
The Anatomy of the Ancestral Iceland Plume: a chemical 

and isotopic Study of the Tertiary Basalts and Picrites from 

Baffin Island 

Solveigh La13-Evans 

Thesis submitted as partial fulfilment of the requirements for the 

degree of Doctor of Philosophy (Ph. D) in Geology 

University of Edinburgh 

2004 



To my son Aneirin 

and 

in memory of my grandparents 

Anne and Hanfried LaJ3 



Abstract 

Around 62 Ma, large outpourings of basalt occurred in the North Atlantic region, from 

Baffin Island in the north-west, to the British Isles in the south-east, nearly 

simultaneously, over a lateral distance of 2000 km. This event may be best explained by 

the arrival of the ancestral Iceland plume beneath Greenland at this time. This research 

comprises a detailed chemical and isotopic study of picritic and basaltic lava flows and 

dykes from Baffin Island, the most westerly and least studied part of the North Atlantic 

Igneous Province (NAIP). 

Most of the Baffin Island olivine phenocrysts are not in equilibrium with their host rock 

composition (MgO = 8-28 wt. %) and lavas with >14 wt. % MgO contain accumulated 

olivines. The wide range of calculated liquid compositions (9-20 wt. % MgO) indicates a 

complex magmatic system, in which several batches of magmas have been mixed and of 

which only a small proportion has reached the surface. The Baffin Island rocks were 

generated over a wide range of depths with estimated parental liquidus temperatures of 

1211-1430' C and segregation pressures of 1.7-3.1 GPa. 

Trace element and isotope ratios show that two distinct mantle sources were available: 

(1) a relatively depleted source with (La1Sm) <1, negative ANb, 87Sr/86Sr: 0.7030-

0.7034 and 143Nd/144Nd: 0.5130 and (2) a relatively enriched source with (LaJSm) <1, 

positive ANb, 87Sr/86Sr: 0.7039-0.7042 and 143Nd/144Nd: 0.51280-0.51284. With the 

exception of Pb-isotope ratios, which show interaction with Precambrian basement 

rocks, isotope and trace element ratios are not significantly affected by crustal material. 

Therefore, the high-"Sr/"Sr, low-143Nd/144Nd samples represent the most enriched 

endmember of the ancestral Iceland plume, which was present 62 Ma, but of which the 

geochemical signatures are not evident today. 



The highest 3He/4He isotope ratios (up to 50 Ra) yet recorded from any terrestrial rocks 

are found in the low-"Sr/"Sr, high- '43Nd/ 44Nd rocks, probably generated by mixing at 

the 670-km thermal boundary of depleted mantle material with primordial helium from 

the lower mantle. An origin of the Baffin Island lava flows at such a reservoir could 

explain the high 176Hf/177Hf relative to 143Nd/144Nd ratios. Therefore, the depleted rocks 

are not derived from a N-MORB source, but may instead represent a plume 'sheath' 

with a long history of trace element depletion and isolation from the convecting upper 

mantle. 
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I Rationale 



1 Introduction 

1.1 Models for LIPs origin 

Large igneous provinces (LIPs) represent major global magmatic events, and their 

emplacement could have influenced the environment on a regional or even global scale, 

with implications for climate change and mass extinctions (e.g. Coffin & Eldholm, 

1993). The voluminous magma production of LIPs, including continental flood basalts 

and associated intrusive rocks, oceanic plateaus, submarine ridges, ocean basin flood 

basalts, seamount groups and the large volumes of magma emplaced along passive 

volcanic margins, clearly record major thermal perturbations in the mantle (e.g. Coffin 

& Eldholm, 1992, 1993). It has become popular to attribute this extensive magmatism to 

mantle plumes originating from a thermal boundary layer deep within the mantle (e.g. 

Morgan, 1971; White & McKenzie, 1989; Campbell & Griffiths, 1990). The acceptance 

of mantle plumes, however, has not been universal and suggestions for other forms of 

mantle convection model remain (e.g. Mutter et al., 1988; Anderson et al., 1992; 

Anderson, 1998). One model for such a non-plume origin of LIPs suggests that regions 

of warmer-than-ambient mantle ("hotcells", Anderson et al., 1992) are caused partly by 

a long-term continental insulation and partly by the cooling effect of distant subduction 

zones (Anderson eta., 1992; Anderson, 1998). Another non-plume model (Fig. 1.1) 

relies on the sharp thermal contrast between the normal-temperature asthenosphere and 

the cooler, steep rift-flanks of the continental lithosphere inducing local convection cells 

beneath the developing rift zone (Mutter et al., 1988). 

Alternatively, the necessary thermal energy for the voluminous magma production of 

LIPs is supplied from an external source, for example from a mantle plume. This model, 

in various forms, is widely supported and represents so far the most plausible 

explanation for the origin of LIPs (e.g. H.C.Larsen et al., 1994). Mantle plumes are 



Lithosphere NOR, Zone of 
partial 

elt 

Astenosphere 

B)L1 

I ot 
----------- 	------------ 

Fig. 1.1. Convective partial melting (Mutter et at., 1988) showing a schematic cross 
section of the lithosphere and astenosphere after rifting for a narrow and a wide 
rifting zone. The rate of induced mantle flow is greater for a narrow margin, leading 
to enhanced partial melting (for further explanation, see text). In this model, no 
external source of heat, such as a plume, is required. 



thought to be solid, narrow upwelling convection currents in the mantle. Because they 

entrain large amounts of mantle material on the way from their origin to the surface they 

represent significant carriers of heat and material within the Earth's interior (Morgan, 

1971; Davies, 1988; Sleep, 1990). They are believed to be up to 2000  C hotter than the 

surrounding mantle through which they penetrate and rise. The classical thesis predicts 

that they originate from a hot low-density layer within the mantle. This source is located 

either above the seismic discontinuity at a depth of 670 km between upper and lower 

mantle (White & McKenzie, 1989) or at the D'-layer at the core-mantle boundary 

(CMB) at a depth of 2,900 km (Richards et al., 1989; Griffiths & Campbell, 1990). It is 

difficult to image narrow conduits of rapidly rising mantle plumes by seismic 

tornographic methods (Nataf, 1993) and therefore, it has not yet been possible to date to 

determine definitively by this method whether plumes rise from the 670 km 

discontinuity, from the CMB, or even from both (Cserepes & Yuen, 2000). 

Two fundamentally different classes of plume model have been developed. The model 

of Courtney & White (1988), further developed by White & McKenzie (1989) (the 

"incubating plume" hypothesis; Fig. 1.2), is based on observations of crustal structures 

along volcanic margins and on petrologic modelling (Coffin & Eldholm, 1992). In this 

model a mantle plume originates either from the 670 km discontinuity or from the lower 

mantle. It accumulates gradually and incubates slowly beneath the overlying lithosphere. 

The plume behaves passively and extensive melting occurs by decompression only, 

when the plume head is crossed by pre-existing 'thinspots' (Thompson & Gibson, 1991), 

for example young ocean basins, or when the lithosphere is pulled apart as a result of 

plate divergence (McKenzie & Bickle, 1988; White & McKenzie, 1989; Kent et al., 

1992). In the second class of model, the plume plays a more active role. In this model 

(the "starting plume" hypothesis; Fig. 1.2), based primarily on the results of laboratory 

experiments, a large start-up plume originates at the CMB (Richards et al., 1989; 

Campbell & Griffiths, 1990; Griffiths & Campbell, 1990). When the plume head 

impacts at the base of the lithosphere, the continent ruptures and vulcanism occurs. If 
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Fig. 1.2. Schematic diagrams of plume-lithosphere interactions from H.C.Larsen et al. 
(1994). (A) The incubating plume model of White & McKenzie (1989). (B) The 
impacting plume model of Richards et al. (1989) and Campbell & Griffiths (1990) and 
Griffiths & Campbell (1990). For explanation see text. 
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there is a continuous supply of hot material from the source region, the starting plume 

consists of a large mushroom-shaped head and a relatively narrow feeder conduit or tail. 

Alternatively, a short-lived plume originates at the CMB, rises to the 670 km 

discontinuity, injects hot material in the upper mantle (Tackley et al., 1993) and 

eventually triggers convective instability in this thermal boundary, which could produce 

one or more secondary plumes (Fitton et al., 1997). Recently, a further kind of plume 

has been proposed, originating neither from the CMB, nor the 670 km discontinuity, but 

from below the 670 km boundary (mid-mantle plume, Cserepes & Yuen, 2000). This 

plume does not, in contrast to the classical plume models, develop from a thermal 

boundary within the mantle. Instead, it is fed by lower-mantle material immediately 

below the 670 km discontinuity with no deep source rising in the upper mantle in a form 

of a narrow, cylindrical plume (Cserepes & Yuen, 2000). 

1.2 The North Atlantic Igneous Province (NAIP) 

The North Atlantic Igneous Province (NAIP) is perhaps the best place in which to study 

the structure, origin and composition of a mantle plume and its evolution through time. 

Around 61 Ma, continental magmatism occurred nearly simultaneously in Baffin Island 

(Clarke & Upton, 1971), West Greenland (Storey et al., 1998), SE Greenland (Sinton & 

Duncan, 1998), central E Greenland (Sinton & Duncan, 1998; Storey et al., 1998), the 

Faeroe Islands (L.M.Larsen et al., 1999) and in the British Isles (Pearson et al., 1996; 

Chambers & Pringle, 2001) over a lateral distance of 2000 km (Fig. 1.3 and 1.4). This 

early (pre-break-up) phase ended around 58 Ma. The later (break-up) phase along the 

North Atlantic rift zone was accompanied both by the formation of thick, seaward-

dipping reflector sequences (SDRS) along the E Greenland and NW European margins 

and by voluminous on-shore magmatism in E Greenland (e.g. Saunders et al., 1997; 

H.C.Larsen & Saunders, 1998). This phase of igneous activity started around 56 Ma and 
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Fig. 1.3. Reconstruction of the North Atlantic region at 55 Ma (adapted from Nadin et al., 
1995) showing the distribution of the Tertiary volcanic activity and the estimated 
locations of the ancestral Iceland plume (non-filled circle: White & McKenzie, 1989; 
filled-circle: Lawyer & Muller, 1994). 
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Fig. 1 .4. Schematic diagrams of the development of the Iceland plume during 
(a) Palaeocene and (b) Eocene times (from Saunders et al., 1997). Abbreviations: 
NEG- Northeast Greenland; BTIP- British Tertiary Igneous Province; 
SEG- Southeast Greenland; WG- West Greenland; B- Baffin Island; V- Voring 
Plateau; G- central East Greenland; HB- Hatton Bank margin. 



is still active along the North Atlantic rift system today (e.g. Saunders et al., 1998). 

The widespread volcanic event required a broad thermal anomaly (White et al., 1987; 

White, 1988) and can be explained by the arrival of the ancestral Iceland plume beneath 

Greenland at 61 Ma (Chalmers et al., 1995b). The precise location of the ancestral 

Iceland plume in the North Atlantic region, however, is open to some doubt. Some 

authors propose that the axis of the ancestral Iceland plume was centred beneath eastern 

Greenland at 61 Ma (Brooks, 1973; White & McKenzie, 1989), whereas others (Lawyer 

& Muller, 1994) suggest that its location was beneath West Greenland at this time. Not 

only the location of the ancestral Iceland plume, but also the widespread occurrence of 

high-temperature magmas in the North Atlantic Igneous Province remain unresolved 

problems. The classical plume models (the starting plume model and the incubating 

plume model, see above) make fairly specific predictions in respect to the temperature 

distribution within the plume head. They predict that high- temperature magmas (such as 

picrites) should be restricted to above the central plume stem (e.g. Campbell & Griffiths, 

1990), or at most to a few hundred kilometres around it (e.g. White & McKenzie, 1989). 

This seems to be in conflict with the actual distribution of picrites in the NAIP. These 

high-temperature, magnesian magmas occur in Baffin Island (e.g. Clarke & Upton, 

1971; Francis, 1985), West Greenland (Clarke & Pedersen, 1976; Pedersen, 1985b; Gill 

et al., 1992), central East Greenland (Nielsen et al., 1981; Gill et al., 1988; Fram & 

Lesher, 1997), SE Greenland (H.C.Larsen et al., 1994; Fram et al., 1998; L.M.Larsen et 

al., 1998; Thy et al., 1998; Fitton et al., 2000) and in the British Tertiary Igneous 

Province (e.g. Kent, 1995). The outstanding question in the NAIP is, therefore, how the 

extremely high-temperature melts from a single plume could erupt in such volumes over 

a distance of 2000 km, and the lack of a satisfactory answer to this question has led to 

the development of additional plume models. Earlier work includes suggestions that 

either (1) the Kangerlussuaq-Iceland plume is responsible for the magmatism in NW 

Europe, but that a second plume accounts for the volcanism in West Greenland (Gill et 

al., 1992), or (2) the rising plume may have been split at depth by the underside 



topography of the Greenland craton leading to the production of hot, picritic magmas at 

significant distances away from the plume axis (Hill, 1991; L.M.Larsen et al., 1992; 

Holm et al., 1993) or (3) that picrites erupt not only close to the plume axis but also over 

its margin (Chalmers et al., 1995b). 

In recent studies various workers (e.g. Graham et al., 1998; Storey et al., 1998; 

H.C.Larsen & Saunders, 1998; Saunders et al., 1998; T.B.Larsen et al., 1999) have 

suggested that rapid lateral channelling of hot mantle plume material in the shallow 

mantle ("surging plume model", H.C.Larsen & Saunders, 1998) could have caused the 

wide geographical spread of volcanism in the North Atlantic region. Numerical models 

demonstrated that hot plume head material could ascend at ultra-fast rates (1-10 m/yr) 

and spread out horizontally (-0.5 m/yr) as a thin layer beneath the lithosphere (assuming 

a non-Newtonian [i.e. non-linear] temperature- and depth-dependent upper mantle 

rheology operating at an effective Rayleigh number of  _106) (T.B.Larsen & Yuen, 1997; 

T.B.Larsen et al., 1999). In applying a more realistic non-Newtonian rheology, plumes 

can rise more quickly through the mantle, causing higher temperatures in the plume head 

and thus will be more effective in producing flood basalt volcanism than will the 

Newtonian rheology (Van Keken, 1997). Sedimentary (Dam et al., 1998), geochemical 

(Graham et al., 1998; H.C.Larsen & Saunders, 1998; Saunders et al., 1998; Tegner et al., 

1998) and geochronological (Storey et al., 1998) data support the hypothesis that the 

contemporaneous emplacement of hot mantle material throughout the North Atlantic 

region could have been caused by such anomalous high mantle flux rates. In this case, 

melt generation within the plume head took place nearly simultaneously through 

lithosphere thinspots in widely separated locations (H.C.Larsen & Saunders, 1998). The 

emplacement of hot Iceland mantle material in separate locations could have occurred in 

episodic or pulsing events (e.g. Saunders et al., 1997; White & Lovell, 1997; O'Connor 

et al., 2000; Johnston & Thorkelson, 2000). On the basis of 40Ar/39Ar data from dredged 

samples from three Rockall seamounts, O'Connor et al. (2000) pointed out that volcanic 

activity took place in pulses on timescales of 5-10 Myr dating backwards into the late 
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Cretaceous. According to O'Connor et al. (2000), this model is compatible with models 

of ultrafast mantle plumes (e.g. T.B.Larsen & Yuen, 1997; T.B.Larsen et al., 1999), 

which show evidence of very focused activities with calm periods, pulses ranging from a 

few Myr (T.B.Larsen et al., 1999) to about 10 Myr (T.B.Larsen & Yuen, 1997). 

1.3 The Iceland mantle plume 

1.3.1 Geophysical signatures 

Various interpretations of seismic data are seemingly in disagreement as to whether 

Iceland is underlain by a mantle plume originating from the CMB (e.g. Shen et al., 1998; 

Heimberger et al., 1998; Bijwaard & Spakman, 1999), or if buoyant upwefling is 

restricted to the upper mantle beneath Iceland (e.g. Ritsema et al., 1999; Megnin & 

Romanowisz, 2000; Foulger et al., 2000; Foulger & Pearson, 2001). 

Several recent seismic whole-mantle tomography experiments support the hypothesis 

that the North Atlantic at the latitude of Iceland is underlain by a low seismic velocity 

anomaly in the upper mantle (Bijwaard & Spakman, 1999; Ritsema et al., 1999; Megnin 

& Romanowisz, 2000). As summarised by Foulger and Pearson (2001), Ritsema et al. 

(1999), for example, determined an s-wave-velocity model. They found that the 

resolution of the structure beneath the North Atlantic is '-4000 km laterally and '---150 km 

vertically in the transition zone, similar to the --900 km horizontal and '--100 km vertical 

resolution modelled by Megnin & Romanowisz (2000). Local seismic experiments 

detected a relatively narrow, approximately vertical, low seismic velocity anomaly 

beneath Iceland (e.g. Allen et al., 1999), of which the structure could be resolved down 

to 400 km, but not deeper (Wolfe et al., 1997). A more recent teleseismic tomographic 

experiment (Foulger et al., 2000) suggested that the low-wave-speed anomaly beneath 

Iceland is confined to the upper mantle. 
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In search of evidence for a mantle plume originating in the lower mantle, Bijwaard & 

Spakman (1999) found a continuous, weak low seismic velocity body in the lower 

mantle. According to them, the anomaly lies beneath Iceland in the upper mantle, shifts 

towards the Faeroe Isles at 1000 km depth, returns to southern Iceland at 1900 km depth, 

broadens and extends westwards with depth and underlies Greenland in the depth range 

of 2000-2500 km. However, Foulger & Pearson (2001) pointed out that Bijwaard & 

Spakman (1999) had to saturate the colour scale they used at <10 % of the maximum 

anomaly in order to illustrate an apparently continuous low seismic velocity structure 

extending throughout the mantle. In comparison to other recent whole-mantle 

tomographic experiments (e.g. Ritsema et al., 1999; Megnin & Romanowisz, 2000), 

which imply an upper mantle origin for the Iceland plume, the inconsistency with 

Bijwaard & Spakman (1999) model could rely only on the colour scale used and, 

therefore, to the first-order, the three models are in agreement (Foulger & Pearson, 

2001). Other seismic evidence for a deeper structure beneath Iceland is presented by 

Shen et al. (1998), who used receiver functions to study the two seismic discontinuities 

marking the top (at 400 km) and bottom (at 650 km) of the mantle transition zone 

beneath Iceland. They found that the transition zone is 20 km thinner compared to the 

average Earth (Kennet & Engdahl, 1991). They interpreted this observation as a result of 

a hot and narrow plume originating from the lower mantle and convecting through both 

discontinuities. In supporting a deeper structure beneath the Iceland region, Helmberger 

et al. (1998) modelled the interference of shear waves through, and refracted at, the 

CMB beneath Iceland. They found the presence of a localised patch of material with 

ultra-low seismic wave speed at the CMB and suggested that this zone represents the 

hot, partially molten source region of the Iceland mantle plume. 
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1.3.2 Geochemical signatures 

Geochemical data (trace element and isotopic) offer a powerful opportunity to study 

several facts of LIP development, including the interactions between a mantle plume and 

the lithosphere, relative contributions of the crust, and the role of mantle plumes in LIP 

formation. Fitton et al. (1997) summarised the compositional and thermal structures of 

different plume types (Fig. 1.5). A plume, whose source lies in the thermal boundary 

layer at the 670 km discontinuity (Model 1), is likely to be composed of an outer layer of 

hot upper mantle, which is similar in composition to the depleted mantle source of mid-

ocean ridge basalts (MORB). Its axial zone would consist of lower mantle material, 

which is less depleted in incompatible elements and therefore would show different 

chemical and isotopic signatures compared with MORB-source mantle. If a plume has 

its source at the core-mantle boundary (Model 2), it will be mainly composed of hot 

material from the D"-layer, with a thin outer shell of heated upper mantle material. A 

slowly incubating plume (Model 1) would heat the adjacent asthenosphere and thus, the 

compositional and thermal components of this plume would be decoupled. In contrast, 

an impacting plume (Model 2) would have had far less time to transfer energy to the 

adjacent mantle, and therefore the chemical and thermal effects would be coincident 

(H.C.Larsen et al., 1994). A plume originating at the D-layer might stall at the 670 km 

discontinuity (Model 3), heat the upper mantle and create one or more secondary 

plumes. These could be similar in composition to Model 1, but with a central part 

composed of material from the core-mantle boundary (Fitton et al., 1997) or they might 

consist only of upper mantle material. 

