buffer the HREE during partial
melting processes thereby producing melt REE patterns with varying MREE-HREE gradients. One
such mineral is garnet, as the HREE are more compatible in garnet than in any of the other mantle

minerals. A peridotitic rock which contains garnet is garnet lherzolite.

7.5.2 Garnet Lherzolite

Constrained forward modelling of a garnet lherzolite mantle source region first involves
calculating a potential mantle source region composition assuming 8% equilibrium melting of the
ALR6G primary magma and secondly the calculation of a range of model melt compositions
assuming 5-8% equilibrium melting of the potential mantle source region. The start and melt modes
used for this model are listed in Table 7-3 and the mineral/melt partition coefticients used in the spinel
lherzolite model, presented in Section 7.5.1, are applied to this model. Similar to Section 7.5.1, the
spread and gradients of the calculated model melt chondrite normalised REE patterns are
subsequently compared to the ALR35G primary magma. The assumptions used in this model are
similar to those made in Section 7.5.1. Therefore the remainder of this section, first discusses the

assumptions as applicable to this model followed by the presentation and interpretation of the results.
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Similar to the partial melting of a spinel lherzolite source (Section 7.5.1), the gradient and
spread of the gamet lherzolite calculated model melt REE patterns can be significantly changed by
adjusting parameters such as start and melt modes (Table 7-3), the mineral/melt partition coefficients
(Table 7-1), the degree of partial melting or the primary magma composition used in calculating the
potential mantle source composition (all, except the choice of primary magma are discussed later, as

this was discussed in Section 7.5.1).

For the same reasons as given in Section 7.5.1 the potential mantle source composition was
calculated using the Gough Island primary magma ALRG6G, as this primary magma exhibits some of
the lowest abundances of REE and one of the shallowest REE pattern slopes out of this dataset. It
follows that if the Gough Island mantle source region is composed of garnet lherzolite, that the partial
melting of this source should produce calculated model melt REE patterns similar to all the Gough
Island primary magmas (which includes REE patterns which cross as Dy). Thus, the calculated model
melt REE patterns are compared to the Gough Island primary magma ALR35G (Fig 7-4b) as this
primary magma exhibits some of the highest REE abundances and the steepest REE pattern slope out
of this dataset.

Both the gradient and spread of the model melt REE patterns can be controlled by varying the
degree of partial melting used to calculate the mantle source region, where an increase in the degree
of partial melting results in steeper model melt REE patterns and a larger and smaller spread of the
LREE and HREE, respectively. Therefore, 8% equilibrium melting was chosen for use in all the
peridotitic models as this degree of partial melting is within the acceptable field of partial melting
required for producing alkali basalt melts (Jaques & Green, 1980, Walter & Presnall, 1994) and also
produces the best correlation between calculated model melt REE patterns and the Gough Island

primary magma REE patterns.

Large variations are also seen in literature values for start and melt modes for garnet
lherzolite, where start and melt modes range from having 8-20% garnet, 54-60% olivine, 17-25%
orthopyroxene and 9-15% clinopyroxene in the source, with phases entering the melt varying from 5-
42% for garnet, 5-13% for olivine, 5-18% for orthopyroxene and 25-65% for clinopyroxene (Class et
al., 1994, Johnson er al., 1990, Kelemen et al., 1992, Kelemen et al., 2003, Stracke ef al., 2003). The
spread of the MREE-HREE and shape of the calculated melt REE patterns are mainly controlled by
the start and melt modes of clinopyroxene and garnet. An increase in either the start or melt modes for
these minerals, results in the range of mainly the HREE, but also the MREE, to decrease as the REE
patterns become flatter. This is due to buffering of mainly the HREE, but also the MREE, as a result

of partial melting processes occurring in the presence of garnet.

The mineral/melt partition coefficients for La and Lu, in garnet, range from 0.01-0.0164 and

3.79-7.1, respectively (Hauri et al., 1994, Johnson, 1994, McKenzie & O'Nions, 1991). An increase in
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the partition cocfficients, reduce the range of REE abundances and turther buttering of the HREE are

observed, which resulls in shallower model mell REE patterns.
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Based on the assumptions discussed thus far, Fig 7-day shows thas the caleulsed REE
composition of a gamet Therzolite source 18 LRER enviched relative to HREL ((La/Smp=2.51) and
has LREE and HREE abundunces of 12.0x and 1.74x chondrite, respectively. The calculated
chondrite normalised REE patterns of melts derived from a sarnet heesolite mantle source cegion (5-
&% cquihbrium meliing of Al RGG primary magma) s LREE enriched relauve to HREE (La—190-
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225x and Lu=12.8-14.3x chondrite; (La/Sm)y=2.98-3.49), exhibit similar absolute abundances of
REE as the Gough Island primary magmas and exhibit crossing REE patterns at Dy. The spread for
both the LREE and HREE for 5-8% equilibrium melting covers the entire compositional range of the

Gough Island primary magmas.

The model melt REE pattern which corresponds to 6% equilibrium melting is near-identical,
in both REE pattern slope and absolute abundances of all the REE, to the Gough Island primary
magma ALR35G. Also, the calculated model melt REE patterns for 5-8% equilibrium melting exhibit
crossing REE patterns at Dy.

In summation, the Gough Island mantle source region must contain a mineral, such as garnet,
which is able to buffer the HREE during partial melting events, thereby producing partial melt REE
patterns with varying MREE-HREE gradients. Therefore, it is argued that the Gough Island mantle

source region could be composed of a garnet lherzolite.

7.6 Pyroxenite Mantle Source Region

Recently, it has been argued that pyroxenite and eclogite may be present in the source regions
of some OIB, such as Hawaii (Sobolev et al., 2007, Sobolev et al., 2005). The presence of eclogite in
the shallow mantle is argued to occur by the incorporation of recycled oceanic crust into rising plumes
(Sobolev et al., 2007). Melting experiments have shown that the solidus for eclogite is lower than that
for peridotite and therefore entrained eclogite can be expected to undergo decompression melting in
the rising plume prior to melting of peridotite (Kogiso & Hirschmann, 2006, Sobolev et al., 2007).
Melts derived from eclogite have been suggested by Sobolev er al. (2007) to be silica-rich (tholeiitic).
However, melting experiments have shown that it is possible to form a nepheline-normative, silica-
undersaturated melt if the recycled eclogite component had experienced fractional removal of fluids
or melts either during subduction or during transport through the mantle prior to decompression
melting (Kogiso & Hirschmann, 2006). The nepheline-normative melts produced from the
decompression melting of such a melt-depleted eclogite are able to satisfactorily explain the high
FeO* and CaO as well as the low AlLO; and SiO; trends of alkali basalts if decompression melting
occurs between ~3-5 GPa (Kogiso & Hirschmann, 2006). However, the MgO concentration of the
produced melts is too low, which suggests that eclogite derived melts require further interaction with
mantle peridotite prior to eruption in order to satisfy the magnesian content of alkali OIB and
therefore the eclogite derived melts only contribute a low AlO; and high FeO* component to the

alkali OIB primary magmas (Kogiso & Hirschmann, 2006).

It is also argued that a garnet pyroxenite can be produced in the rising plume, by reacting the
low Si0, eclogite derived decompression melts with the surrounding mantle peridotite (Fig 7-5). The
OIB primary magmas can be subsequently generated by the decompression melting of the garnet
pyroxenite product at shallower mantle depths (Kogiso et al., 2003, Sobolev et al., 2007). This is
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confirmed through melting experiments thar shew that it is possible to form either an alkali (silica-
undersaturated) or a thalelitic {silica-saturated) mele from eamet pyroxente, depending on silica
content of the souee gamel pyrosenite (Hirschmann e al . 20003, Keshay e o, 2004, Kogiso of af.
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and the potential temperature (amount of eclogite transported by the rising plume is affected by the
buoyancy of the plume which, in turn, is dependent on the potential temperature) (Sobolev et al.,

2007, Sobolev et al., 2005).

7.6.1 Garnet Pyroxenite

Constrained forward modelling of a garnet pyroxenite mantle source region first involves
calculating a potential mantle source region composition assuming 50% equilibrium melting of the
ALR6G primary magma and secondly the calculation of a range of model melt compositions
assuming 30-50% equilibrium melting of the potential mantle source region. The start and melt modes
used for this model are listed in Table 7-3 and the mineral/melt partition coefficients used in the spinel
lherzolite model, presented in Section 7.5.1, are applied to this model. Similar to Section 7.5.1, the
spread and gradients of the calculated model melt chondrite normalised REE patterns are
subsequently compared to the ALR35G primary magma. The assumptions used in this model are
similar to those made in Section 7.5.1. Therefore, the remainder of this section first discusses the

assumptions as applicable to this model, followed by the presentation and interpretation of the results.

Similar to the partial melting of a spinel lherzolite source (Section 7.5.1), the gradient and
spread of the garnet pyroxenite calculated model melt REE patterns can be changed by adjusting
parameters such as start and melt modes (Table 7-3), the mineral/melt partition coefficients (Table
7-1), the degree of partial melting or the primary magma composition used (ALR6G for the same

reasons given in Section 7.5.1) in calculating the potential mantle source composition.

Both the gradient and spread of the model melt REE patterns can be controlled by varying the
degree of partial melting used to calculate the mantle source region, where a decrease in the degree of
partial melting results in an increase in the LREE and a decrease in the HREE. This adjustment results
in the LREE-MREE and the LREE-HREE gradients for the model melt REE patterns to increase and
decrease, respectively. A decrease in the degree of partial melting results in the spread of the LREE to
increase and the HREE to decrease. The primary magma composition was chosen to undergo 50%
equilibrium melting, as this produces the best correlation between calculated model melt REE patterns
and the Gough Island primary magma REE patterns and is also based on work by Sobolev et al.,
(2005).

Literature start modes for garnet and clinopyroxene in a garnet pyroxenite are 20% and 80%,
respectively, with melt modes for the same minerals being 11% and 89%, respectively (Donnelly et
al., 2004). By decreasing the modal abundance (start mode) of garnet present in the source (thereby
increasing the modal abundance of clinopyroxene), the HREE are less buffered and exhibit a larger
spread in absolute abundance. The slope of the MREE-HREE therefore becomes steeper for lower
degrees of partial melting (and vice versa when increasing the modal abundance of garmet in the
source). A decrease in the melt mode of garnet (thereby increasing the melt mode of clinopyroxene),
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has LREE and HREE abundances of 75.7x and 10.7x chondrite, respectively. The calculated
chondrite normalised REE patterns for melts derived from this source (30-50% equilibrium melting of
ALR6G primary magma) are LREE enriched relative to HREE (La=201-231x and Lu=12.7-13.7x
chondrite; (La/Sm)y=2.98-3.59) and exhibit crossing patterns at Dy as well as similar REE
abundances as the Gough Island primary magmas. The spread of the LREE for the model melts are
slightly larger than the spread of the HREE, where ~32-50% and ~28-50% covers the ranges of the
LREE and HREE, respectively, exhibited by the Gough Island primary magmas.

The model melt REE pattern which corresponds to 35% equilibrium melting is near-identical,
in both REE pattern slope and absolute abundances of all the REE, to the Gough Island primary
magma ALR35G. Also, the calculated model melt REE patterns for 30-50% equilibrium melting
exhibit crossing REE patterns at Dy.

In summation, the Gough Island mantle source region can be composed of a garnet pyroxenite.
This suggests that the Gough Island mantle source region could contain an ancient recycled
lithospheric component responsible for the EM type isotope ratios of the Gough Island lavas (Sobolev

et al., 2007, Sobolev et al., 2005). This is explored further in Chapter 8.

7.7 Summary of Mantle Source Region Modelling

Constrained forward modelling indicates that the production of the Gough Island lavas cannot
be accounted for by the partial melting of a spinel lherzolite mantle source region. This is because a
spinel lherzolite mantle source region is incapable of producing similar abundances of LREE and
HREE, for the same degree of partial melting, as the Gough Island suite of lavas and is also incapable
of accounting for the production of the ALR35G primary magma composition or the crossing REE

patterns at Dy.

Constrained forward modelling indicates that the Gough Island lavas can be produced by the
partial melting of a garnet rich source such as a garnet lherzolite or a garnet pyroxenite. Both of these
models produce calculated model melt REE patterns which cross at Dy, plot within the Gough Island
composition field and are similar in shape to the ALR35G primary magma composition. However,
constrained forward modelling of REE does not allow for any distinction between a garnet pyroxenite
or a garnet lherzolite mantle source region to be made. Therefore, it is concluded that the Gough
Island mantle source region is rich in garnet and is either composed of a garnet therzolite or a garnet

pyroxenite.

This conclusion indicates that the Gough Island array should exhibit a steep gradient in
VO THE vs. "Nd/'*Nd space and exhibit low '"°Hf/'”’Hf isotope ratios as a result of the Garnet
Effect (discussed in Section 6.2). In Chapter 6 that the Gough Island lavas do exhibit low '"Hf/' "Hf

isotope rattos in comparison to other OIB but the Gough Island array does not exhibit a steep gradient,
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but rather a gradient approximately the same as the Hf-Nd mantle array line. This indicates that even
though the REE concentrations of these lavas is accounted for by partial melting of a garnet rich

source, the Hf-isotope composition of these lavas may be better accounted for by another process.
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8 Evolution of the Gough Island Mantle Source Region

8.1 Introduction

Numerous studies of OIB from around the world have argued that the enriched trace element and
isotope compositions of OIB require involvement of a lithospheric component. Many arguments have
been made as to what this component consists of, but some of the more common suggestions include
delaminated sub-continental lithospheric mantle (SCLM) (Class & le Roex, 2006, Gibson et al., 2005,
Lustrino, 2005, Milner & le Roex, 1996), recycled continental crustal material (terrigenous sediment
or lower crust) and/or recycled oceanic sediments (pelagic sediments) (Andres et a/., 2002, Chauvel et

al., 1992, Eisele et al., 2002, Salters & White, 1998, Weaver, 1991, White & Hofimann, 1982).

The Gough Island lavas are amongst the most geochemically unique OIB from around the world
and therefore a better understanding of the interaction of an OIB mantle source region with a recycled
lithospheric component can be gained by studying these lavas. This chapter aims to use binary mixing
calculations between compiled datasets of SCLM, lower crust and modern marine sediments with an
assumed, suitable starting mantle source region composition to determine whether the addition of any
of these components can account for the unusual composition of the Gough Island mantle source

region.

8.1.1 The Gough Island Suite of Lavas

Global OIB and MORB samples exhibit contrasting compositions in isotope space (Fig 6-4 and
Fig 6-5), MORB samples tend to cluster together whereas OIB fan away from the MORB cluster
(Hofmann, 1997, Zindler & Hart, 1986). This trend suggests that the various global OIB plot on a
mixing line between less radiogenic (depleted relative to PM) and more radiogenic (enriched relative

to PM) mantle components (Hart, 1988, Hart et a/., 1992, Hofmann, 1997, Zindler & Hart, 1986).