The NAIP offers a unique opportunity to study the compositional structure of a large 

mantle plume. While most plumes remain trapped beneath a lithospheric cap, the 

juxtaposition of the Iceland plume and the North Atlantic ridge allows the plume to 

decompress and melt at shallow levels. Not only does this provide material from the 

entire width of the plume head, but also from the Palaeogene to the present day. 
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Fig. 1 .5. Schematic representation of different mantle plumes (from Fitton et al., 1997) 
For explanation see text. 
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Numerous studies have shown that Icelandic volcanic rocks can be distinguished in their 

geochemical and isotopic characteristics with respect to North Atlantic mid-ocean ridge 

basalts (MORB), by having higher abundances of incompatible trace elements, high 

"Sr/"Sr, low 143Ndi44Nd and radiogenic Pb (e.g. O'Nions & Pankhurst, 1973; Sun & 

Jahn, 1975; Zindler et al., 1979). In order to generate the observed range of isotopic 

ratios, the mantle beneath Iceland must be heterogeneous and requires contributions 

from isotopically distinct sources (e.g. Zindler et al., 1979; Elliot et al., 1991; Hémond et 

al., 1993). In general, the range of lava compositions on Iceland require interaction 

between a relatively high- 87Sr/86Sr, 10W_113  Nd/  1 44Nd and incompatible-rich end-member 

and a relatively low- 87Sr/86Sr, high- '43Nd/144Nd and incompatible-element-poor end-

member (e.g. Hanan et al., 2000; Hanan & Schilling, 1997; Fitton et al., 2003). The 

depleted component has been interpreted as either MORB-source mantle (Schilling, 

1973; Hart et al., 1973; Sun & Jahn, 1975; Schilling et al., 1983; Hanan & Schilling, 

1997; Hanan et al., 2000) or as an intrinsic component of the plume itself (Hards et al., 

1995; Kerr, 1995; Kerr et al., 1995; Thirlwall, 1995; Fitton et al., 1997, 2003; Nowell et 

al., 1998; Kempton et al., 1998, 2000; Chauvel & Hémond, 1999). However, the 

enriched signatures of the plume do not fit a simple two-component model either 

(Prestvik et al., 2001). It has been suggested that the plume may contain more than one 

enriched component (Hanan & Schilling, 1997; Hanan et al., 2000) and is perhaps 

heterogeneous only on a relatively small scale (Furman et al., 1995). 

1.4 Aims of this thesis 

Although the NAIIP is one of the best-studied LIPs with a large amount of geochemical 

data from Iceland itself and other parts of the NAIP, there are still several gaps in our 

knowledge and further work is necessary in order to improve understanding of plume 

dynamics. In particular, data from the periphery of the NAIIP is required to allow a more 

direct comparison between Iceland and the 61 Ma plume axis. Baffin Island lies at the 
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most extreme western margin of the NAIP and has been little studied. Existing 

publications are based on a relatively small and old collection, and analyses have not 

included the latest geochemical techniques. This thesis comprises a detailed chemical 

and isotopic study of a suite of new samples of Baffin Island. 

The broad aim was to constrain better the evolution of the Iceland mantle plume and the 

thesis focused on four main areas: 

The magnesian rocks of West Green landlBaffin Island have been a focal point of 

controversy concerning the MgO contents of primary magmas in general. In order to 

establish the nature of the Baffin Island picrites and to help resolve, if the high MgO 

values either (1) represent primary liquids rising from the mantle, or (2) reflect the 

mechanical accumulation of olivine phenocrysts, a detailed analysis of olivine 

compositions from Durban Island has been carried out. These analyses also help to 

estimate the I iqui dus temperature. 

Magmas passing through continental crust may modify their composition by 

assimilation of crustal material. Because the Baffin Island magmas erupted through 

Archaean and Proterozoic crust, as well as Tertiary sedimentary sequences, it is 

necessary to consider whether or not the lavas interacted with their basement rocks 

before the mantle source characteristics or the melting regime of the Tertiary rocks 

on Baffin Island can be investigated. 

Fundamental questions in Earth science concern the mineralogy of the basalt source 

region and the temperatures and depths at which basalts form. In order to examine 

the geochemical variations due to partial melting processes, major and trace element 

mantle source models help to evaluate the melting processes responsible for the 

generation of the Baffin Island lavas. 
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4. Investigation of the nature of the Baffin Island mantle source and to establish (1) 

whether the geochemical signature of the Iceland plume was present in the outer 

edge of the NAIP; and (2) if so whether its compositional signature was the same at 

the time of break-up; or instead (3) if the Baffin Island Tertiary lavas were only the 

result of a local volcanic eruption event, unrelated to the NAIP. 
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2 Geological history 

2.1 Tectonic development 

The tectonic history of the Labrador Sea, Davis Strait and Baffin Bay (Fig. 2.1) has been 

a source of much controversy, and the interpretation of the available data in this area has 

led to different reconstructions of the plate tectonic movements. 

Lithospheric stretching between the North American and Greenland plates started —130 

Ma (Balkwill, 1987). During this stretching, complex graben systems developed from 

the present day Labrador Sea to the northern end of Baffin Bay (Ziegler, 1988; 

Whittaker, 1997). These basins subsided and were filled with sediments during the 

Cretaceous (e.g. Henderson et al., 1976; BaIkwill, 1987). 

2. 1.1 Labrador Sea 

Marine magnetic, gravity and seismic data all indicate that sea-floor spreading took 

place in the Labrador Sea, but the timing of the onset of spreading and the distribution of 

continental and oceanic crust in the Labrador Sea has been a matter of debate for many 

years. Essentially, the subject of the debate has been the transition zone between 59° N 

and 62° N in the Labrador Sea, where small-amplitude and variable-shape anomalies 

occur. These less clearly defined, low-amplitude anomalies have been interpreted as: (1) 

sea-floor spreading anomalies (Srivastava, 1978; Roest & Srivastava, 1989; Srivastava 

& Roest, 1999); (2) dyke injections through foundered and stretched continental crust 

(Chalmers, 1991; Chalmers & Laursen, 1995); (3) foundered continental crust underlain 

by partly serpentinized mantle (Chian & Louden, 1994; Chian et al., 1995); or (4) 

serpentinized peridotites through which dykes may have been injected (Geoffrey 
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Fig. 2.1. General map of Labrador Sea, Davis Strait and Baffin Bay showing 
the bathymetry in meters below sea level (after Balkwill et al., 1990). 
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et al., 2001). Continental plate break-up and reorganisation propagated from south to 

north in the Labrador Sea. Roest & Srivastava (1989) and Srivastava & Roest (1999) 

argued that sea-floor spreading began in the Late Cretaceous (Fig. 2.2) and they 

interpreted the low-amplitude magnetic anomalies as sea-floor spreading anomalies 

Chron 33-27 (78-62 Ma, Fig. 2.3). In contrast, others (Chalmers, 1991; Chalmers & 

Laursen, 1995; Chian & Louden, 1994; Chian et al., 1995) favoured an Early Tertiary 

age (Chron 27n) for the onset of sea-floor spreading (Fig. 2.4). In this model, the 

continent-ocean-boundary (COB) is placed 120 km farther seaward than the previously 

suggested position (Chalmers, 1991). 

Apart from disagreement over the interpretation of the transitional zone, it seems to be 

generally accepted that sea-floor spreading took place between Chrons 27 and 21(62-48 

Ma respectively, according to the time scale of Kent & Gradstein, 1986). Transform-like 

faults in the southern Labrador Sea are characterised by two trends, N60°-70° E and 

N20°-30° E (Kristoffersen & Talwani, 1977; Roest & Srivastava, 1989; Chalmers & 

Laursen, 1995; Whittaker et al., 1997). According to Roest & Srivastava (1989) the 

former trend indicates the ENE direction of the Greenland plate relative to the North 

American plate until Chron 25 (59 Ma), while the latter trend indicates a major change 

of the spreading direction to NNE between Chrons 25 and 24. This change was caused 

by the development of a triple junction as Greenland separated from both North America 

and Europe (e.g. Roest & Srivastava, 1989). The first phase of spreading, ending at 

Chron 24r, took place along a NNW axis, while the second phase of spreading (Chrons 

24-13) took place along a NW-trending axis (Whittaker et al., 1997). The direction of 

the northern part of the extinct Labrador Sea rift is distinguishable, trending 

approximately N125° E (Geoffrey et al., 2001). As a result of this shift, the spreading in 

the Labrador Sea became oblique and stopped after Chron 20 (45 Ma) but prior to Chron 

13 (36 Ma) (e.g. Roest & Srivastava, 1989). Figure 2.5 demonstrates the evolution of the 

Labrador Sea after Roest & Srivastava (1989). 
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More recently, Roest & Srivastava (1999) reviewed earlier models and provided a re-

evaluation of the plate tectonics of the Labrador Sea. They came to the conclusion that 

faulted and thinned oceanic crust exists across the northern margins of the Labrador Sea 

and that very slow sea-floor spreading took place prior to Chron 31. From their 

interpretation of gravity, magnetic and seismic data, the width of the crust seems to be 

much greater on the Greenland side than on the Labrador side and they suggested that 

this is because a ridge had initially been present closer to Greenland. This ridge 

intersected with the Labrador margin and had to propagate gradually to the NW until it 

could spread evenly between the Greenland and Labrador plates. Roest & Srivastava 

(1999) also noted that the mean rate of spreading changed from 5.8 to 12 mm/year soon 

after Chron 30 and suggested this might have been the result of initiation of a mantle 

plume west of Greenland (see chapter 1). 

2.1.2 Davis Strait 

The Labrador Sea and Baffin Bay are separated by the Davis Strait, whose present 

crustal composition and complex structure are poorly understood. Chalmers (1993) and 

Chalmers et al. (1995a), assuming that oceanic crust developed in Baffin Bay (section 

2.1.3), proposed that the areas of sea-floor spreading in Labrador Sea and Baffin Bay 

were connected through continental crust in the Davis Strait area. A bathymetric ridge, 

the Ungava transform zone (e.g. Kerr, 1967; Srivastava, 1978; Srivastava et al., 1981; 

Klose et al., 1982), appears to be an intra-continental complex system of strike-slip 

faults, on to which the relative motion of Greenland and Canada in the Labrador Sea to 

Baffin Bay were transferred (Chalmers, 1993; Chalmers et al., 1995a). In contrast, Roest 

& Srivastava (1989) thought that an oceanic ridge axis existed in the Davis Strait, even 

if it is difficult to reconstruct its geometry (Fig. 2.5). According to them, the complex 

structure of the Ungava fault system in Davis Strait was caused both by the change of 

the spreading direction from E-NE to N-NW after Chron 25 and through compression, 
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which existed in Davis Strait and Baffin Bay during the last stages of spreading. More 

recently, Geoffrey et al. (2001) suggested that Davis Strait was never a large transform 

fault as suggested by Srivastava et al. (1982), but rather a simple NI 0'-trending bend of 

the Labrador Sea- Baffin Bay opening axis, which could have been accommodated by 

several small transform faults. 

Other important features (see Fig. 2.4 for location) in Davis Strait are the Gjoa Rise 

(Tucholke & Frey, 1985), the Hecla Rise (Tucholke & Frey, 1985) and the Davis Strait 

High (Srivastava et al., 1982), all of which were also the subject of controversy. The 

Gjoa Rise was interpreted by Tucholke & Frey (1985) as the result of off-axis 

volcanism, while Chalmers et al. (1995a) and Chalmers & Laursen (1995) thought it was 

a volcanic continental margin. The Hecla Rise was initially thought to be an oceanic rise 

(Tucholke & Frey, 1985), but was more recently interpreted as an area of shallow 

continental basement (Chalmers et al., 1993; Chalmers & Laursen, 1995). The Davis 

Strait High (Srivastava et al., 1982) either contains both oceanic and continental crust 

(e.g. Srivastava et al., 1982) or is composed of continental crust with volcanism 

occurring in an entirely intra-cratonic setting (Chalmers & Laursen, 1995). The Davis 

Strait High may have formed a land bridge between the Labrador Sea and Baffin Bay 

during the Tertiary, and therefore may have played a major role in determining the 

pattern of oceanic circulation at that time (Rolle, 1985). 

A major aspect of the geology of the Davis Strait is the voluminous basaltic lavas that 

occur onshore north of Cape Dyer on the eastern coast of Baffin Island (Clarke & Upton, 

1971) and in the Disko- Svartenhuk area of West Greenland (Clarke & Pedersen, 1976) 

(see also section 2.2). The volcanism took place mainly in the early Tertiary. The basalts 

that outcrop northward of Cape Dyer on Baffin Island have a potassium-argon age of 58 

±2 Ma (Clarke & Upton, 1971) and are normally magnetized (Deutsch et al., 1971). 

According to Pedersen et al. (2002), they are most likely time-equivalent to the Anaanaa 

Member of the Vaigat Formation in West Greenland (section 2.2.1 and Fig. 2.3) and 
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erupted during Chron 27n (61.3 - 60.9 Ma, J.Riisager et al., 1999). At the same time as 

the volcanism in West Greenland, a range of marine, limnic and fluviatile clastic 

sediments were deposited. Bio strati graphic dinoflagellate dating of these sediments 

suggested that eruption of the onshore West Greenland volcanics took place between 

Chrons 27r and 25n (Piasecki et al., 1992). 40Ar/39Ar dating by Storey et al. (1998) of the 

Vaigat and Maligât Formations of the Greenland volcanic province (section 2.2) has 

shown that the main volcanism lasted around 1 million years (60.4 ±0.5 to 59.4 ±0.5). 

As already suggested by Srivastava (1978), these volcanic rocks are thought to have 

formed contemporaneously with the early stages of sea-floor spreading in Baffin Bay. 

According to P.Riisager & Abrahamsen (1999) and J. Riisager et al. (1999), the 

lowermost lavas of the Vaigat Formation are normally magnetized and erupted during 

Chron 27n (60.9-61.3 Ma; Cande & Kent, 1995) a duration of less than 0.35 M.y., while 

the upper part of the Vaigat Formation and all of the Maligât Formation lavas belong to 

the long reversely magnetized interval of Chron 26r (57.0-60.9 Ma; Cande & Kent, 

1995). Pedersen et al. (2002) estimated, for the volcanism within the Nuussuaq Basin 

during the C27n-C26r transition, that the magma production rate was a minimum of 

—0.042 km3  a 1 . They concluded that the Vaigat Formation volcanism occurred during 

periods of high eruption rates over short periods, separated by low activity periods or 

even inactivity, over a combined time span in excess of 70 ka. 

2.1.3 Baffin Bay 

While it seems to be generally accepted that oceanic crust with magnetic stripes and 

transform faults does exist in the Labrador Sea, definitive evidence for the presence of 

oceanic crust in Baffin Bay is lacking. The aeromagnetic anomalies in the deeper basins 

of Baffin Bay are weak and to date neither linear sea-floor spreading anomalies in the 

basins nor the location of the extinct spreading ridge have been clearly identified, 

although their presence is extremely likely (e.g. Geoffrey et al., 1998). An 
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approximately north-south feature that extends from 71° N, 64° W to 73° N, 65° W 

(Rice & Shade, 1982) coincides with a relative negative gravity anomaly (Jackson et al., 

1979). McWhae (198 1) and Rice & Shade (1982) suggested that this feature represents 

an extinct spreading centre. However, because this feature runs roughly parallel to the 

Hudson transform fracture zone and other transform faults in the Labrador Sea in the 

south, more recent publications (Whittaker et al., 1997; Geoffrey et al., 2001) interpreted 

this feature as a transform fault, as earlier proposed by Jackson et al. (1979) and 

favoured by Roest & Srivastava (1989). A relative negative gravity anomaly trending 

WNW from 73° N, 66° W to 74° N, 75° W, the direction of which is roughly parallel to 

the extinct northern Labrador Sea, may mark the position of an extinct spreading centre 

in Baffin Bay (Whittaker et al., 1997). This axis seems to join N-S trending Baffin Bay 

transform faults in the north and south (Geoffrey et al., 2001). The similarity between 

the magnetic anomalies in Baffin Bay and central Labrador Sea, the identical 

approximately N-S trending transform faults in Baffin Bay and the northern Labrador 

Sea, and the identification of an extinct rift axis immediately north of Davis Strait in 

Baffin Bay led Geoffrey et al. (2001) to suggest that Baffin Bay acted as the northern 

termination of the northward-propagating Labrador Sea oceanic rift system. 

If the above interpretations are correct, then sea-floor spreading was oblique (Srivastava 

et al., 1987) and this could explain the lack of distinct sea-floor spreading magnetic 

anomalies (Roots & Srivastava, 1989) in Baffin Bay. If spreading took place in Baffin 

Bay, it started either during Chron 31 (Roest & Srivastava, 1989; Jackson et al., 1992), 

or later, during the second phase (Chron 24) of spreading in the Labrador Sea (McWhae, 

1981; Whittaker et al., 1997). 

The area in northern Baffin Bay (Fig. 2.1) between the Canadian Arctic Islands and 

northern Greenland has also been subject of considerable controvery and the arguments 

centre on whether or not movements took place between Ellesmere Island and northern 

Greenland in Nares Strait (e.g. Dawes & Kerr, 1982; Frisch & Dawes, 1994; Jackson et 
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al., 1992; Jackson & Marillier, 1994). Reid & Jackson (1997) developed a plate tectonic 

model for Baffin Bay, based on the Roest & Srivastava (1989) model and observations 

of Jackson et al. (1992). According to this model, from anomaly 31 to 25 (65 to 57 Ma, 

using the time scale of Harland et al., 1990) the North American plate moved apart in 

northern Baffin Bay. From anomaly 25 to anomaly 24 (57-54 Ma) strike-slip was the 

dominant motion followed by compressional phases between anomalies 24 and 13 (54-

24 Ma). The result of this work and associated studies showed that north of 76° N, the 

crust is continental but thins markedly in the central part between Devon and Ellesmere 

Islands and Greenland. Reid & Jackson (1997) concluded that rifling took place in the 

northern Baffin Bay, at least initially, with little or no melt production. The plate 

reconstruction model of Roest & Srivastava (1989) demands large-scale strike-slip 

displacement between Canada and Greenland along Nares Strait. However, if the 

movements between Greenland and North America did not start in the late Cretaceous 

(Chron 33) but during the Tertiary (Chron 27) (for discussion on this issue see section 

2.1.1), the need for large strike-slip movements along Nares Strait would be reduced 

(Chalmers, 1991; Frisch & Dawes, 1994). Jackson & Marillier (1994) asked in a 

discussion paper how to resolve the 'Nares Strait problem'. Geophysical data from the 

seas surrounding Greenland and geological data from Baffin Island, West to South 

Greenland and Labrador imply movement along Nares Strait, whereas geological 

information from Ellesmere Island, Northwest Greenland and the western part of North 

Greenland do not indicate motion. 

The interpretations above all imply an oceanic origin for Baffin Bay, while in contrast, 

Kerr (1967) and Grant (1975, 1980, 1982) favour the interpretation that Baffin Bay is 

underlain by foundered or attenuated continental crust in which Tertiary basaltic rocks 

intruded. According to this hypothesis, Baffin Bay is not oceanic in origin, but rather 

resulted from vertical movements. 
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2.2 Previous work 

2.2.1 West Greenland 

The Tertiary volcanic province of West Greenland covers an area of at least 55,000 km2  

on land and the adjoining continental shelf, and it is geographically divisible into four 

main areas, namely Svartenhuk HalvØ, Ubekendt Ejiand, NQgssuaq, and Disko (Clarke 

& Pedersen, 1976) (Fig. 2.6). The volcanic stratigraphy of West Greenland (Fig. 2.7) has 

been classified mainly using lithostratigraphic rather than geochemical criteria. Three 

lithostratigraphic units are defined, from oldest to youngest, Vaigat, Maligât and 

Hareøen Formations (Hald & Pedersen, 1975). The volcanism of the Vaigat Formation 

occurred in three main episodes which, from lowest to highest, are the Anaanaa, 

Naujánguit and Ordlingassoq Members. Each episode started with olivine-rich magmas 

and ended with more evolved, often contaminated magmas (e.g. L.M.Larsen & 

Pedersen, 2000). The Anaanaa Member consists of the oldest known Tertiary volcanic 

rocks in West Greenland (picrites, olivine-rich basalts, feldspar-phyric basalts and 

siliceous contaminated basalts) and is known only from a limited area in western 

Nuussuaq (Pedersen et al., 1996). The Naujánguit Member (Pedersen, 1985a) consists 

predominantly of picritic lavas and hyaloclastites with horizons of contaminated basalts 

(AsUk Member and KQgánguaq Member). Uppermost part of the Naujánguit Member 

represents the eruption of olivine-poor tholeiitic basalts of the Qordlortorssuaq Member 

in a waning stage of volcanic activity (Pedersen, 1985b). The youngest, Ordlingassoq 

Member of the Vaigat Formation consists of picrites with three horizons of 

contaminated lavas, including the alkaline rocks of the ManItdlat Member (Pedersen, 

1985b). While in the Vaigat Formation picritic lavas, hyaloclastites and a small number 

of basalt horizons are present, the overlying Maligât Formation consists of feldspar-

phyric tholeiitic basalts (Hald & Pedersen, 1975). The youngest, HareØen  Formation, is 

separated from the Maligât Formation by shales and coal seams and is mainly dominated 

by transitional olivine-phyric basalts (Hald & Pedersen, 1975). 
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The West Greenland flood basalts show a wide range of trace element ratios and isotopic 

compositions (e.g. Pedersen & Pedersen, 1987; Goodrich & Patchett, 1991; Holm et al., 

1993; Lightfoot et al., 1997; Lightfoot & Hawkesworth, 1997; Graham et al., 1998; 

Schafer et al., 2000; L.M. Larsen et al., 2003). Detailed chemical information on the 

earliest Tertiary rocks on Nussuaq (Anaanaa Member) are not yet available (Graham et 

al., 1998), but picrites from the lowest member of the Vaigat Formation on Disko have 

the most depleted compositions (ENd: +8 to +10; Sr: -22 to —15) of the entire volcanic 

province and overlap with present-day North Atlantic MORB (e.g. Holm et al., 1993). 

Most other picrites from Ubekendt Ejland and Svartenhuk HalvØ are more enriched 

(ENd > 6; ESr < -10) and overlap both with MORB and with Icelandic basalts (e.g. Holm 

et al., 1993). Graham et al. (1998) found 3He/4He ratios up to 31Ra  (where Ra  is the 

atmospheric ratio of 1.39 x 106)  in picrites from the Vaigat Formation on Nussuaq. 

They interpreted the isotope variations of He, Pb, Nd and Sr as a result of the interaction 

between the early Iceland mantle plume and the upper mantle during ascent and 

dispersion beneath the continental lithosphere. Calculations following McKenzie & 

Bickle (1988) point to high degrees of melting (24-30 %) for the West Greenland lavas 

at depths of 60-90 km in the underlying mantle, requiring potential temperatures of 

1540-1600°C (Gill et al., 1992). For primary magmas from West Greenland and Baffin 

Island, Herzberg & O'Hara (1998, 2002) calculated eruption temperatures of 1400-

1440°C and pressures of initial melting on the anhydrous solidus of 3.8-4.7 GPa. 

The effects of crustal contamination on the tholeiitic rocks on Disko and Nussuaq are 

well described (Pedersen, 1985b; Pedersen & Pedersen, 1987; Goodrich & Patchett, 

1991; Pedersen etal., 1996; Lightfoot et al., 1997). Contamination of picritic and 

basaltic magma could have occurred by (1) assimilation-fractionational-crystallisation 

(AFC)-processes involving shale and sandstone (Pedersen & Pedersen, 1997) or (2) by 

simply mixing with Cretaceous to early Tertiary sediments (Goodrich & Patchett, 1991). 

Lightfoot et al. (1997) identified contamination of the Vaigat Formation with material 
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from two distinct crustal sources (sediment and a granodioritic end-member). Their 

sample collection was further analysed by Schafer et al. (2000) for osmium isotope 

ratios and the results are consistent with the conclusions of Lightfoot et al. (1997). The 

picrites show little evidence for crustal contamination and their compositional variation 

might reflect source heterogeneity of the mantle plume. By contrast, the basalts of the 

Vaigat Formation do indicate evidence for crustal contamination processes (Lightfoot et 

al., 1997; Schafer et al., 2000). The Os-isotope analyses of Schafer et al. (2000) agree 

with the work of Lightfoot et al. (1997), suggesting that both sedimentary and felsic 

continental crust components produced the observed isotopic ratios. Schafer et al. (2000) 

postulated that portions of the West Greenland continental flood basalt province might 

represent the first direct sampling of unmodified plume head material derived either 

from the lower mantle or from lower portions of the upper mantle. Recently, L.M. 

Larsen et al. (2003) studied alkaline rocks of the ManItdlat Member of the Vaigat 

Formation, which show very unusual geochemical signatures (enriched in incompatible 

elements, negative cNd and mostly negative ESr). They suggested that the alkaline 

magmas erupted within a regional zone of eruption centres that mainly produced 

tholeiitic magmas, and that mixing between alkaline and tholeiitic magmas and their 

phenocrysts took place in the conduit system. In order to produce the various magma 

types of the ManItdlat Member, a number of enriched source areas with different 

mineralogies may have been present in the lithospheric mantle (L.M. Larsen et al., 

2003). 

2.2.2 Study area 

The first geological publications on Baffin Island were mainly restricted to descriptions 

of the coastal rocks (Sutherland, 1853; McMillan, 1910). In 1964, detailed mapping and 

sampling of the Baffin Bay Igneous Province began, in order to examine possible 
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correlations between the igneous rocks of Baffin Island (Wilson & Clarke, 1965; Clarke, 

1967) and West Greenland (Pulvertaft & Clarke, 1966; Clarke, 1968b). Clarke and co-

workers published the first geochemical results on lava flows from Baffin Island 

(Clarke, 1968a, 1970, 1975; Clarke & Upton, 1971; O'Nions & Clarke, 1972; Keen & 

Clarke, 1974; Clarke & O'Hara, 1979; Clarke et al., 1988). The Baffin Island lavas are 

olivine-rich, with MgO contents >8 wt. %, and show the following phase assemblages: 

(1) olivine and glass, (2) olivine, plagioclase and glass and (3) olivine, plagioclase, 

microlites (cpx?) and glass (Clarke, 1970). Chrome spinel is always present as an early 

phenocryst in all phase assemblages. Clarke (1970) divided the lava flows of West 

Greenland and Baffin Island into three groups: (1) olivine-enriched bases of thick flows 

(mainly on Baffin Island) or cumulitic flows (mainly on West Greenland), characterised 

by large olivine phenocrysts, (2) flows with olivine-microphenocrysts (or skeletal 

olivine) at the base of the volcanic pile (first eruptions) and (3) leucocratic segration 

veins in thick flows (mainly on Baffin Island), olivine-poor basalts in both locations and 

feldspar-phyric basalts (in West Greenland only). By comparing the bulk-chemical 

compositions of the basalts with phase relations, Clarke (1970) suggested that, at a 

pressure of 30 kbar, the second group was parental and possibly primary with 19-20 wt. 

% MgO. The first group is of accumulative origin with MgO >21 wt. %, while the third 

group has undergone fractional crystallisation (MgO <16 wt. %). The lava flows have 

low concentrations of incompatible elements and an average 87  Sr/ 86Sr ratio of 0.7030 

(Clarke, 1968a, 1970; O'Nions & Clarke, 1972). Stratigraphic and chemical relations 

between the Baffin Island and West Greenland suites showed that they belonged to the 

same era of volcanic activity, related to the continental break-up of the Labrador Sea - 

Baffin Bay area (Clarke 1970; Clarke & Upton, 1971). The Baffin Island basalts are 

generally more depleted in light rare earth elements (LREE) and incompatible trace 

elements than are the lavas of West Greenland (O'Nions & Clarke, 1972). The first 

eruptions on Baffin Island were generated from a depleted mantle source, while the later 

lavas from Baffin Island and all lavas from West Greenland were derived from relatively 

more enriched mantle (Clarke et al., 1989). While Clarke (1970), Clarke & O'Hara 
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(1979) and Elthon & Ridley (1979) all argued for the existence of liquids with 19-20 wt. 

% MgO on Baffin Island, Hart & Davies (1978, 1979) claimed, on the basis of Ni-

partitioning between olivine and liquid, that rocks with more than 11-13 wt. % MgO 

contain accumulated olivine (see chapter 4). Francis (1985, 1986) analysed lavas from 

Padloping Island and demonstrated that, although the chilled margins of picntic lavas 

are crystal-liquid mixtures, their composition can be used to provide analogues of 

primary liquids. He concluded that the olivine phenocryst compositions (Fo8689) require 

liquids with 10-13.5 wt. % MgO, but the olivine xenocrysts (up to F093) suggest that 

primary liquids for the Padloping Island magmas contained at least 18 wt. % MgO. The 

same suite on Padloping Island was analysed by Robillard et al. (1992), who identified 

two compositional types: (1) a light-REE depleted suite (N-MORB), with (LaISm) 

0.6-0.7 and 87Sr/86Sr presentday (pd) (unleached) = 0.7031- 0.7032 and (2) a suite (E-MORB) 

that shows slight REE enrichment (LaISm) 	1-1.2 and 87SrI86Sr(d) (0.7032-0.7039). 

Because the N- and E-type samples are intermixed throughout the volcanic succession, 

Robillard et al. (1992) suggested that both types of magma erupted contemporaneously, 

originating from two distinct mantle sources on the periphery of the ancestral Iceland 

plume. More recently, Kent et al. (1998) studied glass inclusions from the same samples 

reported by Robillard et al. (1992). With their new isotope data for the depleted 

('43NdJ1 Nd >0.51300) and enriched ('43Nd/Nd <0.51300) lava flows, their results are 

consistent with the suggestions of Robillard et al. (1992). The depleted samples are 

similar to other depleted North Atlantic MORB, while the enriched samples are more 

extreme than plume-related samples from the North Atlantic (Kent et al., 1998). Because 

the glass inclusions of the E-MORB-like samples are more varied in their degree of 

incompatible enrichment, Kent et al. (1998) suggested that they represent mixtures of 

melts from both depleted and enriched sources. 
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2.3 Geology of the Study Area 

The eastern coast of Baffin Island consists of Precambrian basement, early Tertiary 

continental sediments and Tertiary volcanic breccias and basaltic lava flows (e.g. Clarke 

& Upton, 1971). 

2.3.1 Precambrian basement 

The Precambrian basement (Fig. 2.8) of the study area belongs to the Churchill 

Structural Province (Taylor, 1971). In more detail, the Precambrian rocks of the study 

area are part of the Hoare Bay Group (Jackson et al., 1990) and are equivalent to the 

Proterozoic Nagssugtoquidian mobile belt in West Greenland (Jackson et al., 1990; 

Peterson et al., 2002). The alignment of the Precambrian Provinces on both sides of 

Baffin Bay supports the theory of sea-floor spreading processes in this area (Jackson et 

al., 1992). 

The Hoare Bay Group in general consists of mica-hornblende-feldspar-quartz-gneiss and 

schist, amphibolite and biotite-hornblende- gneiss and schist, and minor ultrabasic rocks 

(Taylor, 1981), while the the Precambrian rocks of the study area consist of gneisses and 

migmatites, with a common mineral assemblage of quartz, two feldspars, biotite, often 

garnet and/or muscovite and accessories, including apatite, zircon and magnetite (Clarke 

& Upton, 1971). The metamorphic grade is generally amphibolite facies but locally 

reaches granulite facies (Clarke & Upton, 1971). On Durban Island a non-foliated 

muscovite-tourmaline granite occurs, which might have been the source of the pre-

volcanic, tourmaline-bearing sediments on that island (Clarke, 1968a; Clarke & Upton, 

1971). North and northwest of the sample locations, a major fault separates the 

Nagssugtoqidian mobile belt from the Cumberland Batholith, at 66° N 60° W (Fig. 

2.8). 
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2.3.2 Cretaceous and Tertiary sediments 

Cretaceous and Tertiary sediments overlie the Precambrian rocks in many locations, and 

their thickness and frequency increases from Cape Dyer northwestward to Cape Searle 

(Carke, 1968a; Clarke & Upton, 1971). They were briefly described by Clarke & Upton 

(1971) as having a continental origin, containing unconsolidated white quartz sands, 

impure sandstones, shales, minor coal and conglomerate layers. At Cape Searle, sands 

show cross-bedding, pointing generally to a southwesterly source area for this formation. 

The sediments at Cape Searle and elsewhere form shallow basins and were probably 

faulted at an unknown time (Clarke & Upton, 1971). Burden & Langille (1990) 

described the stratigraphy in more detail as well as the sedimentology of Cretaceous and 

Tertiary outliers, which occur in half-grabens along the coast of Baffin Island (Fig. 2.9). 

They also related their observations to the tectonic history of this area. These sediments 

and the location of the half-grabens are of particular interest, because they occur directly 

next to and beneath the studied volcanic rocks on Padloping Island and Durban Island 

and therefore give more information about the tectonic history of this area. Because the 

first sedimentary strata were deposited on deeply weathered Precambrian basement in 

the lower Cretaceous, Burden & Langille (1990) support the hypothesis of Pierce (1982) 

for even earlier rifting (middle Cretaceous) than proposed by e.g. Srivastava & Roest 

(1989) (see section 2.1.1). The non-marine sediments show a long history of rifting, 

starting with locally derived sheet deposits (lower Quqaluit Fm) of northward extending, 

high energy, meandering rivers partly controlled by episodes of subsidence. They were 

followed by vertical, narrower meander belts (Upper Quqaluit Fm). In the Tertiary, 

extensional tectonism and crustal subsidence is characterised by rapid aggradation of 

gravel-bedload stream deposits and volcanic ash layers (Cape Searle Fm), followed 

immediately by large outpourings of basalt breccia and lava into the rapidly subsiding 

half-grabens (Burden & Langille, 1990). 
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2.3.3 Tertiary volcanic rocks 

Small patches of Tertiary volcanic rocks occur along the Baffin Island coast 90 km 

northwest of Cape Dyer (Fig. 2.10). In 1996, an Edinburgh University expedition to 

Baffin Island collected 75 samples at three sites along this coast. The collection consists 

of picritic and basaltic lava flows and dykes. Stratigraphic profiles of the three sample 

locations (Cape Searle, Padloping Island and Durban Island) are shown in Fig. 2.11. 

The lavas overlie the Precambrian basement either directly or, at some locations, with a 

thin sequence of continental sediments intervening between the basement and the 

volcanic rocks (Clarke & Upton, 1971). Where sediments occur, the overlying volcanic 

rocks tend to be divisible into a lower subaqueous volcanic breccia and an upper 

sequence of subaerial flows (Clarke & Upton, 1971). 

Two types of different coloured (orange and black), but mineralogically identical, 

breccias have been identified: their difference in colour is explicable by greater 

hydration of the glass (palagonitization) and oxidation of the iron in the orange material 

(Clarke & Upton, 1971). Both breccias contain hyaloclastite, basaltic fragments and 

massive basaltic blocks. Giant cross-bedding is present and its attitude in both breccias 

indicates a northeastward source area of the volcanics (Clarke & Upton, 1971). Clarke 

(1968a) and Clarke & Upton (1971) noted that, if the tops of the breccia units erupted 

contemporaneously and close to the Tertiary sea-level, a slight differential movement of 

the main outcrops during a post-volcanic uplift must have taken place. The extent of 

uplift was up to 400-500 in, except on Cape Searle, where the top of the breccia is only 

about 150 in above sea-level. 

Following the field descriptions of Clarke (1968a) and Clarke & Upton (1971), the 

picritic and olivine-rich lava flows occupy depressions in the Precambrian basement. 

They are generally horizontal, but sometimes tilted as a result of slumping caused by 
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undermining of the sediments beneath. The tops of the outcrops show no evidence of 

erosion during Pleistocene glaciation, suggesting that they are virtually complete. 

According to Clarke & Upton (1971) the most complete succession of the volcanic rocks 

is exposed on the cliffs of Cape Searle, with at least 150 in of breccias (their base is 

below sea-level) overlain by approximately 300 in of subaerial lava flows. 

The lava flows thin rapidly inland from a prominent seaward-facing cliff and pinch out 

10 km inland from the coastline. Although the thickness of individual flows varies 

between 1 and 35 in, flows thicker than 10 in are rare and the average is less than 5 in. 

The horizontal flows become increasingly thin and reddened toward the top of each 

section. 

It seems to be impossible to correlate the flows from one location to another and most of 

the eruptions, particularly the later ones, were local phenomena (Clarke, 1968a; Clarke 

& Upton, 1971). The only correlatable stratigraphic feature between the outcrops is the 

general progression from subaqueous breccias, through thick subaerial flows, to thin 

flows with oxidised tops. This progression and the wedge-shaped cross-sections of the 

outcrops (if original features) show evidence for waning volcanism and therefore the 

later flows are smaller in volume and extent (Clarke & Upton, 1971). 

In the north, at Padloping Island and Cape Searle, vertical basaltic dykes cut both the 

Tertiary volcanics and underlying sediments, but not the Precambrian rocks inland from 

the coastal outcrops. These dykes, roughly 20 in number, average 2 in wide (none 

thicker than 7 m) and strike approximately parallel to the coastline (Clarke, 1968a; 

Clarke & Upton, 1971). 

Compared to the West Greenland volcanic province and also to the other igneous 

provinces in the North Atlantic, the Baffin Island sequences are relatively thin (Fig. 

2.12). The feldspar-phyric basalts, which erupted in the later stage of the volcanic 

activity on West Greenland are absent in Baffin Island. Therefore, Clarke (1968a) and 
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Clarke & Upton (197 1) came to the conclusion in their plate tectonic model for the 

Labrador Sea- Baffin Bay area that, during sea-floor spreading processes, the source of 

the volcanics on Baffin Island was carried away on the Greenland plate. While the 

volcanic activity ended in Baffin Island, volcanism continued with the eruption of 

further picrites, basalts, and feldspar-phyric basalts in West Greenland. 
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II Results 
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3 Results 

3.1 Petrography 

The majority of the investigated rocks from Baffin Island contain olivine phenocrysts, 

ranging in abundance from 5 to 50 modal % (estimated from thin sections). The olivines 

show complex textures (polyhedral, skeletal and sometimes parallel-growth) and several 

morphology types occur within one sample. Spinifex textures have not been observed. 

The crystal size is generally 1-1.5 mm, but some olivines up to 3.5 mm in size are also 

present in the magnesian rocks. In rocks with MgO contents <15 wt. % the crystal-sizes 

become smaller with decreasing MgO, but rocks with MgO contents >15 wt. % show a 

large variety of phenocryst sizes (1-3.5 rum) (Fig. 3.1). All crystal types may contain 

spinel and glass-inclusions. Olivine crystals with strained kink bands occur occasionally. 