Since the Gough Island lavas exhibit some of the most enriched (relative to PM) TOHE/ TTHE
(0.282699+12 — 0.282778+10), '"“Nd/'**Nd (0.512517+9 — 0.512596+23) and *'Sr/**Sr (0.704859+12
— 0.705321+12) isotope ratios of all OIB, these lavas may exhibit a strong contribution from an
isotopically enriched (relative to PM) recycled component. These lavas also exhibit anomalously high
Ba/Nb ratios (11.6-18.0; discussed in Chapter 5) and prominent negative Ce-anomalies (0.92-1.04)
(Class & le Roex, 2008). Their combined characteristics make Gough Island lavas unique within the

global OIB dataset.

8.1.2 Ce-Anomalies
Ce anomalies are expressed as (Ce/Ce*)yy which is defined as the ratio between Cey (chondrite
normalised Ce) and the interpolated Cey concentration of a smooth REE pattern calculated from the

neighbouring elements in a chondrite normalised REE diagram (i.c. Lay and Ndx).
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Ce B Cey
(Ce *>Nd T [(Lay)?/3(Ndy)1/3]

Equation 8.1: Calculation of Ce-anomalies
relative to La and Nd. expressed as (Ce/Ce*)xy
(Class & le Roex, 2008).

Ce anomalies present in OIB can be used in determining the contribution of recycled sediment
to intra-plate magmatism (Ben Othman et al., 1989, Class & le Roex, 2008, Shimizu et al., 1992,
White ef al., 1985). This is because Ce can be oxidised to Ce™ under highly oxidising conditions,
whereas all other REE remain in a trivalent oxidation state, thus allowing fractionation of Ce*,
relative to other REE, to occur (Class & le Roex, 2008). Fe-Mn flocs and manganese nodules exhibit
a positive Ce anomaly as a result of preferential scavenging of Ce'” from ocean water (Elderfield er
al., 1981, Piper, 1974), which results in ocean water exhibiting a complementary negative Ce anomaly
(Elderfield & Greaves, 1982). Therefore sediment in the oceans are able to inherit the negative Ce-
anomaly from the ocean water (Ben Othman et af., 1989, Cronan & Hodkinson, 1997, Hole ef al.,
1984, Plank & Langmuir, 1998, Toyoda et al., 1990) and when recycled and mixed with a mantle

source region can result in the source region developing a negative Ce-anomaly signature.

8.1.3 Previous Work

On the basis of trace element and limited Sr and Nd isotope data, le Roex (1985) argued that the
Gough Island mantle source region must have been enriched relative to a more depleted MORB
source region. This argument was based on low Zr/Nb, Y/Nb and high Ba/Nb trace element ratios
present in the Gough Island lavas. le Roex (1985) suggested that the high Ba/Nb ratios could have
formed as a result of veining by low degree partial melts, metasomatic fluids or sediment recycling.
Willbold & Stracke (2006) argued, based on previously measured trace clement data (le Roex, 1985,
Weaver et al., 1987), that the trace element geochemistry of the Gough Island lavas can be explained

by a recycled oceanic lithospheric component with variable upper and lower continental crust.

Recently, Class & le Roex (2008) argued, based on high precision trace element data, that the
Gough Island lavas exhibit a significant negative Ce-anomaly, which they argue did not form by near-
surface contamination or by weathering processes since the Ce/Pb ratios are typical for OIB
compositions. They argue that the negative Ce anomaly formed as a result of the interaction of the
Gough Island mantle source region with a recycled sediment component which had a negative Ce

anomaly that developed prior to subduction.

All of these previous studies have argued that the Gough Island lavas must have formed from a
mantle source region which interacted with a recycled component. Thus the models presented in the
remainder of this Chapter involve calculating binary mixing curves between a suitable starting
component (discussed later) and marine sediment, SCLM or lower crust using the key geochemical
ratios discussed thus far (i.e. Ba/Nb, "*Hf/'"Hf, ""Nd/"*'Nd, *'St/*Sr and (Ce/Ce*)xy).
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8.2 End-Member Components used in Binary Mixing Calculations

The calculated binary mixing curves presented in this Chapter are between various end-
member compositions from various datasets. In order to produce meaningful models and due to the
limited availability of geochemical data, special consideration had to be taken in choosing each of the
datasets. This section aims at introducing each of the datasets and end-member compositions as well
as discussing any assumptions made in compiling the datasets so as to allow for a meaningful

interpretation of the results.

. Lower Crust

The Lower Crust dataset consists of lower crustal xenoliths from the Namaqua-Natal belt,
South Africa (le Roex & Class, unpublished data; Long, 2005). Lower crustal xenoliths exhibit high
Ba/Nb ratios (7.72-3384) as well as predominantly positive Ce-anomalies (0.93-1.17).

. SCLM

The SCLM dataset consists of 18 garnet lherzolite mantle xenolith samples originating from the
Kaapvaal Craton, South Africa (Gregoire er al., 2003). The compositions of these samples are
reconstituted from analyses of constituent minerals and exhibit high Ba/Nb ratios (5.00-86.7) as well

as predominantly positive Ce-anomalies (0.94-1.12).

® Modern Marine Sediments

Vervoort ef al., (1999) measured '*Nd/"**Nd and ""*Hf/'""Hf isotope ratios of numerous types
of sediments from around the world. Their dataset includes 35 pelagic, deep-sea turbidite and river
sediments as well as 73 ancient sediments from various ages and depositional environments. The
modern deep-sea turbidite and pelagic sediments (33 samples) are used here to represent global
modern marine sediments. Trace element data for these sediments are reported by McLennan et al.,
(1990). These sediments exhibit ""*Hf/'”’Hf and '“*Nd/'*Nd isotope ratios that range between
0.281279 to 0.283153 and 0.511320 to 0.513060, respectively, and form a linear array in Hf-Nd
isotope space which Vervoort ef al., (1999) termed the Hf-Nd crustal array line (eHf=1.34¢Nd+2.82).
These sediments exhibit Ba/Nb ratios which range from 12.5 to 201 and a (Ce/Ce*)yy ratio which

ranges from 0.65 to 1.93.

Plank & Langmuir (1998) measured trace element concentrations as well as "*Nd/"**Nd and
*Sr/*Sr isotope data for a number of subduction zone sediment columns from around the world in
order to understand the nature and composition of global subducting sediments. These sediment
columns range in "“Nd/"**Nd from 0.511820 to 0.512670 with Ba/Nb and (Ce/Ce*)yq ratios ranging
from 11.1 to 1428 and 0.36 to 1.28, respectively. Since Plank & Langmuir (1998) did not report
"*Hf/'"THT isotope ratios for these sediments, they were calculated using the Hf-Nd crustal array line
(eHf=1.34eNd+2.82) of Vervoort et al., (1999) and range from 0.282247 to 0.282875. Plank &

Langmuir (1998) also estimated an average global subducting sediment composition, which they
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termed GLOSS (global subducting sediment column) and is defined as having a "*Nd/'*Nd isotope
ratio of 0.51218 and a Ba/Nb ratio of 86.8. GLOSS exhibits a (Ce/Ce*)yq ratio of 0.99, similar to the
average subducting sediment columns. The '"*Hf/'""Hf isotope ratio was not reported for GLOSS and
therefore was calculated using the Hf-Nd crustal array line (eHf=1.34eNd+2.82) of Vervoort et al.,
(1999) and yields a value of 0.282513.