The olivine phenocrysts are often accompanied by an opaque phenocryst phase 

(chromite) up to 0.1 mm in size. Rocks with plagioclase phenocrysts are present, but 

rare, and no rocks with clinopyroxene phenocrysts have been found in either this or 

previous studies on Baffin Island (e.g. Clarke & Upton, 1971; Francis, 1985). The rocks 

are either porphyritic with mainly olivine phenocrysts (+chromite, ±plagioclase 

phenocrysts), or non-porphyritic. Most of the lavas are holocrystalline or 

hypocrystalline, apart from the hyaloclastites, which are holohyaline. Groundmass 

minerals are olivine, chromian spinel, plagioclase and clinopyroxene. The rocks often 

have a glomeroporphyritic texture with clusters of olivine or olivine and plagioclase 

crystals. Clinopyroxene (augite) appears, generally in the groundmass with a subophitic 

texture wholly or partly enclosing plagioclase laths, or occasionally with an ophimottled 

texture. 
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Two geochemical groups (see chapter 3.4) on Baffin Island may be also distinguished by 

their petrography (Fig. 3.2). Low-Nb/Zr lavas on both Padloping Island (lower series) 

and Durban Island (lower and upper series) are in general more magnesium-rich and 

contain large olivine crystals with several shapes (polyhedral, skeletal- and parallel-

growth). On the other hand, high-Nb/Zr lava flows on Padloping Island (upper series) 

and on Durban Island (middle series) show lower magnesium contents (except DI-23) 

and less frequent occurrence of large olivine crystals, whose shapes are restricted to 

euhedral and subhedral forms. Cape Searle, however, shows a reverse picture. The upper 

lavas (low Nb/Zr), which are magnesium-rich, contain only olivines with 

euhedral/subhedral shapes, while the olivines of the strati graphically lower (high Nb/Zr) 

are texturally complex. Moreover, a sort of rhythm is recognisable rising up the 

stratigraphic sequence, showing two cycles of olivines with euhedral/subhedral and 

euhedral/ subhedral/ anhedral/ skeletal-growth shapes (Fig. 3.2). At all three locations, 

low-magnesium lavas show skeletal shapes in the high- but not in the low-Nb/Zr lava 

flows. 

A more detailed petrographic description of each Baffin Island sample is given in the 

Appendix. 

3.2 Olivine chemistry/composition 

The olivine compositions of Baffin Island were determined to investigate whether the 

lava flows and dykes represent liquids or were formed by olivine accumulation. As 

Padloping Island lavas had already been analysed by Francis (1985, 1986), olivines from 

Durban Island were analysed in detail in this study. For Padloping Island and Cape 

Searle, only the dykes and some representative olivine compositions of the different lava 
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Fig. 3.2a. Simplified diagram showing the petrography of the stratigraphic 
sequence of Cape Searle (sk: skeletal olivine; Ig: long-growth olivine) 
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groups (see chapter 3.4 and 3.5) were analysed. Phenocryst core and rim compositions 

are summarised in Fig. 3.3 and all olivine analyses are given in the Appendix. 

Most of the olivine phenocrysts are normally zoned with margins enriched in Fe. 

However, some olivines were measured which are nearly unzoned, or even show reverse 

zoning (for example CS-18 and P1-16). Olivine core composition for the lava flows 

range from Fo81  to F092, except for the strati graphically highest and more evolved lava 

flow (DI-13) which only contains olivine microphenocrysts with forsterite contents of 

64-72 mol. %. The core compositions of the dykes are more magnesian with forsterite 

contents between 89 and 93 mol. %. The rims of the olivine phenocrysts range in 

composition from F078  to Fo88  (F06372  for DI-13) for the lava flows and from F082  to 

Fo93  for the dykes. As shown in Fig. 3.4, some lava flows have a restricted range of 

olivine core compositions (FOmax FOrni n  0.2 mol. %), while most of the lavas show a 

wide range of core compositions (Fomax Fom i n  = up to 4.2 mol. %). 

The two different geochemical groups are distinguishable not only by their olivine sizes 

and morphologies (see above section 3. 1), but also by their olivine composition. The 

magnesium-rich (low Nb/Zr) lavas contain more- forsteritic olivines than the less-

magnesian (high Nb/Zr) lavas. While these forsteritic olivines are generally larger in 

size, no systematic compositional difference between euhedral and skeletal olivine 

crystals was found (Fig. 3.4). 

The olivines of Baffin Island contain a significant amount of CaO (0.23-0.38 wt. %), 

NiO (0.04-0.5 wt. %) and Cr203  (0.02-0.2 wt. %) (Fig. 3.5). The core compositions 

show a positive correlation between the forsterite content and both NiO and Cr203, but a 

negative correlation with CaO (Fig. 3.5). Note that the most evolved lava sample (DI-

13) and some core measurements of DI-25 do not show such clear correlation in the 

latter diagram. The olivines in lava flows and dykes of Baffin Island show much higher 
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values of CaO and Cr203  than mantle olivines (Hervig et al., 1986), which are also 

presented in Fig. 3.5 for comparison (for discussion see section 4.2.2). 

3.3 Major elements 

3.3.1 Classification 

The Baffin Island lava flows and dykes can be classified in a total alkalis-silica (TAS) 

diagram (Le Maitre, 1989). According to this, the rocks are divided into ultrabasic and 

basic rocks; the majority of the rocks are basalts with the exception of the 

stratigraphically lower lava flows on Padloping Island which are picrobasalts (Fig. 3.6). 

However, while the TAS system works well with common rocks, it is inadequate for 

many low-silica rocks, and high-Mg volcanic rocks have to be further separated by their 

MgO and Ti02  contents (Le Bas & Streckeisen, 1991). In Fig. 3.7, the International 

Union of Geological Sciences (11JGS) reclassification for high-Mg and picritic volcanic 

rocks is used (Le Bas, 2000). Using this chemical classification, all of the Baffin Island 

samples are either basalts, picrites or komatiites. However, if the rocks contain 

accumulated olivines, the classification has to be used with caution (e.g. Le Maitre, 

1989; Le Bas, 2001). Further discussion of this issue, as well as classification of the 

Baffin Island rocks used for this study, is given in section 4.1 and 4.2.1. 

3.3.2 Variation diagrams 

The major element data have been recalculated to 100% on a volatile-free basis and all 

iron is reported as Fe203. In oxide variation diagrams, most elements define linear trends 

(Fig. 3.8). For the lava flows, as MgO decreases (28.3 to 8.8 wt. %), there is a general 
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increase in Si02  (42.2 to 49.7 wt. %), A1203  (8.3 to 15.9 wt. %), CaO (5.9 to 13.3 wt. 

%), Ti02  (0.5 to 1.1 wt. %) and Na20 (0.3 to 1.8 wt. %). For Fe203  (10.3 to 12.0 wt. %) 

the data are scattered, but stay largely constant with declining MgO. K20 (0.02 to 0.16 

wt. %), MnO (0.16 to 0.18 wt. %) and P205  (0.02 to 0.10 wt. %) display a scatter of 

values, but MnO and P205  increase slightly with decreasing MgO. The dyke samples of 

Padloping Island and Cape Searle generally lie within the trend defined by the lava 

flows, except for Ti02  versus MgO, where the samples define a parallel trend to the lava 

flows with lower Ti02  values (0.5 to 0.7 wt. %). Note that in most variation diagrams PT-

42 does not follow the general trend; depending on the element in question, it shows 

either higher or lower values than the other samples. The hyaloclastites (CS-15, -10, -4, - 

3) are more altered (volatile contents between 5.29 and 7.55) and display higher S102  

and lower CaO and Na20 values compared to the remaining lava flows. 

3.4 Trace elements 

3.4.1 Variation diagrams 

In variation diagrams of MgO versus trace elements (Fig. 3.9), most elements define 

linear trends. For Zr (23 to 66 ppm), Y (9 to 24 ppm), Sr (38 to 257 ppm), Rb (0.1 to 2.5 

ppm), Sc (24 to 53 ppm) and Cu (65 to 152 ppm), the values of the lava flows increase 

slightly with decreasing MgO contents (28.1 to 8.9 wt%). The dykes, however, have 

lower values of Zr (23 to 43 ppm) and Sr (37 to 52 ppm), covering a narrow range with 

decreasing MgO (20 to 10 wt. %). No correlation with MgO is apparent for Zn (58 to 85 

ppm), while Ni (152 to 1373 ppm) and Cr (462 to 2353 ppm) correlate positively with 

MgO for both lava flows and dykes on Baffin Island. With decreasing MgO, Nb stays 

nearly constant at low values (-1 ppm) until it reaches 16 wt. % MgO, then it scatters 

(0.5-6.7 ppm) at lower MgO. 
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3.4.2 Incompatible element plots 

The Baffin Island lava flows and dykes show a wide range of geochemical signatures 

(Fig. 3.10). The samples can be broadly divided into two groups, which are represented 

throughout the stratigraphic sequences in each of the three locations. The dykes and 

upper lava flows on Cape Searle, the dyke and the lower lava flows on Padloping Island 

and the upper and lower lava flows on Durban Island have Nb/Zr <0.05 and (LaJSm) 

<1, while the lower lava flows on Cape Searle, the upper lava flows on Padloping Island 

and the middle lava flows on Durban Island have Nb/Zr >0.07 and (LaJSm)11  >1 (Fig. 

3.11 and 3.12). The Hf results of twelve samples (CS-31,-29,-28,-25,-23,-21 and P1-3 1,-

32,-34,-36,-38,-39,-40) are too high. It was not possible to identify the cause of these 

errors and the results have been excluded. The Pb result (100 ppm) of P1-25 is also too 

high and has been excluded. Some lavas, in particular the dykes, show an enrichment in 

Pb, often coupled with a depletion in Nb, which is generally the signature of continental 

crust. Whether the volcanic rocks on Baffin Island are contaminated with continental 

crust, will be discussed in detail in chapter 5. 

3.5 Isotopes 

3.5.1 Strontium and Neodymium 

The lava flows and dykes on Baffin Island define a negative correlation on a plot of 

87  Sr/ 86Sr versus 143Nd/144Nd (Fig. 3.13). The low-Nb/Zr lavas of Durban Island and 

Padloping Island have high 143Nd/'44Nd (0.51304-0.51313) and low 87Sr/86Sr (0.7030-

0.7034). The high-Nb/Zr lava flows of Cape Searle have 143Nd/144Nd between 0.51298 

and 0.51300 and 87Sr/86Sr between 0.7034 and 0.7035, while the hyaloclastites scatter at 

even lower 43Nd/'44Nd (0.51293-0.51304) and higher 87Sr/86Sr (0.7038-0.7040). The 
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high-Nb/Zr lavas of Padloping Island and Durban Island have low 143NdP44Nd (0.51288-

0.51292) 

0.51288-

0.51292) and high "Sr/"Sr (0.7040-0.7042). The chilled margins of the dyke on Cape 

Searle (CS-7, CS-8) have the lowest 143Nd/144Nd (0.51283-0.51285) and highest 

"Sr/"Sr (0.7049-0.7050) of any of the analysed samples on Baffin Island. The 

Padloping dyke (P1-16) lies off the trend defined by the remaining samples and instead 

shows very different 143Nd/144Nd (0.5 1300) and 87Sr/86Sr (0.7054) ratios. CS-31 has high 

143Nd/144Nd (0. 513110), but also high 87Sr/86Sr (0.704975), possibly the result of 

seawater alteration. Therefore, the Sr-isotope result of this sample will be not used in the 

discussion. 

3.5.2 Lead 

Some representative lava flows were also analysed for Pb isotopes and display a wide 

range of compositions (206Pb/204Pb: 16.62-18.04; 207Pb/204Pb: 14.63-15.50; 208Pb/204Ph: 

36.11-37.76). The lava flows show a negative correlation on a plot 208Pb/204Pb versus 

206Pb/204Pb, several trends for 207Pb/204Pb versus 206Pb/204Pb, but no clear correlation for 

208 Pb/204 Pb versus 207Pb/204Pb (Fig. 3.14). The distinct geochemical groups on Baffin 

Island, as defined by trace elements and Sr- and Nd-isotopes (section 3.4.2 and 3.5.1), 

are not recognisable in Pb-isotope ratios, neither is any systematic relationship apparent 

between Pb isotopes and either 875r/86  Sr or 143Nd/144Nd (Fig. 3.15). 

3.5.3 Hafnium 

Fifteen representative samples were analysed for 176Hf/177Hf isotopes. In a 176Hf/177Hf 

versus 143Nd/144Nd plot (Fig. 3.16), the lava flows and dykes define two parallel trends. 

The high-Nb/Zr lavas of Durban Island and Padloping Island have the lowest ratios of 

both 143Nd/144Nd (0.51287-0.51292) and 176Hf/177Hf(0.28307-0.2831 1), while the 
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highest ratios (0.51307-0.51311 and 0.28326-0.28327, respectively) are shown by the 

low-Nb/Zr lava flows on Padloping Island and Durban Island. The hyaloclastites of 

Cape Searle have isotope compositions intermediate between these two groups. Note 

that dyke (CS-7) has low Nb/Zr and (LaISm)<1 (chapter 3.4.2 and figures within), but 

shows very low 143Nd/144Nd (0.5 1283) and 176Hf/177Hf(0.28309). 

3.5.4 Helium 

Eleven samples with well-preserved olivine crystals were chosen for He-isotope 

analyses. In Fig. 3.17, the He-isotope composition of the olivines is plotted against 

whole-rock Sr- and Nd isotope ratios. The stratigraphically lower lavas of both 

Padloping Island and Durban Island (low Nb/Zr) differ from the high-Nb/Zr lava flows 

of Cape Searle and Durban Island in terms of 87Sr/86Sr -3He/4He variations. These trends 

are parallel and correlate negatively. The first group also shows higher 3He/4He (37.5-

49.5 Ra) than the second group of samples (14.5-26.5 Ra), while the 87Sr/86Sr of both 

groups overlap (0.7032-0.7036 and 0.7033-0.7040, respectively). However, the Baffin 

Island lavas define a positive linear trend on a plot of 143Nd/144Nd versus 3He/4He, with 

the low-Nb/Zr lavas of both Padloping Island and Durban Island having consistently 

higher 3He/4He (37.549.5 Ra) and 143Nd/144Nd (0.51306-0.51311) than the high-Nb/Zr 

lavas of both Cape Searle and Durban Island (14.5-26.5 Ra  and 0.51291-0.51301, 

respectively). Note that dyke CS-7 lies off the lava flows trend in Sr-He and Nd-He plots 

having high 87Sr/86Sr, low 143Nd/144Nd but also high 3He/4He values. The samples 

analysed for lead show only a small variation in He-isotope ratios (38 to 44 Ra), but a 

larger range for example in 206Pb/204Pb isotopes (16.6 to 18) (Fig. 3.17). 
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4 Olivine-liquid equilibrium 

4.1 Introduction 

The use of the terms "picrite" and "komatiite" and the distinction between these two 

definitions has led to scientific debate over the nomenclature of ultramafic rocks. 

According to the petrographic definition, a picrite is a mafic volcanic rock with 

abundant olivine crystals, while the second definition is based on chemical criteria 

proposed by the International Union of Geological Sciences (JUGS) Subcommission on 

the Systematics of Igneous Rocks (Le Maitre, 1989). This definition describes a picrite 

as a volcanic rock with Si02  <47 wt. %, total alkalis <2 wt. % and MgO >18 wt. %. The 

1998 JUGS classification has been revised for high-Mg and picntic volcanic rocks (Le 

Bas, 2000) and as a result, the 18 wt. % minimum MgO now applies only to komatiites 

and meimechites, while the minimum MgO for picrites is reduced to 12 wt. %. 

Discussion over the merits of the new IUGS chemical classification continues (Kerr & 

Arndt, 2001; Le Bas, 2001), because the terms "komatiite" and "picrite" are only used in 

a purely chemical sense. The chemical classification still ignores their distinctive 

textural features, according to which komatiites are characterised by crystalline quench 

textures (Viljoen & Viljoen, 1969), also called spinifex textures (Nesbitt, 1971), whereas 

picrites lack these features. In order to avoid confusion, the term "picrite" should be 

used in a clear and specific sense, and an objective definition that incorporates both 

textural and chemical criteria might be best (Kerr & Arndt, 2001). However, the 

chemical classification has to be used with caution if the volcanic rock contains 

accumulated olivines (e.g. Le Maitre, 1989; Le Bas, 2001). Neither the petrographic nor 

the chemical definition for picrites take into account the origin of the rock. Commonly, 

it is thought that picrites form from MgO-rich magmas. However, a rock, defined by 

both the petrographic and chemical classifications as a picrite, could also have been 

produced by the accumulation of olivines from a liquid with basaltic composition. 
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Furthermore, the accumulated olivines could be either phenocrysts, which crystallised 

from the host magma, or xenocrysts originating from a foreign source. It is therefore 

essential, when studying high-MgO lavas, to establish by independent means the origin 

of the olivine crystals and the composition of the host/parental magma. Such parental 

melts of highly magnesian rocks could be close to that of primary mantle-derived melts 

and therefore their identification might help to understand mantle compositions and 

conditions at which volcanic rocks were formed. 

The West Greenland/Baffin Island lavas contain up to 30 wt. % MgO and these high-

magnesium volcanic rocks have been a focal point of controversy over the MgO 

contents of primary magmas in general. The higher values of this range might represent 

either primary liquids rising from the mantle (Clarke, 1970; Clarke & O'Hara, 1979; 

Francis, 1985) or reflect the mechanical accumulation of olivine phenocrysts (Hart & 

Davies, 1978, 1979). Previous authors have disagreed about the MgO concentrations in 

primary magmas erupted in the Baffin Bay volcanic province. While Clarke (1970) and 

Clarke & O'Hara (1979) argued for primary liquids with 19-20 wt. % MgO, Hart & 

Davies (1978, 1979) claimed, on the basis of Ni-partitioning between olivine and liquid, 

that rocks with more than 11-13 wt. % MgO contain accumulated olivine. Pedersen 

(1985) measured olivines with up to Fo925  in Tertiary picrites from West Greenland and 

calculated liquid MgO contents of 18-19 wt. %. Francis (1985) regarded olivines with 

forsterite contents up to 93 mol. % of the Padloping Island suite as xenocrysts. However, 

if these forsteritic olivines represent early cumulates (not xenocrysts), then the existence 

of liquids with more than 18 wt. % MgO is likely. On the other hand, if the less 

forsteritic phenocryst compositions (Fo8689) are only taken into account, Francis (1985) 

argued for primary compositions with 11-13 wt. % MgO, similar to the estimates of Hart 

& Davies (1978, 1979). More recent publications, however, showed that primary high-

Mg liquids (20-21 wt. % MgO) did exist at depth in West Greenland, but only liquids 

with lower MgO contents (10-14 wt. % MgO) actually erupted on the surface 

(L.M.Larsen & Pedersen, 2000). In contrast to Francis (1985), who defined the MgO- 
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rich olivines as xenocrysts on Baffin Island, L.M.Larsen & Pedersen (2000) suggested 

that these olivines were integral parts of the cognate mineral assemblage of the West 

Greenland picrites. Herzberg & O'Hara (2002) used a new method for constraining the 

composition of primary magrnas. Their model does not use olivine compositions and 

FeO-MgO exchange coefficients (e.g. Albarede, 1992; Langmuir et al., 1992; 

L.M.Larsen & Pedersen, 2000; Thompson & Gibson, 2000) to calculate primary 

magmas. Instead, they developed a method that involves a parameterisation of large 

experimental database, providing forward modelling of potential primary magma 

compositions that exit in the melting regime in the mantle (represented in CMAS 

projections and FeO-MgO plots). For Baffin Island, they used a sample of Robillard et 

al. (1992) and estimated primary magmas with MgO contents of 17-20 wt. %. 

Furthermore, they concluded that high Mg-olivines (Fo93) in Icelandic plume lavas may 

be either wall-rock xenocrysts from refractory plume mantle or phenocrysts from perfect 

fractional melts, which exited the melting regime and mixed with other melts before 

eruption. 

4.2 Origin of the Baffin Island lavas 

4.2.1 Classification of the lavas 

The samples from Baffin Island are MgO-rich (Chapter 3) and contain a large proportion 

of olivine crystals. According to the new 1998 JUGS classification for high-Mg and 

picritic volcanic rocks (Le Bas, 2000), around 40 % of all analysed samples could be 

classified as komatiites (Fig. 3.7). However, the lavas do not show any spinifex textures 

and also contain accumulated olivines (see the following discussion). The chemical 

classification, therefore, has to be used with caution and consequently, the lavas with 

more than 12 wt. % MgO are called "picrites" and the term "komatiites" will not be used 

in this study. 
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4.2.2 Olivine control lines 

In order to establish the nature of the picntes on Baffin Island and to help resolve the 

controversy about the MgO contents of the primary magmas, a detailed analysis of 

olivine compositions from Durban Island was carried out. As Padloping Island olivine 

compositions have already been analysed by Francis (1985, 1986), only some 

representative olivine compositions for the different magma types (section 3.4 and 3.5) 

and the dyke(s) on Padloping Island and Cape Searle were measured. One test to 

establish whether an olivine-rich magma represents a primary liquid is to compare the 

Fo contents of the phenocrysts with the calculated liquidus olivine for this rock. If the 

calculated composition of the liquidus olivine matches the observed olivine composition 

in the rock, then the lava may represent a primary liquid composition. In contrast, if the 

calculated liquidus olivine is more magnesian than the observed olivine composition, 

then the lava probably contains accumulated olivines. The liquidus olivine in 

equilibrium with the bulk-rock composition can be calculated from the Fe/Mg partition 

coefficient (KD = 0.3 ± 0.03) between olivine and liquid (Roeder & Emslie, 1970). Fig. 

4.1 shows the Fo contents of the measured olivines from a) Durban Island and (b) 

combined Padloping Island and Cape Searle, respectively, as a function of the Mg-

number (Mg# = atomic Mg/(Mg+Fe2 )) of their host rock. In order to calculate the Mg# 

of the rock, it is necessary to estimate the Fe203/FeO ratio. By considering only the true 

amount of FeO exchangeable with olivine, Herzberg & O'Hara (2002) used FeO and 

Fe203  values (Fe3 /Fe=0.1) for Baffin Island that have been determined by wet 

chemistry on Padloping Island rocks (Robillard et al., 1992). Until additional data are 

available, it seems that a Fe3 /Fe ratio of 0.1 is the most reasonable estimate for Baffin 

Island. 

The Fo content of the olivine phenocrysts will depend on the MgO/FeO ratio of the melt, 

and as this decreases with cooling and crystallisation, the most forsteritic olivines in 
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individual lavas will indicate the MgO content of their initial bulk composition. For 

Durban Island (Fig. 4.1a) most of the analysed olivines are clearly out of equilibrium 

with their host magma. They also plot to the right of the equilibrium field, indicating that 

the samples might contain excess olivine. However, olivines of DI-20 (Fo84.7) and high-

forsterite olivines from DI-27 (up to Fo91.8) were in equilibrium with their host rock. The 

occurrence of such highly forstentic olivines in Durban Island suggests that high-

magnesium melts with MgO contents up to 17.5 wt. % (calculated assuming KD 01/L 

FeO/MgO = 0.3) were available in the formation of the Baffin Island picrites. Whether these 

high forsteritic olivines in the lava flows represent phenocrysts or xenocrysts in the 

rocks in which they are now found, will be discussed in more detail later in this chapter. 

As well as the Durban Island lavas, the few analysed olivine crystals from Padloping 

Island and Cape Searle (Fig. 4.1b) are also not in equilibrium with the whole rock of 

their hosts and contain accumulated olivines. However, the dykes from Cape Searle (CS-

7) and Padloping Island (P1-16) contain very magnesian olivines (up to F092.9), which 

were in equilibrium with liquids with 19.64 wt. % MgO. If these olivines are not 

xenocrysts (and it seems very likely, see discussion below), but part of the whole magma 

evolution history of Baffin Island, then the liquid composition in equilibrium with these 

highly magnesian olivines actually might represent or be close to the liquid primary 

composition. The olivines of DI-13 have very low forsterite contents (64.36-71.89 

mol.%). This may be either because not enough olivine grains were analysed in order to 

sample the most Fo-rich olivine, or because more evolved, groundmass olivines were 

analysed instead of phenocrysts. 

The bulk composition of magnesian rocks can also help to determine whether the suite 

of lavas represent primary liquids or if they were formed by the accumulation of 

olivines. If the rocks are cumulates, they will plot in many geochemical variation 

diagrams on tight linear trends that project back to the cumulus olivine composition (e.g. 

Krishnamurthy & Cox, 1977). The Baffin Island samples do define such olivine control 
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trends in MgO-oxide variation diagrams (see also chapter 3), suggesting that they do not 

represent primary liquids, but instead might be mixtures between melt(s) and either, (1) 

varying proportion of accumulated olivine, (2) olivines picked up on the way to the 

surface or (3) xenocrysts. By using the diagram Al/(Mg + Fe) versus Mg/(Mg + Fe) 

(Fig. 4.2), the intersection of the olivine-control trend with the abscissa provides an 

estimate of the olivine composition dominating the trend (Irvine, 1979). The regression 

line gives an estimated olivine composition of -Fo90  for all analysed samples on Baffin 

Island. Considering the three locations individually, Durban Island and Cape Searle data 

extrapolate to an olivine composition of -F089, while data from Padloping Island lava 

flows and Cape Searle dykes trend towards more-forsteritic olivines (-Fo91  and -F0925, 

respectively). 

Linear variations between bulk-rock MgO and FeO show similar estimated compositions 

for the average cumulus olivine of all analysed samples and for each of the three 

locations considered individually (Fig. 4.3 and Table 4.1). However, the olivine control 

lines provide a different picture if the lava flows are separated by their geochemical 

signatures (see section 3.4 and 3.5), which are summarised in Table 4.1. Note that in all 

three locations the stratigraphically lower samples point towards more magnesian 

olivines (-Fo9o) than do the middle and upper samples (Fo8789), independent of their 

geochemical signature. Fig. 4.3 also shows a frequency histogram. According to this, the 

majority of measured olivine composition of the lava flows is less magnesian (Fo8789) 

than predicted by the olivine control lines (Fo90). In more detail, only -P10 % of the 

analysed olivines in the lava flows have forsterite contents of 90 mol. % or higher, while 

-58 % have compositions of F08739. Because the magnesian olivines (>Fo90) are also 

rare in West Greenland, L.M.Larsen & Pedersen (2000) suggested that these olivines 

might remain in the conduit system during magma ascent and only the more iron-rich 

olivines erupted on the surface. This interpretation is a plausible explanation for the less 

frequent occurrence of high-forsterite olivines in Baffin Island lavas. However, the 

abundance (%) of olivine compositions of the dykes on Padloping Island and Cape 
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Table 4.1. Summary of the graphically estimated olivine compositions in Fig. 4.2 and 4.3 

Olivine control lines 

estimated Fo-content of olivine after plot: 

MgO vs. FeO 	 100 (Al/(Mg+Fe)) 

All samples 	 89.7 	 90 

Durban Island 

all 90.0 89.2 

top (low Nb/Zr) 89.6 89.5 

middle (high Nb/Zr) 87.6 87.0 

low (low Nb/Zr) 90.2 90.4 

Padloping Island 

all 90.4 91.0 

top (high Nb/Zr) 87.0 86.0 

low (low Nb/Zr) 90.0 91.0 

Cape Searle 

all 89.8 89.0 

dyke (low Nb/Zr) 92.8 92.5 

top (low Nb/Zr) 89.2 88.5 

low (high Nb/Zr) 90.2 92.0 
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Searle are fundamentally different from the lava flows. First, no olivines with less than 

Fo89  were measured in the dykes. Second, only 34 % of the analysed olivines of the 

dykes have F089, while -66 % are more magnesian than Fo90, of which 26.3 % are Fo93. 

This observation suggests that the explanation, that most of the highly magnesian 

olivines were left at depth, might apply to the lava flows but not to the dykes. Moreover 

it demonstrates that the highly magnesian olivines have been an integral part of the 

cognate mineral assemblage, but that they erupted, probably at higher ascent velocities, 

only in the dykes, and not so abundantly in the lava flows. 

Because some of the most Mg-rich olivines (>Fo90) show kink-bands, Francis (1985, 

1986) classified them as xenocrysts (from magmatic and not mantle sources), but also 

mentioned that they could represent early (dunitic) cumulates which had failed to reach 

the surface. However, the presence or absence of kink-bands did not distinguish 

xenocrysts from phenocrysts in this study. For example, P1-16 contains the most 

forsteritic olivine (Fo93) analysed (chapter 3). This olivine not only lacks any kink-

bands, but also forms a perfect euhedral crystal. It is difficult to imagine how it could 

have survived prolonged transport as a xenocryst and therefore it is more likely that it 

was precipitated from an ultramafic magma as a phenocryst. Furthermore, even through 

some of the complex-textured olivines on Baffin Island do occasionally show kink-

bands, the source of these deformed olivines is more likely within this magmatic system 

rather than in the underlying mantle. The CaO (0.25-0.32 wt. %) and Cr203  (0.10-0.20 

wt. %) contents of the Baffin Island olivines with >Fo90  (see section 3.2. and Fig. 3.5) 

are far above the values for mantle olivines (<0.1 wt. % CaO and <0.01 wt. % Cr203  for 

spinel- and <0.04 wt. % Cr203  for garnet lherzolite; e.g. Hervig et al., 1986; Bernstein et 

al., 1998). The crystals also contain glass inclusions indicating that these highly 

magnesian olivines crystallised from melts and are thus unlikely to be mantle 

xenocrysts. 
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4.2.3 Calculation of the parental liquid composition and temperature 

It has been shown above that most of the olivines in the lava flows, and to a lesser extent 

the dykes, on Baffin Island are not in equilibrium with their host rock. The bulk 

composition of the rocks appears to have been compromised by a significant 

accumulation of olivine phenocrysts and therefore the whole-rock compositions should 

not be used as direct indicators of their primary or parental liquid composition. The 

process of olivine accumulation can be corrected for, and the procedure for an olivine 

addition/subtraction method (similar to that of Green et al., 2001) is outlined below. As 

mentioned above (section 4.2.2), the equilibrium liquidus olivine for a particular bulk- 

rock composition can be calculated (assuming KD°/MgQ = 0.3; Roeder & Emslie, 

1970). This composition is compared to the analysed olivine composition in the rock. If 

the most magnesian observed olivine composition is lower than the calculated parental 

liquid one, then the analysed olivine composition is incrementally subtracted from the 

bulk rock to obtain a new composition (the inferred parental liquid composition), for 

which the calculated liquidus olivine matches the observed olivine composition. In 

contrast, if the most magnesian observed olivine composition is higher than the 

calculated liquid one, then the analysed olivine composition is incrementally added to 

the bulk rock. Table 4.2 summarises the procedure and Fig. 4.4 illustrates the method 

graphically. The parental liquid composition for DI-13 has not been calculated, because 

the analysed olivines are likely to represent either microphenocrysts with lower forsterite 

contents, or groundmass olivines. 

For example, the liquidus olivine composition of the whole-rock composition of DI-24 

(MgO = 24.59 wt. %) is calculated to be Fo9371, but the most magnesian olivine (ol7cl) 

measured has only Fo90, 15. By subtracting 32.27 % of the observed olivine composition 

from the bulk-rock, the calculated olivine composition matches the analysed one 
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Table 4.2. Summary of the accumulation/fractionation correction of the 
Baffin Island lava flows and dykes 

Sample olivine MgO-rock Fo(cal) Fo(real) - method inferred % add/sub 
parental MgO 01 

Dl-15 oil c2 24.54 93.55 90.28 sub 16.01 29.2 

Dl-17 ol 3cl 23.85 93.42 88.50 sub 12.22 39.1 

Dl-20 o12 c3 9.03 85.23 84.65 sub 8.57 1.3 

Dl-21 o14 c2 15.27 90.30 87.55 sub 11.20 11.9 

Dl-23 olic7 24.28 93.44 87.59 sub 10.74 45.9 

DI-24 017 ci 24.59 93.71 90.15 sub 15.28 32.3 

Dl-25 o15 c3 12.52 88.16 84.86 sub 8.96 10.2 

Dl-27 o15 c4 18.73 92.32 91.78 sub 17.48 3.8 

Dl-29 o19 c5 21.58 92.82 87.54 sub 10.69 35.4 

CS-7 o13 ci 20.28 93.18 92.28 sub 17.94 7.5 

CS-29 o13 c4 24.12 93.54 89.32 sub 13.69 35.8 

CS-18 o14 c2 14.71 90.19 86.20 sub 9.33 15.8 

P1-16 oil c2 13.14 89.37 92.97 add 19.67 18.9 

P1-41 o12 c3 27.89 94.48 88.91 sub 11.95 57.6 

Column 1: analysed samples 
Column 2: olivine used for calulation 
Column 3: MgO-content of bulk rock (recalculated to 100% volatile-free) 
Column 4: calculated forsterite (mol. %) for olivine in equilibrium with bulk-rock, 

assuming K 0  Fe/MgO = 0.3 (Roeder & Emslie, 1970) 

Column 5: observed most magnesian olivine 
Column 6: correceted method (add/subtract observed olivine until in equilibrium with 

calculated olivine composition) 
Column 7: inferred MgO (wt. %) of calculated parental liquid 
Column 8: % olivine added/subtracted 
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(Fo90.15) and the new inferred parental liquid composition now contains 15.28 wt. % 

MgO. Calculations for Durban Island lavas give a wide range of parental liquid 

compositions with 8.6-17.48 wt. % MgO (Table 4.2). However, if the lava flows are 

divided by their geochemical characteristics (chapter 7) then the depleted lavas generally 

show more magnesian liquid composition estimates (12.22-17.48 wt. % MgO) than the 

enriched middle series lava flows (8.6-11.2 wt. % MgO). The same picture can be seen 

in Padloping Island and Cape Searle (Table 4.3) where the depleted lava flows display 

liquid compositions of 11.6-13.7 wt. % MgO, while the enriched flows contain only 9.33 

wt. % MgO. The dykes on Padloping Island and Cape Searle have more magnesian 

calculated liquid compositions than the lava flows (19.6 wt. % and 17.9 wt. % MgO, 

respectively). The observed olivine compositions (F092, 28) of the dyke CS-7 had, like all 

lava flows, to be subtracted from the bulk-rock (20.28 wt. % MgO). In contrast, the 

Padloping dyke bulk-rock MgO content is quite low (13.14 wt. %), but contains 

phenocrysts (not xenocrysts, see discussion above) with F0929, which had to be added to 

the bulk-rock composition in order to account for the estimated liquid composition (19.6 

wt. % MgO). 

The wide range of olivine compositions suggests that the olivines could not have been in 

equilibrium with a single magma. Instead, it seems more likely that a complex magmatic 

system was available in Baffin Island leading to several batches of magmas in 

equilibrium with olivines of various compositions, all mixing on the way to the surface. 

As the bulk-rocks on Baffin Island do not represent primary liquid compositions, but 

contain accumulated olivines, the inferred calculated parental liquid composition was 

used to estimate the temperature (Table 4.3). By using the Ford et al. (1983) 

geothermometer the liquidus temperatures at 1 atm were calculated for the Baffin Island 

lavas and dykes. Depending on the method used, the temperatures are 1339-1358° C 

(TFe) and 1211-1332° C (TMg) for the lava flows and 1414-1430° C (TFe) and 1339-1358° 

C (TMg) for the dykes. Segregation temperatures, calculated for the (magmas segregated 
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from their source peridotite) parental liquid compositions by the method of Albarede 

(1992), range between 1288 and 15000  C for the lava flows and between 1389 and 1552° 

C for the dykes. The temperatures calculated using the method of Albarede (1992) are 

higher, because this method calculates the temperature of primary magmas at the depth 

of segregation, while the temperatures calculated after Ford et al. (1983) are of parental 

magmas at the time the olivines started to crystallise. 

With their forward model of a depleted peridotite source, Herzberg & O'Hara (2002) 

calculated primary magmas with 18-20 wt. % MgO for Baffin Island. These magmas 

have eruption temperatures of about 1400-1440 °C, intersecting the solidus for fertile 

peridotite at 3.8-4.7 GPa, and have potential temperatures of 1520-1570° C. This 

interpretation is in good agreement with the results of this study. 
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Table 4.3. Summary of calculated liquid compositions and temperatures of the Baffin Island rocks 

Sample 01-15 01-17 DI-20 01-21 Di-23 DI-24 DI-25 01-27 

olivine oil c2 o13 ci o12 c3 014 c2 oil 0 o17 ci 015 c3 o15 c4 

Si02  48.11 49.48 49.60 48.51 49.68 48.22 49.17 48.08 

A1203  12.12 14.46 16.46 15.91 15.41 13.52 16.04 12.29 

Fe0(01  10.23 9.42 9.22 9.44 9.03 9.90 9.49 9.29 

MgO 16.01 12.22 8.57 11.20 10.74 15.28 8.96 17.48 

CaO 10.55 11.67 13.07 11.88 11.72 1068 13.48 10.29 

Na2O 1.45 1.26 1.70 1.58 1.66 1.18 1.50 1.33 

K20 0.04 0.04 0.06 0.06 0.11 004 0.02 0.04 

Ti02  0.87 1.01 1.07 1.10 1.12 0.88 1.03 0.74 

MnO 0.19 0.19 0.18 0.17 0.19 0.18 0.18 0.17 

NiO 0.04 0.08 0.02 0.03 0.00 0.03 0.01 0.08 

Cr0 0.31 0.27 0.06 0.14 0.40 031 0.09 0.19 

Total 100 100 100 100 100 100 100 100 

Mg#(Iiquid) 73.63 69.82 62.37 67.89 67.95 73.34 62.74 77.04 

Mg#(rock) 81.33 81.00 63.42 73.67 81.05 81.73 69.12 78.32 

1317 1263 1209 1252 1245 1307 1211 1332 

IF.1  1392 1340 1280 1322 1319 1383 1283 1405 

12 1468 1365 1264 1344 1324 1450 1277 1502 

Sample 01-29 CS-7 CS-29 CS-18 P1-16 P1-41 

olivine 019 c5 o13 ci 013 c4 o14 c2 oil c2 o12 0 

Si02  49.27 48.26 48.81 49.17 47.70 49.36 

A1203  15.63 12.45 14.22 16.67 11.57 15.39 

Fe0 21>  9.03 8.91 9.71 8.86 8.87 8.85 

MgO 10.69 17.94 13.69 9.33 19.67 11.95 

CaO 12.60 10.46 10.73 12.95 10.07 11.83 

Na20 1.38 1.00 1.40 1.65 1.14 0.97 

K20 0.03 0.05 0.06 0.04 0.04 0.12 

1102 1.11 0.51 1.06 1.05 0.52 1.02 

MnO 0.18 0.17 0.19 0.18 0.16 0.17 

NiO 002 0.08 0.02 0.01 0.12 0.00 

Cr0 0.28 0.23 0.28 0.13 0.12 0.38 

Total 100 100 100 100 100 100 

Mg#(Iiquid) 67.85 78.22 71.54 6524 79.78 70.66 

Mg#(rock) 79.53 80.41 81.31 73.42 71.63 83.71 

1241 1339 1289 1222 1358 1263 

IF.1  1314 1414 1365 1291 1430 1341 
12 1326 1511 1407 1288 1552 1370 

For details of calculation methods, see text and Fig. 4.1 and 4.2. 
1Ford et al. (1983); temperatures of parental magmas at the time the olivines 
started to crystallise 

2Albarede (1992); temperatures of primary magmas at the depth of segregation 

ZZ 



4.3 Summary 

The Baffin Island samples are MgO-rich (8.9-28.1 wt. %, mean 17.6 wt. %) and contain 

a large proportion of olivine crystals. In order to investigate whether the lava flows and 

dykes represent liquid compositions or if they were formed by olivine accumulation, 

olivine compositions were analysed, in detail from Durban Island and less 

comprehensively from Padloping Island and Cape Searle. Comparisons of the most 

magnesian olivine phenocrysts in each of the analysed flows with the liquidus olivine 

composition calculated for these rocks, indicate that most of the lavas are not in 

equilibrium with their host rock. The average analysed olivine composition (Fo8789) 

suggests that lavas with >14 wt. % MgO have accumulated olivines in various 

proportions. However, the rare occurrence (-10 %) of olivines with forsterite contents 

up to 91.8 mol. % demonstrate that magnesian melts with MgO contents up to 17.5 wt. 

% were also available in the formation of the Baffin Island lava flows. The dykes on 

Padloping Island and Cape Searle contain much higher proportions (58 %) of Fo-rich 

olivines (highest measured value Fo92 .9), which were in equilibrium with liquids with 

19.6 wt. % MgO. It has been demonstrated that these magnesian olivines do not 

represent xenocrysts, but were instead part of the cognate mineral assemblage on Baffin 

Island. L.M.Larsen & Pedersen (2000) concluded that most of the high magnesian 

olivines in the West Greenland picrites stayed behind in the conduit system, and only the 

more iron-rich olivines erupted at the surface. This conclusion applies to the lava flows 

but not to the dykes on Baffin Island. A different process (e.g. higher ascent velocities, 

turbulent flow) must have taken place during the dykes' eruption, leading to the large 

quantity of highly magnesian olivines. 