8.2.1 Starting Composition

In order to calculate binary mixing curves, a starting end-member composition representing
the Gough Island mantle source region prior to enrichment is needed. As discussed above, OIB are
argued to plot along mixing lines between more depleted (relative to PM) and more enriched (relative
to PM) mantle components (Hart, 1988, Hart et al., 1992, Hofmann, 1997, Zindler & Hart, 1986).
Possible enriched (relative to PM) end-member components include SCLM, lower crust and marine
sediment, whereas one possible depleted end-member component could be depleted MORB mantle
(DMM). However, Fig 8-1 clearly shows that the Gough Island array does not extend towards DMM
in "°Hf/'"Hf-Ba/Nb-Zr/Nb space and therefore this end-member cannot be significantly involved in

the production of these lavas.

The possibility of a PM starting composition was also investigated (Fig 8-1). A binary mixing
curve between PM and GLOSS plots parallel to the Gough Island array in Ba/Nb vs. '"Hf/'"Hf
1sotope space, however, the Zr/Nb ratios of a PM component are too high to account for the Gough

Island array in Ba/Nb vs. Zr/Nb space.

Since the focus of this study is to determine the role that a recycled lithospheric component
plays in producing the geochemically anomalous Gough Island lavas and not OIB in general, it was
assumed that the starting mantle source composition reflects a mantle source region of typical OIB.
Therefore, it was decided to use a starting end-member composition which reflects Bouvet, Ascension
Island and Marion Island OIB (end-member composition and respective references listed in Table
8-1). The OIB end-member composition reflects similar trace element concentrations and Hf-Nd-Sr
isotope ratios as the islands mentioned above, however due to the limited availability of '"Hf/' "Hf
isotope data for these islands, an average '"*Ht/'""Hf isotope ratio was calculated by using the Hf-Nd
mantle array line (eHf=1.34eNd+2.82) of Vervoort et al., (1999) and yielded a value of 0.283112. The
calculated ""Nd/'""*Nd and *’Sr/*Sr isotope ratios are 0.512990 and 0.70332, respectively, whereas
the calculated Ba/Nb and Zr/Nb ratios are 6.70 and 5.99, respectively. The assumed trace element and
isotope ratios of a generic OIB end-member are used in the subsequent models, unless otherwise

stated.
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8.3 Geochemistry of End-Member Components

8.3.1 (Ce/Ce*)ng Ratios
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Fig 8-2: Caugh Islad, Me™ish Seamount, Inaceessible Blamd and Tristan da Cunha lavas
represented i (Ce0e® gy vs, Bath space superompesed on Gelids of South Afocan ewer
crustal xenodiths, mantle eaobitbs representimg South Alvican SCLM. phobal modern
manine sediments as well as a feld represennng Marion Ishand, Thouvel aml Ascension
Istand (MR Lower ctustal xenoliths trom Long (20051 and le Woes & Class {unpullished
datal; SCLM trom Grepeare of wof, (20030 marine sediments from Plank & Langmour
Ch998 Yepvowrt v qf, {1999, Melennan o @f, (PENF, Trsan da Cunha and Inaccessible
Txlerml treice element duta foem Class & Je Roex funpublished data), References for O1H 4t
[isteal in the caption ot Table 8-1. Mormalisatien vabues wased o calonlanon of (CCe* gy
e Sure S MoThonough (989

Fig 8-2 shows a plot of (Ce/Ce* )y vs. Ba'Nb, with fields representing lower crust, SCLM,
madern marine sediment and 018 {defined by Marion Island, Bouvet wind Ascension Lsland) together
with data from Tristan da Cunha, Inaceessible Tshand, Gough Tsland and the MeNish Scamount lavas
(references listed in the eaption of Fig 38-27, Marine sediments exhibit both positive and large negative
Ce-mmomalies whereas SCLM and lower crust tend towards slightly positive Ce-anamalics. All three
of these components exhbil bigh Ba™Nb mtios und therefore form horeonal Gelds m Fig 8-2, with
anly the mirine sediment field stretching down inte the negative Ce-anomaly region. OIB exhibit a
restricted range n BarNb ratios, but show varable Ce-anomahies and (berefore form a vertieal Teld m
(Ce/Ce* g vs, BadNb space, stretehing from positive o small negative Ce-anomalies. The magznitude
of the positive Ce-anmmalics exhibited by the O, which define this Geld s considered high and s

attiibuted 1w lack of available high precision raee element data for these islands. The Gough [sland

B
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lavas ave displaced to the right of the OIB field {high Ba/ND ratios) and form a ficld stetching from
the posilive to negative Ce-anomaly regions, Tristan da Cunha and Inaceessible Island arravs do not
exhibit negative (CoiCe® by anomalics and therefore plot towards the low Ba/Nb and high (Ce/Ca*hy

end of the Gough lsland arcay.

8.3.2 Ba/Nbh Ratios
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Fig 8-3: Gough 1land and the MeMish Scamout lavas reproscntad on BadN va, ZiND
space superimposed on Melds of Seuth Afrean lower crustal xenoliths, oandle xenoliths
jepresenting South Alvicon 5C0M and glishal modemn manne sediments, ITistan da Cunka,
Imaccesaille lskand amd o Qeld cepresenting Maron Tsland, Hoover snd Ascension Lsland
I8 are shasen T comparison, Lower crostal senehitbs (risny Lone ¢ 20057 and e Bocx &
Class {unpubhahed data); SCLM frem Gregoire of af L C2007 ) manme sediments from Flank
& Langrowir (1998, Vervoort ef of, (1999, Mol.erman ef al. (1990 Trstan da Combe and
Inacesssible skand teace clement data from Class & Le Boes (unpablished data ), Beferenees
tor (3 H data listcd i the caption lar Table -1,

Fig 8-3 shows a plot of Ba/b vs. Zr'Nb with fields of lower crust, SCLM and manne sediment
relabive to Gough Island, the MeNish Seamount, Tristan da Cunha and Inaccessible sland as well as a
tield representing Bouvel, Ascensiwom Island and Manon Island GIB. SCLM., lower ¢rust and maring
sediments all gxhibit variable, but penerally high Ba™b ratios. where the Ba/Nb rutios are highest for
the lower crust, folliwed by the marine sediments and SCLM which exhibir the lowest THa/Nb ratios.
Marine sedioments exhibit high ZrNb ratios 0 comparison o SCUM and loower erust, whach exhitnl
the lowest Zr/Nb ratios. Therefore. SCLM, lower crust and marine sediments form vertical fields in
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Ba/Nb vs. Zr/Nb space. Marion Island, Ascension Island and Bouvet Island O1B form a field in Ba/Nb
vs. Zr/Nb space where Ba/Nb and Zt/Nb ratios are less than 10.

The Tristan da Cunha and Inaccessible Island arrays plot towards lower Zr/Nb and Ba/Nb ratios
in comparison to the Gough Island and McNish Seamount array, although all of these islands exhibit

higher Ba/Nb ratios in comparison to other OIB.

Partial melting processes in the mantle are able to fractionate Zr/Nb ratios because of the
difference in bulk partition coefficients of Zr and Nb. Zr is more compatible than Nb during partial
melting processes (Zngrm=0.27; NbDgrm:0.004; ZrDC,“:O.128; “D,,,=0.007; partition coefficients are
listed in Table 7-1 and start modes listed in Table 7-3; references are listed in the caption of respective
tables). These bulk partition coefficients indicate that partial melting processes result in a decrease of
the Zr/Nb ratio. Therefore the lower Zr/Nb ratios of the Tristan da Cunha and Inaccessible Island

lavas may, in part, be a partial melting effect.