To correct for the olivine accumulation process and to determine the parental liquid 

composition in equilibrium with the most Fo-rich observed olivine in each sample, an 

olivine-addition/subtraction method was used. The results show parental liquid 

compositions with MgO contents of 8.6-17.5 wt. % for the lava flows and 17.9-19.6 wt. 



% for the dykes. The wide range of the olivine compositions, which led to the large 

variety of the calculated parental liquid compositions, demonstrates that the olivines 

cannot have been in equilibrium with a single magma type. They probably reflect the 

history of a complex magmatic system, in which several batches of magmas have been 

mixed, and only a small proportion of these mixtures actually reached the surface. 

Estimates for the parental liquidus temperature at the time that the olivines started to 

crystallise range from 1211 to 1358° C for the lava flows and from 1339 to 14300  C for 

the dykes (depending on the calculation method used). 
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5 Crustal contamination 

5.1 Introduction 

Before either the mantle source characteristics or the melting regime of the Tertiary 

rocks on Baffin Island can be investigated (see chapter 6 and 7), it is necessary to 

determine whether or not the lavas interacted with continental crust. Various workers 

have shown the effects of crustal contamination on lava compositions from several 

locations in the NAIP, such as West Greenland (section 2.2.1), East Greenland (Holm, 

1988; Fram & Lesher, 1997; Hansen & Nielsen, 1999; Fitton et al., 1998, 2000; 

Saunders et al., 1999) and the British Isles (Dickin, 1981; Thompson et al., 1982, 1986). 

Studies in the British Tertiary Igneous Province (BTIP) have identified contaminants of 

metasediments and of both amphibolitic and granulitic continental crust (Carteret al., 

1978; Dickin, 1981; Thompson, 1982). Similar contamination processes have been 

recorded in East Greenland. The Ocean Drilling Program (ODP) Leg 152 data at the SE 

Greenland margin shows that the early lavas have been contaminated with granulite-

facies gneiss (probably lower crust), while the composition of later lava flows have 

isotopic characteristics typical of upper crustal amphibolite-facies gneiss (Fitton et al., 

1998). In contrast, the isotopic composition of the strati graphically lower basalts around 

the Kangerlussuaq Fjord in central East Greenland have been affected by crustal 

contamination with amphibolite, whereas at higher stratigraphic levels lavas show inputs 

of granulite-facies gneiss (Hansen & Nielsen, 1999). Holm (1988), however, suggested 

minor influence from crustal contamination. Instead, he explained the variation of the Sr, 

Nd and Pb isotopes of East Greenland lavas as a result of interaction between four 

mantle-derived components: (1) an enriched old lithospheric mantle, (2) an ocean island 

basalt (OIB)-type mantle, (3) a typical Icelandic source and (4) a less enriched, 

lithospheric mantle. 
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Evidence of crustal contamination processes has been also recorded in West Greenland, 

where both a sediment and a felsitic continental crust contaminant have been identified 

(Pedersen, 1985b; Pedersen & Pedersen, 1987; Goodrich & Patchett, 1991; Pedersen et 

al., 1996; Lightfoot et al., 1997; Schafer et al., 2000). A more detailed summary of West 

Greenland contamination is given in section 2.2.1. On Baffin Island, magmas rose 

through Archaean and Proterozoic crust, as well as Tertiary sedimentary sequences (e.g. 

Jackson & Taylor, 1972; Burden & Langille, 1990; Jackson & Berham, 2000) and 

contamination during their ascent is a distinct possibility and has to be taken into 

account. 

5.2 Modelling contamination processes 

Some incompatible trace element ratios, such as Ba/Zr, Ba/Nb, La/Nb and Th/Nb, are 

increased and distinctive in crustal material (see Table 5.1 for average continental crust, 

MORB and primitive mantle compositions). Higher values of such ratios, combined with 

higher Si02  and K20, as well as disturbed isotope ratios, could be the result of crustal 

contamination. Some Baffin Island rocks are more extreme (higher 87  Sr/ 86Sr and lower 

143Nd/144Nd) than any rocks analysed from Iceland and such ratios could have been 

influenced by crustal material. However, the Baffin Island rocks do not show clear 

correlations between isotope ratios (87Sr/86Sr and 143Nd/1 44  Nd) and indices of either 

differentiation (e.g. SiO2  content) or contamination (e.g. incompatible trace elements). 

Fig. 5.1a shows a plot of Ba/Zr versus Si02. The Baffin Island samples show, firstly, not 

very high Ba/Zr (<1.6) and Si02  (<50 wt. %) values and, secondly, no positive 

correlation (which would be expected if the samples have been stored, differentiated and 

crustally contaminated in crustal magma reservoirs). Similar patterns can be seen in 

plots like Ba/Nb versus 143NdPNd (Fig. 5.1.b), Th/Nb versus SiO2  (Fig. 5.1.c) and 
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Table 5. 1. Average values of SiO 2 , TiO 2 , K 2  0, Ba/Zr, Ba/Nb, La/Nb, Th/Nb 

for primitive mantle, N-MORB and continental crust 

Primitive mantle N-MORB Continental crust 

Si02 (wt. %) 44.93 50.45 (b) 59.10 

h02  (wt. %) 0.20 1.27 (a) 0.70 

K20 (wt. %) 0.03 0.07 (a) 1.88 

Ba/Zr 0.63 0.085 (a) 3.17 
Ba/Nb 10.03 2.70 (a) 32.50 
La/Nb 0.98 1.07 (a) 1.50 
Th/Nb 0.12 0.05 (a) 0.47 

References: Primitive mantle, McDonough & Sun (1995); 
N-MORB, (a) Sun & McDonough (1989), (b) Hofmann (1988); 
Continental crust, Rudnick & Fountain (1995). 
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87  Sr/ 86Sr versus Si02  (Fig. 5.1.d). Contamination processes in these plots would lead to 

higher Ba/Zr, Ba/Nb, Th/Nb, S102, 87  Sr/ 86Sr and lower 143NdJ1 44  Nd values. 

Contamination with sediments (e.g. shales) leads to higher Th/Nb values. Most of the 

Baffin Island rocks (Fig. 5.1c) have very low Th/Nb values (<0.2), with the exception of 

the dykes on Padloping Island and Cape Searle and interestingly, a single lava flow (P1-

36 to P1-40) on Padloping Island. CS-43, P1-35, P1-30/31 and CS-30 also have higher 

values (Fig. 5. lc), suggesting that sediments could have interacted with these magmas. 

In Fig. 5.1d, three different groups can be distinguished: (1) low-Nb/Zr samples (2) 

high-Nb/Zr samples and (3) the dyke samples (for definition of the low- or high-Nb/Zr 

groups, see chapter 3). Representative REE patterns of each group are also shown. If 

crustal contamination has affected the magmas on Baffin Island, one would expect a 

positive correlation between 87  Sr/ 86Sr and Si02. However, the different groups show 

nearly constant 87  Sr/ 86Sr ratios with increasing Si02  contents. Also, the samples that are 

relatively more enriched in incompatible elements (high-Nb/Zr group) are not those that 

have higher 87Sr/86Sr ratios and S102  contents. Instead, the dykes, which have low Nb/Zr 

and the most depleted REE pattern of the Baffin Island samples, show the highest 

87  Sr/ 86Sr ratios and Si02  contents. Most likely the incompatible element-poor nature of 

the dyke parental magma rendered them most sensitive to any interaction with 

continental crust. Because there is no systematic relationship between any index of 

contamination and either 87Sr/86Sr or 143NdJNd, these variations are not due to crustal 

contamination processes. Overall, crustal contamination is highly unlikely to have been 

the cause for either the relative incompatible enrichment or the high 87  Sr/ 86Sr and low 

143NdJ14 Nd ratios, and smaller degrees of melting or a relatively more enriched source 

are more likely explanations for the compositions of these magmas (chapter 6). 

For most of the North Atlantic Igneous Province, the Archaean and Proterozoic rocks, 

which form the basement, are characterised by distinctively unradiogenic Pb (e.g. 

Dickin, 1981; Kalsbeek et al., 1993; Taylor et al., 1992; Whithouse et al., 1998). These 
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signatures are so extreme compared to mantle compositions, that Pb isotope ratios are a 

powerful tool in studies of potential crustal contamination in this region. Some Baffin 

Island lavas have Pb ratios similar to Icelandic and North Atlantic rocks, but others trend 

towards less radiogenic Pb (Fig. 5.3), which could be the result of interaction with the 

Archaean and Proterozoic basement rocks. However, note that co-variations between Pb-

isotope ratios and either 87Sr/865r, '43Nd/'Nd and incompatible-element ratios sensitive 

to crustal contamination (e.g. Ba/Zr, La/Nb) are absent (Fig. 5.2). This supports the 

result above, that is, that the 87Sr/86Sr, 143NdI1 Nd, and incompatible element ratios have 

not been significantly affected by crustal contamination, while the Pb-isotope ratios 

possibly show interaction of the Baffin Island magmas with their Precambrian basement 

rocks. Also, as shown by Kalsbeek & Taylor (1985) in West Greenland, the magmatic 

Pb isotopes of basaltic rocks with low Pb concentrations may be totally exchanged with 

crustal Pb, while the isotope systems of Sr or Nd might not have been significantly 

affected. Some of the Tertiary volcanic rocks on Skye also contain a significant 

proportion of crustal Pb, but still show no other evidence for contamination, which, 

according to Dickin (198 1) could be the result of the greater mobility of the element Pb. 

To identify the potential contaminants, several end-members have been classified. 

Unfortunately, Pb isotope ratios and Pb concentrations from the Baffin Island basement 

of the studied area are not available yet. Instead, different rock compositions were 

chosen as possible contaminants from the Nagssugtoquidian mobile belt on West 

Greenland, to which the basement rocks of the studied lava flows and dykes belong (e.g. 

Jackson et al., 1990). In Fig. 5.3, the lava flows and dykes of Baffin Island define 

several straight lines extending from Icelandic and North Atlantic MORB to more 

unradiogenic Pb compositions. Note that the analysed samples show a large variation in 

207Pb/204Pb ratio (14.63 to 15.50). Due to the almost complete decay of the 235U parent to 
207 Pb at the present day, this variation in the 207Pb/204Pb ratios must be a long-lived 

signature. The scatter of 207Pb/204Pb for a given 206Pb/204Pb would have been generated 

107 



16.5 	17.0 	17.5 

206Pb/204Pb 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

fin 

18.0 	18.5 

+ x 

A 

• 
A A A% A 

1.6 

1.4 

1.2 

1.0 

I- 
N 0.8 
Cu 

0.6 

0.4 

0.2 

fin 

A 

A A 

A 

U 

• S 
A U 

x 
Ex 

D 
0 

36.0 	36.5 	37.0 

208Pb/204Pb 
0.5132 

37.5 	38.0 

0.5131 

z 
0.5130 

0.5129 

fi r, 1 O 

- EDZL 

>1 	•.• 	+ 

AA 

AA  

x 
x 

14.4 	14.6 	14.8 	15.0 	15.2 	15.4 	15.6 

207PbI204Pb 

Fig. 5.2. (a) Ba/Zr versus 206Pb/204Pb, (b) La/Nb versus 208Pb/204Pb and 
(c) 143 Nd/144 Nd versus 207Pb/204Pb. Symbols for Baffin Island samples as in Fig. 5.1. 

108 



NA 

15.8 

15.6 
I 	 End-member 2 

206Pb/204Pb: 16.79 
I 	 207Pb/204Pb: 15.461  

15.4 	 Pb: l6ppm 

Atlantic 
MORB 

A 	 Iceland 

15.2 

10 

	

15.0 	

- 

25 

Ain phi bohte 
0 	25 	

10 

14.8 

Granulite 0 	 50 
100 	 100End-member 3 

	

14.6 	 206PbI204Pb: 14.85 
207Pb/204Pb: 14.68 

Pb: l2ppm 
I 

	

14.4 	 I 
 

End-member I 
206Pb/204Pb: 18.04 
207Pb/204Pb: 15.36 

Qe12 	Pb: 0.7 ppm 

X 
5 
	CS-8 G 

10 

End-member 4 
20 Pb/204Pb: 17.04 
207Pb/204Pb: 14.93 

Pb: 32 ppm 
X CS-7 

13 	 14 	15 	16 	 17 	 18 	 19 	 20 

206Pb/204Pb 
Fig. 5.3. Binary mixing for 207Pb/204Pb versus 206PbI204Pb. The mixing lines are calculated by mixing the most primitive Baffin Island sample (P1-41) with 
three different end-members of the Nagssugtoquidian mobile belt on West Greenland as well as with the average composition of both amphibolite 
and granulite gneiss of Dickin (1981). Mixing curves are labeled with wt. % of contaminant. End-member 1 corresponds to P1-41 of Baffin Island; 
end-member 2 to Arfersiorfik quartz diorite (sample 298617; Karlsbeek et al., 1987); end-member 3 to Egedesminde gneiss (isotope ratios:sample 
298617, Pb (ppm): sample 298616; Kalsbeek et al., 1987); end-member 4 toAkungdlit pink gneiss (isotope ratios: sample 298696, Pb (ppm):sample 
298686; Kalsbeek et al., 1987). Iceland isotope composition are from Sun & Jahn, 1975; Cohen & O'Nions, 1982a; Furman et al., 1991; Hards et 
al., 1995; Hanan & Schilling, 1997; Breddam et al., 2000 and Prestvik et al., 2001. North Atlantic MORB compositions are from Cohen et al., 1980; 
Dupre & Allegre, 1980; Ito et al., 1987 and Dosso et al., 1991, 1993. Symbols for Baffin Island samples as in Fig. 5.1. 



in the Archaean, when the production of 207  Pb was still substantial, suggesting that 

contamination of the Baffin Island rocks with the Archaean basement is quite likely. 

Several end-members have been chosen in order to explain these different trends in Fig. 

5.3 (see Table 5.2). Some of the analysed crustal rocks of Kalsbeek et al. (1987) have 

Pb-isotope ratios, that are similarly or more radiogenic (higher 207Pb/204Pb and 

206Pb/204Pb ratios) than the volcanic rocks of Baffin Island. Therefore, the most 

unradiogenic rocks of the three different locations within the Nagssugtoquidian mobile 

belt were chosen as potential end-members. Unfortunately, the Pb content was not 

measured in some of these rocks analysed by Kalsbeek et al. (1987) and thus the Pb 

content for the mixing calculations had to be taken from another sample of this 

formation. The most primitive Baffin Island sample (PI-41) represents end-member 1 

(Table 5.2). This sample was mixed with three different end-members of the 

Nagssugtoquidian mobile belt on West Greenland (Table 5.2). End-member 2 

corresponds to the Proterozoic Arfersiorfik quartz diorite. End-member 3 represents the 

Archaean Egedesminde gneiss and end-member 4 the Archaean Akugdlit pink gneiss. 

The Padloping Island lava flows and dyke (high- and low-Nb/Zr groups) could have 

been contaminated with the Arfersiorfik quartz diorite, leading to slightly increasing 

207Pb/204Pb ratios with decreasing 206Pb/204Pb ratios. The assimilation ranges from 1% to 

nearly 50%. The stratigraphically higher lavas of Cape Searle (low-Nb/Zr-group), as 

well as DI-13 and DI-20 (high-Nb/Zr group) plot between the Arfersiorfik quartz diorite 

and the Egedesminde gneiss mixing lines; and their contaminant could be a hybrid 

composition between these two extremes. In either case, the amount of contamination 

for these samples does not exceed 2 %. The lower series lavas of Cape Searle (high-

Nb/Zr group) and the middle series lavas of Durban Island (high-Nb/Zr group) can be 

formed by mixing the basaltic end-member (PI-41) with up to 2 % of the Akungdlit pink 

gneiss. 
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Table 5.2. Pb isotopic compositions and Pb (ppm) contents of the proposed end-members 
(from Karl.sbeek et al., 1987) 

End-member Sample Formation Sample name 206Pb/204Pb 207Pbi204Pb Pb (ppm) 
(Fig. 5.3) 

1 Padloping Island P1-41 18.04 15.36 0.7 

2 Arfersiorfik quartz diorite 298645 16.79 15.46 16 

3 Egedesminde gneiss 298617 14.85 14.68 
298616 12 

4 Akungdlit pink gneiss 298696 17.04 14.93 
298686  32 

End-member Sample Formation Sample name 206Pb/204Pb 208PbI204Pb Pb (ppm) 
(Fig. 5.4) 

1 Padloping Island P1-41 18.04 37.73 0.7 

2 Arfersiorfik quartz diorite 298640 16.00 35.32 
298645 16 

3 Egedesminde gneiss 298617 14.85 14.68 
298616 12 

4 Akungdlit pink gneiss 298692 16.80 35.69 
298686  32 



Because the Lewsian complex of NW Scotland and the Nagssugtoquidian mobile belt of 

West Greenland are very similar in their history and isotopic compositions (e.g. 

Kaisbeek et al., 1993), the average compositions of amphibolite-facies gneiss 

(206Pb/204Pb: 14.91; 207  Pb/ 204Pb: 14.87; Pb= 12 ppm) and granulite-facies gneiss 

(206  Pb/ 204Pb: 13.95; 207Pb/204Pb: 14.69; Pb= 5 ppm) of Scotland (Dickin, 1981) are also 

included in Fig. 5.3. These crustal compositions do not satisfy the disturbed Pb-isotope 

ratios (particularly not the 207Pb/204Pb ratio). Even though the compositions of the 

Precambrian basement of the studied lava flows and dykes are not available, the three 

end-members of the Nagssugtoquidian mobile belt of West Greenland could represent 

the crustal contamination material. However, accurate estimates of the degree of crustal 

contamination are difficult, because for some of the crustal rocks, the Pb concentrations 

had not been analysed and therefore have had to be estimated (see above). Obviously, 

precise modelling of crustal contamination will only be possible when data from the 

actual Baffin Island basement are available. 

By using 208Pb/204Pb and 206Pb/204Pb ratios in conjunction, it is possible to locate the 

depth of the crustal contaminant, because the crust may develop a stratified signature of 

these isotopes in response to high-grade metamorphism (e.g. Dickin, 1981). In Fig. 5.4, 

the mixing lines between sample PI-41 and the same local basement end-members used 

in Fig. 5.3 as well as the average amphibolite (probably upper crust) and the granulite-

facies gneiss (probably lower crust) composition of Dickin (198 1) are shown. For end-

member 3 (Archaean Egedesminde gneiss), the same sample as in Fig. 5.3 has been 

used. However, because the compositions of the end-member 2 (Proterozoic Arfersiorfik 

quartz diorite) and end-member 4 (Archaean Akugdlit pink gneiss) in Fig. 5.3 do not 

have the most unradiogenic compositions of the formation, different rock samples have 

been chosen for the mixing-calculation in Fig. 5.4. 

According to the 207Pb/204Pb - 206  Pb/ 204Pb diagram (Fig. 5.3) the Padloping Island lava 

flows and dykes could have been contaminated by mainly the Arfersiorfik quartz diorite 
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(except for sample P1-27, in which the contaminant was more likely the Egedesminde 

gneiss). However, in the 208Pb/204Pb - 206Pb/204Pb plot, the influence of the Egedesminde 

gneiss contaminant on the Padloping Island lava flows is more obvious, and therefore a 

potential contaminant with a hybrid composition between Arfersiorfik quartz diorite and 

Egedesminde gneiss is most likely for these samples (assimilation less than 7 %). The 

high-Nb/Zr samples of Durban Island show in the 206Pb/204Pb -208Pb/204Pb plot an 

assimilation of 1 % with the Egedesminde gneiss, while the low-Nb/Zr group of Durban 

Island and the Cape Searle lava flows (high- and low-Nb/Zr group) could have been 

contaminated (less than 2 %) with the Akugdlit pink gneiss. The average composition of 

the amphibolite- and granulite-facies gneiss composition of Dickin (1981) are also 

included in Fig. 5.4. According to this, contamination with granulite-facies gneiss (up to 

7 % assimilation) could explain the trend towards more unradiogenic Pb. None of the 

Baffin Island samples show clear evidence for contamination with amphibolite-facies 

crustal material (Fig. 5.4). 

By modelling the most basic Baffin Island lava flow (PI-41) with several possible end-

members of the Nags sugtoqui di an mobile belt of West Greenland, it has been shown 

that the Pb isotope ratios of the Baffin Island lava flows could be explained by crustal 

contamination with a wide range of basement rock compositions. However, the lack of 

any systematic relationship between Pb isotope ratios and either Sr- or Nd-isotopes 

suggests that Sr- and Nd-isotope ratios were not significantly affected by crustal 

contamination processes. Moreover, by assuming a basic Baffin Island sample (PI-41 

with Pb: 0.7 ppm, Sr: 148.8 ppm, Nd: 3.24 ppm), the effect of 7 % crustal assimilation 

(average continental crust with Pb: 12.6 ppm; Sr: 325 ppm; Nd: 20 ppm; McLennan & 

Taylor, 1995) is more visible in the Pb contents than it is in the Sr and Nd contents. By 

adding 7 % of crustal material to the basic Baffin Island lava flow, the mixture will 

contain 56 % crustal Pb, but less crustal Nd and Sr compositions (29 % and 13%, 

respectively). Therefore, although it cannot be completely excluded that some of the Sr 
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and Nd isotope ratios have been affected by crustal contamination processes, the effects 

of crustal contamination appear negligible. 

5.3 Summary 

Magmas passing through continental crust have the potential to modify their 

composition by assimilation of crustal material. In order to determine the genesis and 

evolution of lavas, it is necessary to consider whether or not the basic magmas 

assimilated, equilibrated or otherwise interacted with continental crust during their 

uprise from the mantle. The Baffin Island lava flows and dykes erupted through 

Archaean and Proterozoic crust as well as Tertiary sedimentary sequences (e.g. Burden 

& Langille, 1990; Jackson et al., 2000) and contamination of the magmas is a distinct 

possibility in such an environment. 

Some Baffin Island rocks are isotopically more extreme (higher 87Sr/86Sr and lower 

'43NdJ144Nd) than any rocks analysed from Iceland and it is essential to test whether 

these isotope ratios were affected by crustal contamination. The Sr- and Nd-isotope 

systems lack any clear correlation with indices of either crustal contamination (e.g. 

incompatible trace element ratios such as BaIZr, Ba/Nb, La/Nb, Th/Nb) or 

differentiation (e.g. Si02  content). These observations suggest that these isotope and 

trace element ratios were not affected by crustal material. However, the lava and dyke 

compositions of Baffin Island show disturbed Pb-isotope ratios, trending in general 

towards more unradiogenic Pb. Several studies have demonstrated that the Precambrian 

basement of most parts of the NAIP has low 206Pb/204Pb (e.g. Dickin, 1981; Kalsbeek et 

al., 1993; Whitehouse et al., 1998) and therefore any crustal contamination processes 

might be more apparent in Pb isotope compositions. The absence of any co-variation 

between Pb-isotope ratios and either other isotope ratios (Sr and Nd) or indices of crustal 
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contamination confirms the suggestion above that the incompatible trace elements and 

Sr- and Nd-isotope ratios of the lava flows have not been changed by crustal material. 

However, the dykes show an interaction with crustal material. 

Small amounts of contamination are indicated by modelling the most basic Baffin Island 

lava flow (P1-41) with several possible end-members of the Nagssugtoquidian mobile 

belt of West Greenland in 207Pb/204Pb_ 206Pb/204Pb and 208Pb/204Pb_ 206Pb/204Pb diagrams. 

The Padloping Island rocks could have been contaminated with the Arfersiorfik quartz 

diorite, while addition of either Egedesminde gneiss or Akungdlit pink gneiss to the 

basic lava flow could have produced the observed Pb-isotope ratios of Cape Searle and 

Durban Island. Even through assimilation with any local basement rock does not exceed 

2 %, the crustal contamination models show that a wide range of basement rocks have 

disturbed the Pb isotope ratios. By using the average Hebridean amphibolite-and 

granulite-facies gneiss composition of Dickin (1981), the mixing-lines with the basaltic 

end-member show that granulite-facies gneiss has possibly affected the Pb-isotope 

compositions (up to 7 % assimilation), while amphibolite-facies gneiss seems unlikely to 

have been involved in the crustal contamination processes. 
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6 Mantle melting 

6.1 Introduction 

The source composition and mineralogy, as well as the temperatures and depths at which 

melts form, have a significant impact on the geochemical variations of volcanic rocks 

(e.g. Klein & Langmuir, 1987; Kinzler & Grove, 1992). In order to examine such 

geochemical variations due to partial melting processes, different models have been 

developed that relate incompatible element concentrations in residual solids and derived 

liquids to the type and degree of melting. The two fundamental end-member models for 

the creation of partial melt in the mantle are equilibrium (batch) and fractional melting 

processes. The former generates a melt that is in equilibrium with the crystalline residue 

throughout the entire melting interval, while in the latter the melt is immediately isolated 

from the crystalline residue. Several refinements of these end-member processes have 

been proposed, including non-modal melting and pooling melts from different sources 

(e.g. Elliot et al., 1991; Sobolev et al., 1994; Gurenko & Chaussidon, 1995). The 

important input parameters in the partial melting models are: the starting bulk 

composition of the source, the partition coefficient between the mantle phases and melt, 

and the proportions of minerals in the bulk solid and those contributing to the liquid. 

6.2 Mantle melting processes 

Modelling the partial melting processes of erupted rocks is problematic, because of the 

large number of unknown parameters, so that any calculated melting curves are highly 

sensitive to the assumed parameters used in the particular model. However, by using 

both major element and trace element contents and ratios in different models, and by 
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comparing the results, it is still possible to estimate the depth and degree of partial 

melting. 

Herzberg (1995) and Herzberg & Zhang (1996) developed a model using bulk A1203  

content versus CaOIA1203  ratio that is based on experimental work on the anhydrous 

phase equilibrium relations of komatiite and peridotite. The liquids on the solidus 

reported in this model are based on experimental data in the system CaO-MgO-Al203-

Si02  (e.g. Presnall et al., 1979; Bertka & Holloway, 1988; Herzberg, 1992). The 

compositions of liquids on the solidus are difficult to determine experimentally at any 

pressure (Herzberg, 1992; Hirose & Kushiro, 1993; Baker & Stolper, 1994) because the 

segregation of small melts from a pendotite source is difficult and also because the 

liquids can be modified by quench crystallisation at the termination of an experiment 

(Herzberg, 1995). This problem, according to Herzberg (1995) can be avoided by the 

adoption of the "shotgun" experimental method (O'Hara, 1968), where liquid 

compositions on the solidus (L+Ol+Opx+Cpx+Gt) have been bracketed by examining 

the nature of the liquidus phase for a wide range of komatiite compositions. Herzberg 

(1995) and Herzberg & Zhang (1996) demonstrated that the wide range of A1203  and 

CaOIA1203  contents in picrites and komatiites can be explained by melt segregation at 

upper mantle pressures ranging from 3 to -10 GPa. This model is very useful, because 

CaOIA1203  is insensitive to compositional and modal variations in olivine. According to 

this model, the West Greenland picrites were generated at 3-4 GPa (Herzberg, 1995). In 

later work, using experimental phase equilibrium studies, Herzberg & O'Hara (1998, 

2002) calculated eruption temperatures for West Greenland and Baffin Island primary 

magmas of about 140014400  C (see also chapter 4) and pressures of initial melting on 

the anhydrous solidus of 3.8-4.7 GPa. Fig. 6.1a shows the model developed by Herzberg 

(1995) and Herzberg & Zhang (1996) using the bulk A1203  versus CaOIA1203  ratio for 

the Baffin Island rocks analysed in this study. A1203  is a good indicator of depth in the 

garnet peridotite field, because its concentration in initial melts drops considerably with 

increasing pressure (Herzberg, 1992, 1995), while CaO does not change as much, and 
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thus the ratio CaO/A1203  in magmas on the solidus will also change with increasing 

pressure (Herzberg & Zhang, 1996). However, the A1203  content in a magma can also 

depend on the source composition, the degree of melting and the amount of olivine 

fractionation, but, according to Herzberg (1992, 1995), for liquids on or close to the 

solidus these factors have only a small effect on the CaO/A1203  ratio. In Fig. 6.1a, the 

Baffin Island lava flows cluster between 8 and 16 wt. % A1203  and between 0.6-0.9 

CaO/A1203. The wide range of the A1203  content at nearly constant CaO/A1203  can be 

explained by variable amounts of olivine addition and subtraction (Herzberg, 1995). 

Most of the low-Nb/Zr group of Padloping Island, Durban Island and Cape Searle 

cluster next to the solidus line at higher pressures (around 3-4 GPa) compared with the 

high-Nb/Zr group, which is clustered at lower pressures (2-3 GPa). This observation is 

consistent with the higher temperatures of the low-Nb/Zr group (calculated in chapter 4), 

because deeper melting occurs at higher temperatures in anhydrous systems (e.g. 

Herzberg, 1995). Note that the Baffin Island volcanic rocks plot to the left (low 

CaO/A1203) of the solidus line. Since primary magmas can only plot on or to the right of 

this line (Herzberg, 1995), none of the Baffin Island samples is primary in composition 

(see also chapter 4). 

As demonstrated in chapter 4, most of the Baffin Island rocks contain accumulated 

olivines which will reduce their A1203  content and lead to higher calculated segregation 

pressures in this model. Therefore, this effect has been removed by normalising the 

whole data set to 14 wt. % MgO by addition or subtraction of olivine with Fo89  

(composition of sample P1-41; olivine 4, core 4). This method is described in chapter 4. 

The value of 14 wt. % for MgO was chosen because the average analysed olivine 

composition (F08789) suggests that Baffin Island lavas with >14 wt. % MgO might 

contain accumulated olivines (see chapter 4). Fig. 6. lb shows the Herzberg (1995) and 

Herzberg & Zhang (1996) model using the data set normalised to 14 wt. % MgO. Both 

the low- and the high-Nb/Zr group now cluster between 12.4 wt. % and 14.3 wt. % 

A1203  (except P1-42 with 15.9 wt. % A1203) and between 0.7 wt. % and 0.9 CaO/A1203  
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(except hyaloclastic rocks of Cape Searle with -0.6 CaO/A1203) implying segregation 

pressures of -3 GPa. 

Similar estimates for segregation pressures for the Baffin Island samples are obtained by 

using the simple equation obtained from linear regression of experimental data of 

Scarrow and co-workers (Scarrow & Cox, 1995; Scarrow et al., 2000). Accumulation of 

olivine could reduce the Si02  values (used in the formula) towards lower values, which 

would result in higher calculated segregation pressures using this model. Therefore, the 

corrected data set was also used in this model. The estimated pressures for Cape Searle 

range between 1.7 and 3.2 GPa, for Padloping Island between 2.0 and 3.1 GPa and for 

Durban Island between 1.8 and 2.5 GPa (Fig. 6.2). However, note that the two single 

flows (P1-36-40 and P1-41/42) on Padloping Island show segregation pressures between 

2.2-3.1 GPa. Such wide ranges for single flows are unexpected: possible explanations 

might be either that the method used to determine segregation pressures is unreliable, or 

that the samples collected as single flows do not in fact represent single flows; but 

neither is satisfactory. Scarrow et al. (2000) calculated segregation pressures for the 

West Greenland lava flows between 2.2 and 3 GPa, within the range of the estimated 

pressures of the Baffin Island suite. Robinson & Wood (1998) placed the garnet-spinel 

transition zone at -2.6 GPa, suggesting that at least some of the Baffin Island rocks 

could have been formed within the garnet-lherzolite field. 

By choosing incompatible trace element ratios for modelling partial melting processes, 

the problem of olivine accumulation can be solved, because these ratios are not 

influenced significantly by the addition of olivine crystals. However, before examining 

geochemical variations due to mantle melting, the effect of shallow level fractionation 

has to be taken into account. Since olivine is normally crystallised at shallower depths, 

MgO is a good indicator of fractionation for basaltic rocks (Putirka, 1999). One method 

of testing whether the trace element variation is due to olivine fractionation is to 

compare the trace element ratios with the MgO content (Fig. 6.3). The trace element 
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ratios used in the following calculation ((La/Nd) and (Sm/Yb)) show no clear 

correlation with the MgO content (Fig. 6.3), and therefore these ratios seem to be 

unaffected by shallow fractionation of olivine and seem more likely to be the result of 

other processes (e.g. source composition, partial melting). 

A non-modal fractional melting equation (Shaw, 1979) is used to calculate the trace 

element concentrations of the liquids produced by partial melting of spinel and mixtures 

of garnet and spinel lherzolites (Fig. 6.4). A N-MORB source (Sun & McDonough, 

1989) depleted in incompatible elements and a primitive mantle source (McDonough & 

Sun, 1995) were chosen as starting bulk compositions. The initial mantle mineral modes 

in spinel and garnet lherzolite and the trace element partition coefficient values are from 

McKenzie & O'Nions (1991). The mantle phase proportions contributing to the liquid 

are taken from Johnson et al. (1990). The equations and input parameters used in the 

partial melting model are summarised in Table 6.1. 

For the trace element model presented here, the ratios (La/Nd),, and (Srn1Yb) 

(=chondrite normalised) were chosen, as each ratio has the potential to yield 

information about either the chemistry or mineralogy of the source region and both have 

isotopic implications (see chapter 7). While (La/Nd)n  is a good indicator for the mantle 

source composition and the extent of melting, (SmIYb) provides information on the 

modal mineralogy of the source. Because Nd is more compatible than La during 

peridotite melting, the (La/Nd) ratio decreases as the extent of melting increases. 

However, as the degree of melting increases, the (La/Nd),, ratio very quickly approaches 

a constant value (the starting mantle value), because the incompatible elements La and 

Nd can only be fractionated from each other at small degrees of melting. The 

concentration of Yb, on the other hand, is very low in basaltic rocks formed by small 

degrees of melting at high pressures, because Yb is highly compatible in garnet. 

Therefore, melts produced at high pressures will have high (Sm/Yb)n  values. As melting 

increases and proceeds to shallower depths, the Yb concentration in basaltic rocks 
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Table 6. 1. Equations and input parameters for the partial melting calculations 

Key 
CL: element in the liquid 

Non-modal accumulated C0: source (bulk) composition 

fractional melting equation: D0: bulk mineral-liquid distribution coefficient 

CL/CO=1/F(1-(1-FPlDo)1 ) F: degree of melting 

P: bulk partition coefficient for melt 
D0=xD D: mineral-liquid partition coefficient 

P=pD, p: mineral proportion by mass of element i 

X': mantle phase proportions of element i 

D,: D value for element i 

Partition coefficient(D1)3  

Source composition(C0) 

N-MORB1 	PM2  ol opx 	cpx 	sp 	gt 

La 	10.55 	2.73 0.0004 0.003 	0.054 	0.01 	0.01 

Nd 	15.63 	2.90 0.001 0.0068 	0.21 	0.01 	0.087 

Sm 	17.19 	2.90 0.0013 0.01 	0.26 	0.01 	0.217 

'Yb 	17.94 	2.90 0.0015 0.049 	0.28 	0.01 	4.03 

Mantle phase proportions4  

ol 	opx cpx sp gt 

x(sp-Lher.) 	0.578 	0.27 0.119 0.033 
x(gt-Lher.) 	0.598 	0.211 0.076 0.115 

Proportions phases will contribute during melting5  

ol 	opx cpx sp gt 

p(sp-Lher.) 	0.1 	0.2 0.68 0.02 
p(gt-Lher.) 	0.03 	0.03 0.44 0.5 

N-MORB and chondrite value (Sun & McDonough, 1989) 
primitive mantle (McDounough & Sun, 1995); chondrite value ( Sun & McDonough, 1989) 
McKenzie & ONions (1991) 

4. McKenzie & ON ions (1991) 
5: Johnson et al. (1990) 
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increases progressively, because garnet is not the residual aluminious phase any more. 

This process is illustrated in Fig. 6.4 using a non-modal fractional melting equation. 

By assuming a N-MORB source (Fig. 6.4a), some of the low-Nb/Zr group of Padloping 

Island and Durban Island could be produced either by 5-10 % melting of a spine!-

lherzolite source, or by 7-10 % % melting of a source mainly composed of spinel 

lherzolite (96-99 wt. %) with small amounts of garnet (1-4 wt.%). The low-Nb/Zr 

samples of Cape Searle may be explained by 5-8% melting of a spinel-lherzolite source. 

The high-Nb/Zr group plot between the melting curves of a spinel lherzolite and a 

mixture of spinel and garnet lherzolite (98:2) source and could have been produced by 2-

5 % of partial melting. The high-Nb/Zr group of Padloping Island and Durban Island 

could be produced by melting of a spinel lherzolite source (99%) with a very small 

amount of garnet (1%). However, part of the high-Nb/Zr group plots to the left of the 

spinel-lherzolite curve and melting of a N-MORB source appears not to be consistent 

with the trace element compositions of these samples. Calculated melting curves of a 

slightly more enriched source (primitive mantle) give a better fit with the observed trace 

element compositions of the high-Nb/Zr samples (Fig. 6.4b). In this case, the high-Nb/Zr 

samples of Cape Searle can be successfully modelled by a source either composed of 

pure spinel lherzolite (6-8 % melting) or by a mix of 96 % spinel and 4 % garnet 

lherzolite (5-6 % melting). The high Nb/Zr group of Padloping Island and Durban Island 

could be produced by 3-7% melting of a mainly spinel-lherzolite source (98%) with 

small amounts of garnet (2%). 

Modelling the dyke compositions with a source composed of spinel or garnet lherzolite 

appears more problematic. The measured trace element ratios of the dykes have similar 

(LaJNd), but display lower (Sm/Yb)n  ratios compared with the low-Nb/Zr group. It was 

not possible to extend the melting curves to such low (Sm/Yb)n  ratios, but it is suggested 

that the dykes were also produced from a N-MORB source. According to their lower 
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(b) primitive mantle (McDonough & Sun, 1995). The equations and parameters used for 
these calculations are summarised in Table 6.2. Symbols for Baffin Island samples as in 
Fig. 6.3. For explanation see text. 
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(Sm/Yb) ratios, the calculated depth of melting seems to have been shallower for the 

dykes than for the lava flows. 

The partial melting model presented here indicates that the low-Nb/Zr group and the 

high-Nb/Zr group of Baffin Island were generated mainly from sources composed of 

spinel lherzolite or mixtures of spinel and garnet lherzolite, suggesting deriviation of 

magmas from melt columns which could have extended across the garnet-spinel 

transition zone. The low-Nb/Zr group of all three locations on Baffin Island appears to 

be the result of melting of a trace element depleted source (N-MORB). Some of the 

high-Nb/Zr group could also be obtained from a mantle source with a N-MORB 

composition but the observed trace element ratios are more consistent with a source 

slightly more enriched in incompatible elements (primitive mantle). 

There is a clear correlation between trace element and isotope ratios (chapter 7), 

implying that the range of trace element patterns cannot be produced by partial melting 

processes of a single homogeneous mantle source. Because trace element variations in 

part reflect source composition and because the high-Nb/Zr samples tend to fit the 

melting curves characteristic of a primitive mantle source, the high-Nb/Zr group would 

appear to have a source composition slightly less depleted in incompatible elements than 

the N-MORB source. It also has lower degrees of melting than the low-Nb/Zr group, 

consistent with its higher concentrations of incompatible elements. This result will be 

confirmed in the next chapter using isotope ratios, which demonstrate that the low- and 

high-Nb/Zr groups appear to have been produced by different source compositions. 

The melting conditions calculated in this study are similar to those suggested previously 

for West Greenland and Baffin Island. Earlier work on the Baffin Island picrites (Clarke, 

1970) showed that they could be the product of high degrees of melting at 3 GPa and 

depths of 100 km. Later work on the basis of Al-Si systematics (Francis, 1985) 

suggested that the Padloping Island primary magmas could represent 15-20 % partial 
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melting of a spinel-lherzolite mantle at -2.5 GPa. Francis (1985) added that the MORB-

related picrite suites appear to have had primary magmas that equilibrated with the 

mantle at even greater depths. Robillard et al. (1991) proposed that the Baffin Island 

mantle source was a mixture of enriched plume mantle and depleted entrained mantle in 

the head of the plume. Because they were unable to reproduce the composition of both 

the N-MORB and E-MORB-types from a common homogeneous source, they concluded 

that the differences between N-MORB-type and E-MORB-type magmas require two 

compositionally distinct mantle sources. The West Greenland picrites represent high 

degrees of melting (24-28 %) constrained at depths of 60-90 km, corresponding to 2-3 

GPa (Gill et al., 1992). A likely scenario for these picrites is that they reflect melting 

which initiated in the gamet-lherzolite field and continued in the spinel-lherzolite field 

(Schafer et al., 2000). 