Ba/Nb ratios are also able to fractionate during partial melting processes if amphibole or
ilmenite is present in the mantle source region and exist as residual phases after melting. Ba is more
compatible than Nb in amphibole (*'Dyu=6.40 and “°D,,;»=0.80 (McKenzie & O'Nions, 1991,
Villemant et al., 1981) whereas Nb is more compatible than Ba in ilmenite (*'Dyn-0.0003 and
NDy=2.00 (Zack & Brumm, 1998)). Therefore, if residual amphibole or ilmenite is present in the
source after melting, the resulting melt will exhibit negative Ba and Nb anomalies, respectively.
However, the Gough Island lavas exhibit a positive Ba anomaly and no anomaly over Nb (Fig 5-6).
This indicates that neither residual amphibole nor ilmenite is present in the Gough Island mantle

source region.

8.3.3 176Hf/177Hf, 143Nd /144Nd and 87Sr/86Sr Isotope Ratios

Modern marine sediments exhibit enriched (relative to PM) '°Hf/'7Hf, "Nd/'"**Nd and
*'Sr/*Sr isotope ratios, and therefore form a field which plots mainly in the enriched quadrant, but
stretches to the depleted quadrant, in "*Hf/'"Hf vs. "“Nd/"**Nd isotope space (Fig 8-4). OIB (in
general, but particularly Bouvet, Ascension Island and Marion Island) exhibit more depleted (relative
to PM) VPHf/'HE, "*Nd/"*'Nd and ¥'St/*Sr isotope ratios and therefore form a field which plots in
the depleted quadrant in Hf-Nd-Sr isotope space. As discussed in Chapter 6, the Gough Island and the
McNish Seamount lavas form an array which plots in the enriched quadrant in Hf-Nd-Sr isotope
space. Tristan da Cunha straddles the referenced line and the Inaccessible Island array parallels the

referenced line.
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Fig #-4: Goupgh Islaml ard the MeMish Seamount lavas represenied in PPHETTHE v M NG
setope space superimposed an fields representing global mindem manne sediments as well ax Togvel,
Ascension Island and Marion Island GIB. Marine sedment setope daa from Plank & Lanpmuir | L9498}
amd Yervoort eal, (1999 T"HETHE isetope data for the subducting sediment columng from Flank &
Langnwair { 1998} were calealated using the 11f-MNd crustal array lioe (200 1.346Nd 02820 freon Yernvoan
ef il (19993 :HE caleulated wsing £ BE " Hebepen of 0282772 {at =0Ga) and £¥d calenlaed using
i ‘lmL-'J**Ndh-m_u of (LAE26038 (al =G0} (Blichen-Toft & Albarede, 19970 All sotope data reflecs
presenl digy values, The HEMNG mantle greay ling (gH{=1332Md+3 1% shown in Figd om Veressr ef
e, (1999 Trstan da Cunha amd Iaceessible Tsland jsotoape data mom Class e o, funpublished data,
Reterences For GI8 data lisled i the caption for Table B-1.

8.4  Binary Mixing Calculations

8.4.1 The Role of Lower Crust

The majority of lower crustal xenoliths exhibit positive to small negative Ce-anomalies as
well as a larpe vange of high Ba/Nb ratios, amd therefore form w homzental Qeld m (0 Ce* ey vs,
Ba/Nb space (Fig 8-5), Binary mixing curves between the average OTB end-member composition and
three [ower crustal senolith samples (12133, 25023 and 06043; le Roex & Class (unpublished datay)

are shown in order to illustrate the full vange of possible hinary miximg corves.

The caleolated mixing curves indicate that the high Ba/Nb ratios of the Gough Island lavas
can be produced by mixing with loewer crost, whereas the loww (C/Co® )y ratios cannol. Thues, mixing

of Tower erust with an QIR mantle souree region cannot account for the broad trend of the Gough

fslind compaositional spectrum,
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Fig ¥-5: Gough lilacd aed the MeMisb Scamount represented inqiCe/Ce®* by vs. Ba/Nb
spaee supcrimpased on binacy misiie curves Belween o iypical OIB pantle source
repion end-member campesicion and seteer kewer crostal censlilbs compesitions
(12133, 28023, De043 ) Samples were chosen to (llusirate the Gull range of possible
binary inising curves, Tristan kg Cunha, Inaccessible [sland and o field representing
Muoion lsland, Rowvet wnd Asconsion Island CHE s shwewn [or commpartson,
Referenees listed mothe caption for Fig #-20 Mixing corves stuasnoin 0% increments,
Merrmmalisutivon valoes used anocalenlation of (Ce/Ce* iy troo San & MeThnsalgh
[ 15RE.

8.4.2 The Role of SCLM

The majerity of mantle senaliths, representing Sooth African SCLM. exhibic o large range of
high Ba™Mb ralios as well as positive w small negative Ce-anomilics anl therelore form a hotizontal
Held in (Ce/Ce® oy vs. BaNb space (Fig 8-6). Binary mixing curves hetween the QIB end-member
catnpositiom and two select mantde xenobih samples (PRES-1 and PRYG-37! Gresoare ef af., (20037

were caleulated in order to illustrate the full compositiomal range of SCLM.

The calculated binary mixing corves between SCIM wmd an OIB mantle sowrce region

mcheale that the high Ba™Nb ratios of the Gough Island lavas can be reproduced. however the low
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(CeCe* g rtis comm, Therefore mixing of SCLM with wn OIB mantle source region cannot

aceount for the broad wend of the Gough Tsland compositional spactrum,
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Fig 8-t Cromgl Tsland and the MeNish Scamew copresented m oCoCe® by v, BaNb
spatee superimposcd on binary mising curves bepween a tepical OB mantle sowce
reggton end-member compostiion and saciams mantle xenolith composiciens (PRS- and
PRM-5T) representing Scuth Afriean SCTM. Samples were chasen 1o illustrate the tull
ramge ol possible hitary mising curves, Tristin da Conha, naceessible 1sland and a
field representing Muarion B, Bouvet amd Ascension lsland CIER are showne for
comnparisod. References histed in the caption lor Fig 8-2, Mixing curves shown in 10%
ferements, Mormulsalion values used ioocaleulanon of (CeCo* g from sun &
MeDoenoogh 11959

#.14.3 The Role of Sediment

The nusing event of marine sediment and the CHE mantle source region would have oveurred

some time in the past and theeefore the isotope compaosition of the these twe components would have
been different 1o present duy values, The isotope composition of a resulting mixture would cvolve
tvrward in time to present day. Therefore. sotope modelling of this nalure should lake the isatope

evolution paths of these compiments inle account, However. given all of the uncertainties and lack of
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vonstraints particularly i estimating the isatope compasition of ancient subducted sediment (Chauvel

et al.. 2008). the presented models which involve isotope ratios are modelled assuning present day

values.
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Fig 8-T: Cough [slamd aml the MuNish Seasmount represented i 00e/Ce* by ve. 1 7HE and BaWh <pace, superimposed
o7l binary mexing curves bulween ol 00T mantle source tegion composition and marine sediment. Tristan da Cunha and
Ingecessible lsland as well as a fGeld represenling Boovet, Marion Iskind and Ascension kJand (HE are shown for
comparisen. A&l (LB and sediment dita reflect pesent dhy isolupe compositions, Reforences as listed i the caption for Fig
-2 el Fig #-4. Mormalessation values used in calolation of {CeC'e® by From Sun & Melbonowgl | 989

The binary mixing curves were caleulated herween suitable madern manine sediment and OB
mantle source region end-member compositions. Smee the OIB aray (defined by Marion Esland,
Bouver and Ascenswm Tsland O1B) as well as the modern marine sediment arcay exlibils vartation in
trace clement and isotope compositions, the composition of these end-member components were
chosen so that the calculated binary mixing curves intersect the Gough Island array at similar mixing
proporieons. Fhis required adjusting the Zr concentration of the average QIR end-member (Table 8-1)
[rom 29.9ppm to 26.0ppm. Both componenls plor within their respective fields and therefare cxhibil
stmilar eace clemen! and sotope compositions as olther manne sediments as well as the Bouver,

Murian Island and Ascension Island O1R,

All of the caleulated brnary mixing curves intersect the Gouglh Tsland array between - 1 0-30%4
mixing of the marme sediment with the OIB mantle saurce repion component (Fig 3-7 and Fig 8-%),
although the mixing curves intersect the Cough [sland array between ~20-30% mixing in FTENd-Sr
isotope space (Tig 8-9) Fhese mixing curves indicate that mixing of mann¢ sediment with a typical
OB mantle source region composition s able o ¢lfectively account for the Ba'Wbh, ZriNb and
(CeCe* )y as well as HI=Nd-St 1sotope geochemistiy of the Craueh Tsland and the MeNish Seamount

lavas.
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Fig &-8: Gough 1sland aond the Melish Scamount ceprescnied 1 Ba'h vs, 2r/Nb
space superimposcd anoa hinary moxing curve between an D18 mantle soores
teplon composition and marine sediment. Uristan da Cunha and Inacecssible
Lsland as well a: fields representime global modem merne sediments as well ax
Bouvet, Manon lsland and Inaceessible Tsland QTR are shown Ter compapison.
References as Bated i the caption for Fig 5-3

Class & le Roex (2008) showed that the addition of bulk sediment ta the CGongh [slind lLivas
i< unmble 10 geconmt [or the low (Ce/Ce™ g rats of the Gough Tsland lavas. However, they argoe this
conld indicate decoupling of trace element concemtrations und & "0 ratios, which could oceur citber by
cgulibration ol axvgen motopes with mantle oxygen or by the metasomatisim of the Gough Island
mantle source region with sediment melt. Regardless of the mechanism, Class & lo Roex (2008) arpue
that ~(L3-1% addition of sediment mely (F=235%) 15 able w effectively account for the range in trace
clement, isotope and (CeiCe®)y, signature shown by the Gough Island lavas, This proportion ol
recyeled sediment iy significantly lower than indicated by the presented models. However, the

presented models ditter [rom those o Cluss & le Rocx (20081 m two aspocts:

Firstly, the presented madels assume that partial melting of the recycled sediment did not
peetr pror o omixing (Le. mising o a bulk sediment composition occurred). The mixing of a
sediment melt with a mantle sowrce region composition would lower the proportions required to
eaplamn the wace clement charactenistics of the Gouwgh Island lavas. This is because the composition of
a sediment mell differs o the composition of the bulk sediment becunse compatble trace elements

remain in the residue whereas incompatible trace elements are concentrated in the melt.
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Secondly, the starting mante source region ¢composition was of a typical OB composition
detined by Murion lsland, Bowvet and Ascension Island (1B, whereay the souree region composilion
uscl by Class & le Roox (2008 15 caleulmed by 5% partinl melting which gives rise w the Gough
Island lavas. Theretore, the propartions required to explain the genchemisiry the Cough Tsland Tavas,

11 the presented madels, are larger than the proportions indicuted by Class & le Roex (2008),

&3S0
-3 i} 10 20
T T A T T
02881 F
-4 Ds130
Maring
g2az0 +  S=dlinent
Marine | EoeR
g
? Hedd Sediment ;zﬂ
5 g
@ 02828 DE12E F
0.28:z7 . z Coughlshnz | .
r HzHah o :
B Toakeds Twen 1 0 E124
8 i T!l{f_.l.;;lm; :
0.23z8 b s atman 4
i ,|,|.|.-.- PR PR O I o TV [N S VY L Ny | 0Eq2z
05124 051268 05123 0E50 15132 07040 0 72E] TG0
BT T Taner

Fig ¥49: Cough Island and the Melish Seamonn) pepresentead in HEM-Se isotope space supecinposed on Binacy tixing
curves between an CHIT mantle smrce regien compsiion snd meamine scliment. Tristan da Cunha and Ingeeessible 1sland as
well as tields representing plobal modem mamine sedimunts oy well as Boreet, Marion Island and Inaccessible bslaod 0103
arc shown for comparisen. A CER and marine sediment daty reNects present Jday valoes. References as listed in rhe capion
fur Fig #-4. eHt calcalated vsimg 7100 1My of 0282772 (a0 =068), N calonlated gsing (N ™ Ny e of
0512038 {at =000) (Blichet-Tofl & Albaréde, 1947} and =Sc caluolaied wsing (St"Sek 0 of O 7045 (at 1-0¢a),

8.5 Summary

The high Ba/Nb rutios characteristic of the Gough Tsland lavas can be accounted for by binary
mixing between a typical CHD mantle source regian compositon and Jower crust or SCLM. Tlowever,
sueh material is not able o account tor the negative Ce-anvmalics, This s begguse SCLM and lower
crust exhibic (Ce/le* k., ratios which are o high, Therefore, i is argoel that the Gough Tsland lavas

dir il exhibt w SCLM o lower crust signature.

CHE miantle source region and marine sediment componenls were chosen in ander to produce a
calculated banary mixing corve thet interseets the Gough Island array, where the chosen componenes
are typical OB (detined by Murion lsland, Bouvet and Ascension Island OIB) and marme sediment
compositions, The resulting binary miximg corves indicate that the Gough Island and MeNish
seamounl arrays can be produced by the addidon of ~10-30% bulk modem manne sediment with a
typical CHB mantle source region. Class & le Rocx (2008) argue that these propartions indicale
decoupling of & "0 and treee cloment ratios. However, they also oulicate that the addidon of g

sediment mell fo w sturting mantle source region composition is able 1o account for the "0, trace
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element and (Ce/Ce*)yq ratio of these lavas. The addition of a sediment melt would also decrease the

proportions of sediment required to account for the production of these lavas.

In Chapter 6 it was shown that the Gough Island lavas exhibit low '"*Hf/'”"Hf isotope ratios in
comparison to other OIB and this array in Hf-Nd isotope space plots below the Hf-Nd mantle array
line, indicating decoupling between these two isotope systems. This can be explained by the Zircon
Effect (Chapter 6) which indicates that the Gough Island lavas formed from a mantle source region
which had previously interacted with a recycled zircon-rich, pelagic sediment. This observation
substantiates the models presented in this chapter and therefore it 1s concluded that the Gough Island
lavas are derived fro a source more typical of South Atlantic OIB, but with a significant, recycled

marine sediment component.
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9 Summary and Conclusions

9.1 Overview

Basalts from Gough Island and the McNish Seamount were selected for a detailed geochemical
study using major element, high precision trace element, "*Nd/"*'Nd and *’St/*Sr and newly acquired
SHf/'"HS isotope data. The geochemical data for the Gough Island lavas is subsequently used

determine the petrogenesis of these lavas and the evolution of the underlying mantle source region.

9.2 Petrography

The Gough Island lavas consist of picrite basalts, olivine basalts, trachybasalts, trachytes and
aegirine-augite trachytes (le Maitre, 1962). le Roex (1985) recognised, based on petrography, that
three different varieties of olivine basalts exist in this suite of lavas - the coarsely pyroxene-olivine

phyric basalts, moderately pyroxene-olivine phyric basalts and aphyric to finely porphyritic basalts.

The sample set used in this study consists of thirty-nine lavas (10 Lower Basalts, 27 Middle
Basalts and 1 Upper Basalt) which include basalts, trachybasalts and trachyandesites. These lavas all
range from aphyric through finely to coarsely porphyritic. Two distinct petrographic groups exist in
the Lower and Middle Basalt series, where the first group consists of anhedral to euhedral olivine
phenocrysts and anhedral to subhedral clinopyroxene as the major and minor phenocrysts phases,
respectively. The second group consists of anhedral to subhedral clinopyroxene and subhedral olivine
as the major and minor phenocryst phases, respectively. The single Upper Basalt sample is a basaltic
trachyandesite and contains anhedral to euhedral olivine and plagioclase as the major and minor
phenocryst phases, respectively. All lavas exhibit an intergranular texture with a matrix assemblage of
olivine, plagioclase, clinopyroxene, titanomagnetite, ilmenite and apatite. Vesicles as well as
cumulocrysts and glomercrysts are present in some of the lavas. Eleven lavas are petrographically
fresh, whereas the remainder of the samples exhibit evidence for hydrothermal alteration and

development of indingsite and/or bowlingsite after olivine.

9.3 Bulk Rock Geochemistry

The Gough Island lavas consist of basalts, trachybasalts and basaltic trachyandesites and
therefore form an alkali basalt — trachyte series on a TAS diagram (even though trachytes do not form
part of the dataset used in this study). Both the Lower and Middle Basalts range from basalt to basaltic
trachyandesite whereas the single Upper Basalt sample plots within the basaltic trachyandesite field

on a TAS diagram and therefore is the most evolved sample in this dataset.

Si0s, K,;O and Al,Os all exhibit a negative correlation with Mg#, whereas CaO exhibits a
scattered positive correlation with Mg#. Clinopyroxene appears to have been an important
fractionation phase during magma differentiation (indicated by the positive gradient in CaO vs. Mg#
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space), whereas plagioclase and apatite were not important fractionating phases as indicated by the
negative gradients in variation diagrams of Al,O;, Na,O and P,Os vs. Mg#. TiO- exhibits a tight,
negative correlation with Mg# greater than 54 and a scattered positive correlation with lower Mg#,

indicating the importance of fractionating Fe-Ti oxides with increasing differentiation.

The Lower, Middle and Upper Basalts all exhibit similar incompatible, moderately
incompatible and compatible trace element concentrations and therefore these arrays are
superimposed on all trace element variation diagrams. The incompatible trace element concentrations
of Ba, Ta, Nb and Rb are high, and Ba, Rb and especially Ta exhibit a strong positive correlation with
Nb and Zr. The Ba/Nb ratios of these lavas is high (11.6-18.0) whereas the Zr/Nb and La/Nb ratios are
moderate and range from 4.51-7.32 and 0.84-1.18, respectively.

The moderately incompatible trace element concentrations of Hf, Y, Ce and Sr are high in
absolute abundance and exhibit a large range. Sr and Y exhibit broad positive correlations with Zr
which breaks down at Zr abundances greater than ~300ppm, whereas Ce and Hf exhibit strong
positive correlations with Zr for the entire range of Zr concentrations. The Zr/Hf, Y/Nb and Ce/Pb
ratios for Gough Island range from 44.5-54.0, 0.28-0.82 and 18.5-34.0, respectively, whereas the
(La/Sm)y and (La/Yb)y ratios range from 2.55-5.08 and 11.8-30.5, respectively (values normalised to
chondrite (Sun & McDonough, 1989)).

The compatible ferro-magnesian trace elements Co, Ni and Cr exhibit a large range in
concentrations and the array forms a positive gradient with Mg#. This indicates the importance of the
continuous fractionation of ferro-magnesian minerals (e.g. olivine and clinopyroxene) during magma

differentiation.

Primitive mantle normalised trace element patterns for the Gough Island lavas are generally
sub-parallel with positive Ba and Pb as well as negative Th, U and Zr anomalies. The chondrite
normalised REE patterns are generally sub-parallel and LREE enriched relative to HREE. Crossing
patterns towards the MREE (especially Dy) are observed and form as the result of slight gradient

variations between samples.

The three analysed McNish Seamount samples (AG51-7-1, AG51-7-2 and AG51-7-3) all
exhibit similar major and trace element geochemistry and therefore are thought to represent three
samples from the same lava flow. These three samples also exhibit similar major and trace element
geochemistry in comparison to the Gough Island lavas, and therefore plots within the Gough Island
array in the TAS diagram and all the major and trace element variation diagrams. Similar to the
Gough Island lavas the Ba/Nb trace element ratio ranges from 15.2-17.1 whereas the Zr/Nb and
La/Nb ratios are moderate and the Ce/Pb, (La/Sm)y and (La/Yb)y ratios range from 20.7-23.7, 3.00-
3.03 and 16.6-17.3, respectively.
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The McNish Seamount primitive mantle normalised trace element patterns and chondrite
normalised REE patterns are identical to the majority of the Gough Island trace element diagrams.
Therefore, the McNish Seamount trace element and REE patterns are all sub-parallel and exhibit
similar abundances as the Gough Island lavas. They also exhibit positive Ba and Pb and negative Th,
U and Zr anomalies and the REE patterns are LREE enriched relative to the MREE and HREE.
Therefore, it is argued that the McNish Seamount lavas form part of the same igneous province as the

Gough Island lavas.

9.4 Isotope Geochemistry

The Gough Island and McNish lavas exhibit '"°Hf/'”"Hf isotope ratios which range from
0.282699-0.282778, and therefore are enriched relative to PM. The single Upper Basalt sample was
not analysed for '*Hf/'""Hf, but the Lower and Middle Basalts range in '"*Hf/'""Hf isotope ratios from
0.282699 to 0.282778 and 0.282703 to 0.282767, respectively. These lavas exhibit "*Nd/'*'Nd and
YSr/*Sr isotope ratios of 0.512517-0.512596 and 0.704859-0.705321, respectively, whereas the
McNish lavas range from 0.512591-0.512596 and 0.704977-0.704992, respectively (Class & le Roex,
unpublished data). As a result, the Gough Island lavas and the McNish Seamount lavas form arrays
which plot within the enriched (relative to PM) quadrant in Hf-Nd-Sr isotope space. These arrays also
plot sub-parallel to, but below the Hf-Nd mantle array line (¢Hf=1.33eNd+3.19 (Vervoort et al.,
1999)) with AeHf ranging from 1.5 to 3.4 for Gough Island lavas and 2.5 to 4.1 for the McNish

Seamount.

The Gough Island lavas also exhibit OHE/' TTHE, " Nd/ N and PSrA%Sr isotope ratios similar
to the Tristan da Cunha and Inaccessible Island suite of lavas. However, the Inaccessible Island lavas
plot along the Hf-Nd mantle array line in Hf-Nd isotope space whereas the Tristan da Cunha lavas
form a horizontal array intersecting the Hf-Nd mantle array line. The Gough Island and McNish
Seamount arrays plot towards the enriched end of the global OIB arrays within the more depleted end

of the continental array (Vervoort et al., 1999) in Hf-Nd-Sr isotope space.

Since the Lower and Middle Basalts of the Gough Island lavas, as well as the McNish
Seamount lavas, exhibit similar Ba/Nb, Zr/Nb and La/Sm trace element ratios, these arrays are
superimposed in a plot of these incompatible trace element ratios vs. '"*Hf/'"Hf. However, the Lower
Basalts exhibit lower Zr/Hf ratios than the Middle Basalts and therefore these arrays are not

"eHf/'TTHS isotope space. This suggests that the Gough Island mantle

superimposed in Zr/Hf vs.
source region is heterogeneous, where the Lower Basalts were generated from a source that exhibits

similar Hf isotope ratios as the Middle Basalts but has different Zr and Hf concentrations.

9.5 Petrogenesis of the Gough Island Suite of Lavas

In order to evaluate a mantle source region composition and partial melting models, ten Gough

Island primary magma compositions were calculated by correcting for crystal fractionation processes.
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The primary magma trace element compositions were calculated by adding clinopyroxene and
equilibrium olivine back into the primitive lava composition (in equal proportions) in 1% increments
until an Mg# of 69 was reached. This required the addition of 14-28% addition of olivine and
clinopyroxene. The resulting primary magma chondrite normalised REE patterns are all LREE
enriched relative to the HREE and exhibit crossing REE patterns between Tb and Dy as a result of

minor gradient variations between patterns.

OIB mantle source regions are traditionally thought to be composed of peridotite as this is the
most common rock type in the upper mantle (Jaques & Green, 1980, Kushiro, 1968, Ringwood, 1975,
Sun & McDonough, 1995) where moderate degrees of partial melting (<15%) results in the formation
of alkali basalts (Jaques & Green, 1980, Kushiro, 1968). However, recently it has been argued that
pyroxenite and eclogite may be present in the source regions of some OIB (Sobolev et al., 2007,
Sobolev et al., 2005), where partial melts of a silica-deficient garnet pyroxenite between 2.5-5.0GPa
are able to produce similar major element compositions to ocean island alkali basalts (Hirschmann es

al., 2003, Kogiso et al., 2003).

Constrained forward modelling of REE was used to determine whether the Gough Island
primary magmas were produced from a peridotite (spinel or garnet lherzolite) or a garnet pyroxenite

mantle source region as well as to determine the required melting conditions.

The models indicate that the trace element geochemistry of the Gough Island lavas cannot be
explained by the partial melting of a spinel lherzolite mantle source region, but can be explained by
the partial melting of a garnet lherzolite or a garnet pyroxenite mantle source region. The calculated
REE patterns for these two source regions are able to explain the overall REE geochemistry of the
Gough Island primary magmas as well as the crossing REE patterns at Dy. Therefore, constrained
forward modelling indicates that the Gough Island lavas formed by either 5-8% equilibrium melting

of a garnet lherzolite or ~30-50% equilibrium melting of a garnet pyroxenite mantle source region.

9.6 Evolution of the Gough Island Mantle Source Region

Numerous studies of OIB from around the world have argued that the enriched trace element and
isotope compositions of OIB require involvement of a lithospheric component. Since the
geochemistry of the Gough Island is unique (high Ba/Nb, large negative Ce anomaly and enriched Hf-
Nd-Sr isotope ratios), a better understanding of the interaction of OIB mantle source regions with a
recycled lithospheric component can be gained by studying these lavas. All previous studies of these
lavas have recognised the need for a recycled lithospheric component to account for their unique
geochemistry (Class & le Roex, 2008, le Roex, 1985, Willbold & Stracke, 2006). Thus, in order to
evaluate the evolution of the Gough Island mantle source region, binary mixing curves were
calculated between an OIB mantle source region composition and SCLM, lower crust and marine

sediment compositions in TOHETTHE N/ NA-Y S Sr-Ba/Nb-Zr/Nb-(Ce/Ce* )ng space.
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Binary mixing curves using (Ce/Ce*)yy between a typical OIB mantle source region component
(defined by Marion Island, Bouvet and Ascension Island OIB) and SCLM as well as lower crust
indicates that the Gough Island lavas do not exhibit either SCLM or lower crust signatures, as these
component exhibit Ce-anomalies which are too high. However, the calculated binary mixing curves
indicate that the '"Hf/'"7Hf, "*Nd/'*'Nd, *'Sr/**Sr, (Ce/Ce*)xq, Zt/Nb and Ba/Nb ratios are able to be
satisfactorily explained by the addition of ~10-30% recycled marine sediment to a typical OIB mantle
source region composition. Thus, the Gough Island lavas are derived from a source more typical of

South Atlantic OIB, but with a significant recycled marine sediment component.
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Appendix A - Sample Petrography
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Appendix B - Sample Preparation

Appendix B Sample Preparation

Samples were prepared in two stages; an initial sample digestion stage followed by a hafnium

purification stage. A flowchart of the full procedure is shown in Fig B-1.

The first stage involves weighing 200mg of sample and the in-house standard K1919.
Powdered samples are leached in a weak acid (Iml 3N HCIl) in order to remove any surface
contamination. Sample digestion involves adding a ~3:1 2.65ml HF .. :HNOj3 ¢one. solution to the dry,
leached samples and allowing samples to sit at 130°C for 48 hours, in order to break-down the silicate
minerals into fluorides. Addition of 350ul conc. HNOs is the next step, followed by a dry-down
period at low heat, addition of 1ml 6N HCI and another dry-down step, the addition of 5ml 6N
HCIL:0.06N HF and heating the samples for 12 hours at 100°C in order to convert fluorides into

chlorndes.

The second stage of sample preparation involves the purification of Lu and Hf in the samples
using reversed phase cation exchange one-column chromatography, adapted from Miinker et al.,
(2001) at L-DEO (Cai, in prep). This first step involves preparing columns (40x010mm spout and
50x@5Smm, volume of ~15ml) for each sample using EICHROM Ln-Spec® resin. To ensure no cross-
contamination of samples, the resin is cleaned first by eluting 15ml QDS, 15ml 6N HCI, 15ml of 2N
HF, [5ml QD and 10ml 3N HCI. Prior to loading the sample, the sample has to be re-dissolved in
10ml 3N HCI, heated to 120°C for 24 hours, allowed to cool and added to 0.5ml IM ascorbic acid in
order for the ascorbic acid to complex to any iron in the sample. After loading the sample, the matrix
elements are eluted with 10ml 3N HCI, followed by 40ml 6N HCI to remove HREE. The resin is
subsequently rinsed with 6ml QD in order to rinse any remaining HCI1 from the resin followed by the
addition of 40ml 0.09N Hcit: 1wt%H,0,:0.45N HNO; in order to remove any Ti %(and Cr) in the
sample. This step is followed by rinsing the H,O>-Hcit-HNO; solution with 12ml QD and Hf elution
using 12ml 6N HC1:0.2N HF. The Hf-elution is collected and dried down at 80°C overnight whilst the
remainder of sample is rinsed from the resin using 10ml 2N HF and 10ml QD. The dried down sample
is subsequently picked up in 30p! conc. HNO; and 30ul conc. HF and dried down until only a very
small drop remains. This is repeated three times until finally the sample is diluted with 500pul QD and
ready to be analysed by the MC-ICP-MS.

* QD refers to milliq water

® Abundant Ti (and Cr) could lead to transmission errors and instrument drift in the MC-ICP-MS (Blichert-Toft
& Albarede, 1997).

"It is important to ensure that all citric acid and H,0, have been removed from the sample as the presence of
organic molecules in the sample can be detrimental to the MC-ICP-MS and may result in anomalous results.
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