6.3 Summary 

In order to examine the geochemical variations of the Baffin Island volcanic rocks due 

to partial melting processes, different models comparing results achieved from major 

element contents and trace element ratios were developed. By using bulk A1203  content 

versus CaO/A1203  ratios after the model of Herzberg (1995) and Herzberg & Zhang 

(1996), it has been demonstrated that the high-Nb/Zr lavas of Baffin Island can be 

explained by melt segregation pressures of 2-3 GPa. The melting that led to the low-

Nb/Zr lavas may have taken place at higher pressures ranging between 3 and 4 GPa. 

However, the accumulation of olivine crystals can change the A1203  content towards 

lower values, which would lead to higher calculated segregation pressures. To correct 

for the process of olivine accumulation, a modified data set recalculated to 14 wt. % 

MgO has been created by an olivine (Fo89) addition/subtraction method. In this case, 

using the model of Herzberg (1995) and Herzberg & Zhang (1996), both the low- and 

the high-Nb/Zr groups imply segregation pressures of -3 GPa. 
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Similar segregation pressures are obtained by using the method of Scarrow & Cox 

(1995). The estimated pressures with the recalculated data set to 14 wt. % MgO range 

for Cape Searle between 1.7 and 3.2 GPa, for Padloping Island between 2.0 and 3.1 GPa 

and for Durban Island between 1.8 and 2.5 GPa. 

A non-modal fractional melting model was developed in order to calculate the trace 

element concentrations of the liquids produced by partial melting of spinel and mixtures 

of garnet and spinel lherzolites. (La1Nd) and (Sm/Yb)n  ratios are particularly useful, 

because each ratio provided different information about either the chemistry or the 

mineralogy of the source region. This model uses a source depleted in incompatible 

elements (N-MORB) and a slightly more enriched source (primitive mantle). Part of the 

low-Nb/Zr group of Padloping Island and Durban Island can be modelled by melt 

generation occurring within the spinel-lherzolite facies (5-10 %), while the other part 

was modelled by 7-10 % melting of a source mainly composed of spinel lherzolite (96-

99 wt. %) with small amounts of garnet (1-4 wt. %). The low- Nb/Zr lavas of Cape 

Searle could be produced by 5-8 % melting of a spinel-lherzolite source. While the low-

Nb/Zr groups of all three locations on Baffin Island can be successfully modelled using 

a N-MORB source, these calculated melting curves do not satisfy fully the trace element 

concentrations of the high-Nb/Zr lava flows. Because the Baffin Island lavas show a 

clear correlation between trace element and isotope ratios, the trace element patterns 

cannot be produced by partial melting processes alone. As confirmed in the next chapter, 

it seems more likely that the source of the low- Nb/Zr group was slightly more enriched 

in incompatible elements. In this case, the high- Nb/Zr samples of Cape Searle can be 

modelled by a source composed either of pure spinel lherzolite (6-8 % melting) or by a 

mix of 96 % spinel and 4 % garnet lherzolite (5-10 % melting). The high Nb/Zr group of 

Padloping Island and Durban Island could be explained by 3-7% melting of a mixture of 

spinel- and garnet-lherzolite source (98:2). 
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7 Mantle sources 

7.1 Introduction 

The NAIP provides an ideal natural laboratory in which to study the structure, origin and 

composition of a mantle plume and its evolution through time. Volcanic rocks from 

Iceland and the individual volcanic areas within the NAIP provide material not only 

from the entire width of the plume head, but also from the Palaeogene to the present day. 

Although the NAIP is one of the best-studied areas, with a large amount of data from 

Iceland itself and from other parts of the NAIP, there are still several gaps in our 

knowledge and further work is necessary and of fundamental significance for better 

understanding plume dynamics. In particular, representative data from the periphery of 

the NAIP is required in order to allow a direct comparison between Iceland and the 61 

Ma plume axis. The most extreme western margin of the province (Baffin Island) is 

relatively little studied and the history of this volcanic event poorly understood. Previous 

Baffin Island studies were based on a relatively old and small collection and have not 

used the latest geochemical techniques (section 2.2.2). A detailed chemical and isotopic 

study of Baffin Island should help to establish (1) whether the geochemical signature of 

the Iceland plume was present in the outer edge of the province and (2) if so whether its 

compositional signature was the same at the time of the break-up or instead (3) if the 

Baffin Island Tertiary lavas were only the result of a local volcanic eruption event, fed 

by small magma chambers, and unrelated to the NAIP formation. 

In order to establish the compositional characteristics of the Iceland mantle plume, it is 

necessary to distinguish the chemical signature generated by the plume itself from that 

arising from the plume's interaction with the shallower mantle on its way to the surface. 

Numerous geochemical studies on Icelandic lavas have emphasised that the Iceland 

plume must be heterogeneous and compositional variation in Icelandic basalts require 
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contributions from different mantle reservoirs or components (e.g. Elliot et al., 1991; 

Hémond et al., 1993). The Icelandic lavas have higher abundances of incompatible 

elements, high 87SrI86Sr, low '43NdJNd and radiogenic Pb compared with North 

Atlantic MORB (e.g. Hart et al., 1973; Sun & Jahn, 1975; Zindler et al., 1979). The 

geochemical variations in basalts from Iceland have been attributed since the 1970s to 

mixing between depleted MORB asthenosphere source and an enriched Iceland plume 

(e.g. Schilling, 1973; Hart et al., 1973; Sun et al., 1975). However, Thiriwall et al. 

(1994) and Thirlwall (1995) noted that the analysed Icelandic basalts have distinctly 

higher 208Pb/204Pb at a given 207Pb/204Pb than North Atlantic MORB. Because the 

Icelandic data and Atlantic MORB define separate Pb-isotope trends, these authors 

suggested that the depleted component is not the MORB source, but instead, is a distinct 

component of the plume itself. Several authors support this hypothesis on the basis of Pb 

isotopes, Nb-Zr-Y systematics and Hf-Nd isotope relationships (Hards et al., 1995, Kerr, 

1995a; Fitton et al., 1997, 2003; Hardarson et al., 1997; Kempton et al., 1998, 2000; 

Nowell et al., 1998, Chauvel & Hémond, 1999), while others propose that a depleted 

Iceland plume component is not required and that the presence of a depleted 

asthenospheric MORB source for some Icelandic basalts should not be excluded (e.g. 

Hanan & Schilling, 1997; Hanan et al., 2000). In particular, Hanan and co-authors 

questioned the arguments for a depleted plume component based on Nb-Zr-Y 

systematics and Hf-Nd relationships. Instead, they suggested that the apparent 

distinction between Iceland and the North Atlantic can be accounted for by a three-

component mixing model, involving two incompatible trace element enriched 

components (one with relatively high, the other with low 206Pb/204Pb ratios) and the 

depleted MORB source as the third component. However, Fitton et al. (2003), in their 

response to Hanan et al. (2000), demonstrated that firstly, the trace element data of 

Hanan et al. (2000) excluded data from depleted Icelandic basalts, and secondly, that 

their argument against a depleted component on the basis of Hf-Nd relationships is 

based only on one sample. New Hf data presented by Fitton et al. (2003) still supports 

the distinction between N-MORB and a depleted component of the Iceland plume. 
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7.2. 87Sr/86Sr-143Nd/14 Nd relationship 

The previous chapters show that the Baffin Island lava flows and dykes can be divided 

into two different groups, defined by low Nb/Zr and high Nb/Zr, respectively. Lava 

flows of the low-Nb/Zr group are generally more magnesium-rich, contain more-

forsteriti c oh vines, represent higher-magnesium liquid compositions, and were produced 

at higher temperatures than the high-Nb/Zr rocks. The differences in their petrology, 

trace element composition and melting conditions are also reflected in "Sr/"Sr and 

'43NWNd isotope ratios. The Baffin Island lavas display well-defined trends on both 

Nb/Zr versus "Sr/"Sr (Fig. 7.1 a) and (LaISm)11  versus 143Nd/14 Nd (Fig. 7.1b), with the 

low-Nb/Zr group having consistently higher 143NdI1 Nd and lower 87  Sr/ 86Sr values. The 

correlation between the incompatible trace element abundances and isotopes cannot be 

produced by mantle melting processes alone, and can be better explained by the 

availability of at least two different mantle sources at the time of the formation of the 

Baffin Island lavas. The low-Nb/Zr group of the Baffin Island lavas at all three locations 

show similar trace element and isotope ratios, while in the high-Nb/Zr group, the Cape 

Searle lava flows can be distinguished by their geochemical signature (slightly lower 

87  Sr/ 86Sr and higher 143NdP44Nd) from the Padloping Island and Durban Island samples 

(Fig. 7.1). Note that the dykes do not follow the general trends of the lava flows in Fig. 

7.1 and instead show higher 87  Sr/ 86Sr and lower 143NdJ"Nd ratios than do lava flows 

with similar Nb/Zr values. As explained in chapter 5, the dykes have the lowest contents 

of incompatible elements and the most depleted REE patterns of the Baffin Island 

samples; it is suggested that their incompatible-element-poor nature rendered them most 

sensitive to the interaction with continental crust, leading to higher 87  Sr/ 86Sr and lower 

143NdJ1 Nd ratios. 

By comparing the Baffin Island lava flows with Icelandic basalts and North Atlantic 

MORB (Fig. 7.2a), the low-Nb/Zr group of Baffin Island samples plot within the field of 
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both North Atlantic MORB and Iceland. In contrast, the high-Nb/Zr lavas of Cape Searle 

have Sr- and Nd-isotope ratios that fall at the lower end of the Iceland field, while the 

high-Nb/Zr lavas of Padloping Island and Durban Island are more extreme than basalts 

from Iceland, plotting towards even higher 87Sr/86Sr and lower 143NdJ14 Nd ratios. 

The Baffin Island lava flows and dykes have a wider range of Sr- and Nd-isotope ratios 

than values observed in West Greenland (Fig. 7.2b), although most of the low-Nb/Zr 

group of Padloping Island fall within the fields of the Naujanquit member and 

Ordlingassoq member of the Vaigat Formation of Disko Island (for location and 

lithostratigraphy see Fig. 2.6 and 2.7). However, the low-Nb/Zr group of Cape Searle 

and Durban Island have similar 143NdJ1 Nd ratios to the Padloping Island rocks, but 

slightly higher 87  Sr/ 86Sr ratios, plotting to the right of these fields. For the high-Nb/Zr 

group, only the Cape Searle rocks show similar isotope ratios to West Greenland rocks, 

clustering in the field of the Vaigat Formation of Nuussuaq, while the low-Nb/Zr group 

of Padloping Island and Durban Island do not correlate with West Greenland rocks at all, 

having markedly higher Sr- and lower Nd-isotope ratios (Fig. 7.2b). The Baffin Island 

lava succession is normally magnetised (Deutsch et al., 1971) and is most likely a time 

equivalent to the Anaanaa Member of the Vaigat Formation (Pedersen et al., 2002). 

Unfortunately, only one sample of the Anaanaa member has been analysed so far 

(Graham et al., 1998), and this sample has slightly higher '43Nd/' 14  Nd but similar 

87Sr/86Sr ratios to the low-Nb/Zr group of Baffin Island. 

To summarise, according to trace element patterns and Sr- and Nd-isotope ratios, it 

seems most likely that at least two isotopically different sources were available during 

the formation of the Baffin Island volcanic rocks: (1) a relatively depleted source with 

87Sr/86Sr = 0.7030-0.7034 and 143Nd/1 Nd = 0.5130; and (2) a relatively enriched mantle 

source with 87Sr/86Sr = 0.7039-0.7042 and 143NdJ144Nd = 0.51280-0.51284. Most of the 

Baffin Island rocks plot within the field of Icelandic basalts, suggesting that the 

geochemical signature of the Iceland mantle plume was present at the most westerly 
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edge of the NAIP. Because the Baffin Island lava flows show evidence for only very low 

levels of crustal contamination, the high-87Sr/86Sr and low-143NdJ' 44  Nd lavas of 

Padloping Island and Durban Island could represent the most enriched end-member of 

the ancestral Iceland plume. This extreme end-member might have been present at the 

initiation of the Iceland plume but its geochemical signatures are not evident in the 

plume today. The existence of enriched mantle material within the proto-Icelandic 

mantle plume has been also suggested by Bernstein et al. (2001), who sampled 

melilitites with similar Sr- and Nd-isotope signatures in East Greenland. 

7.3. Nb-Zr-Y systematics 

Icelandic basalts have diverse compositions, covering a wide range of geochemical 

signatures from very depleted picrites to enriched alkaline rocks. To test whether these 

depleted volcanic rocks represent N-MORB or a distinct depleted component of the 

plume, Fitton et al. (1997) developed a useful discriminant to distinguish between these 

two components. They demonstrated that in a logarithmic plot of Nb/Y versus Zr/Y, 

Icelandic basalts and N-MORB define separate and parallel linear arrays. Lavas from the 

neovolcanic zones of Iceland, covering the whole range from depleted picrites from the 

Reykjanes Peninsula (low Zr/Y) to the most enriched off-axis alkali basalts from 

SnaefellsjOkull (high Zr/Y), have relative higher Nb abundances (and therefore higher 

Nb/Y ratios) than N-MORB. To characterise the mantle source of an individual sample, 

Fitton et al. (1997) defined the lower bound of the Iceland array as a reference line that 

expresses the excess or deficiency in Nb. This parameter (ANb) provides a useful 

discriminant between Icelandic basalts and N-MORB, such that basalts originating from 

an Icelandic mantle source have positive ANb values, while basalts formed in the 

depleted upper mantle have negative ANb values. Fitton et al. (1997) showed that ANb is 

insensitive (1) to low-pressure fractional crystallisation, (2) to processes due to the 
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effects of variable degrees of melting and source depletion through melt extraction (as 

they result in variations along the representative N- MORB linear arrays) and (3) to 

crustal contamination (since estimated crustal compositions plot on or slightly below the 

reference line and therefore crustal contamination processes could not produce the 

positive ANb values). 

The Nb/Y and Zr/Y variation of the lava flows and dykes of Baffin Island are presented 

in Fig. 7.3. All of the relatively enriched lava flows (defined in section 7.2.) plot within 

the Iceland array, while the depleted lava flows and dykes (defined in section 7.2) plot 

below the reference line within the N-MORB field. None of the depleted samples plot 

within the Iceland array, suggesting that the depleted component of the Iceland plume 

either was not available at the time of eruption in the most westerly margin of the NAIP, 

or was not sampled by the melting process. Instead, the depleted lava flows and dykes 

appear to have their origin in the upper mantle. According to ANb, both Icelandic and N-

MORB sources were available at the western periphery of the ancestral Iceland plume. 

However, as shown in section 7.2, the enriched lavas of Cape Searle have similar Sr-

and Nd isotopes to Icelandic lavas, while the enriched lavas of Padloping Island and 

Durban Island are more extreme and therefore distinct from the geochemical signature 

of the Iceland plume. 

7.4. Hf-Nd isotope systematics 

The pioneering work of Patchett and co-workers (Patchett & Tatsumoto, 1980, 198 la,b; 

Patchett et al., 1984; Patchett, 1983a,b) provided much of our current understanding of 

the Lu-Hf system. The correlation between Hf- and Nd-isotopic compositions in OIB 

indicates that the two isotope systems Lu-Hf and Sm-Nd are mainly coupled. However, 

some processes, such as erosion and sedimentation may decouple them (e.g. Patchett et 
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al., 1984). Zircon is a refractory mineral with high contents of Hf that is concentrated in 

sandstones and turbidites. Red clays, however, lack zircons and have higher Lu/Hf 

ratios; thus the presence of ancient pelagic sediment in the source of basalts will result in 

higher '76  Hf/ '77Hf ratios for a given 143NdJ1 Nd ratio (e.g. Patchett et al., 1984). 

While '76  Hf/ '77Hf and '43NdJ1 Nd correlate in OIB, MORB samples display a 

proportionally greater degree of spread of 176Hf/'77Hf compared with '43  Nd/ 144Nd, 

showing almost the whole range of '76  Hf/ '77Hf at nearly constant 143NdJ1 Nd. Salters & 

Hart (1991) and Salters (1996) demonstrated that the Lu/Hf ratios are not coupled with 

the Hf-isotope ratios in the MORB source. MORB have Lu/Hf ratios lower than 

primitive mantle, whereas values higher than primitive mantle are required to account 

for the high 176  Hf/ '77Hf. Salters & Hart (1989) attributed this hafnium paradox to 

residual garnet in the MORB source. Hf is not a rare earth element and its chemistry is 

not coherent with the HREE. If garnet is present in the residue, melting develops high 

Lu/Hf ratios (Lu is compatible in garnet) and, over time, a radiogenic Hf isotope 

signature. However, Chauvel & Blichert-Toft, 2001) concluded that the Hf paradox does 

not require that garnet was a residual phase during melting and instead, the composition 

of MORB could be explained by melting entirely in the spinel stability field. According 

to them, it is possible that melting starts in the garnet field, but it is not required by the 

Lu-Hf system. Patchett & Tatsumoto (1980) explained the decoupling of the Hf and Nd 

isotope system as a result of stronger fractionation of Lu/Hf than Sm/Nd in very trace 

element depleted source regions, such as the MORB source, due to the greater 

incompatibility of Hf relative to Lu compared with Nd and Sm. 

The high precision analysis of Hf-isotope ratios has been a problem for many years, as 

the element Hf has a high first ionization potential and is difficult to separate from other 

elements in its pure form as well. Some of the pre-1997 Hf-isotope data analysed (TIMS 

and hot-SIMS) had large analytical errors (e.g. Fitton et al., 2003). Only recent 

analytical techniques have made it possible to produce very high precision Hf-isotope 
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analysis. Because high precision data (plasma ionisation multi-collector mass 

spectrometry [PIMMS]) of North Atlantic N-MORB from the Goban Spur and the 

Hatton Bank show less variation in '76Hf/177Hf and correlate positively with '43NdJ144Nd, 

Kempton et al. (2000) argued that the 176Hf/177Hf and '43NdI'44Nd isotope system might 

not be decoupled in MORB as previously thought (e.g. Patchett & Tatsumoto, 1980; 

Salters & White, 1998). However, new high precision data (PIMMS) of MORB samples 

from the Atlantic, Pacific and Indian ocean still show, particularly in the Atlantic, large 

variation in 176Hf/177Hf with only minor changes in 143NdJ1 Nd (Chauvel & Blichert-

Toft, 2001), 

The Hf-isotope compositions of the fifteen analysed samples of Baffin Island range from 

EHf = 11.2 to 17.81 and correlate positively with cNd (Fig. 7.4). They form a linear 

array, which can be described by a regression line EHf = 1.26 cNd + 6.32. The Baffin 

Island slope in Hf-Nd isotope space is slightly shallower than the 'mantle array' (cHf = 

1.33 cNd + 3.19; Vervoort et al., 1999). Nowell et al. (1998) showed that Icelandic 

basalts define a much steeper trend than the mantle array (UHf = 3.34 Nd + 10.69). 

However, new, more precise data of Kempton et al. (2000) and Stracke et al. (2003) 

show that the regression line of the Icelandic basalts is much shallower (€Hf = 1.77 ENd 

+ 0.97) than predicted by Nowell et al. (1998) and is not much distinguishable from the 

'mantle array' regression line (Stracke et al., 2003). Note that the Baffin Island lavas all 

plot above the mantle array regression line with positive AHf (Fig. 7.4). AiHf is the 

vertical deviation of a given sample value from the mantle array regression line in Hf-

Nd isotope space (AcHf = gHf —1.33 sNd —3.19). Several possible processes have been 

suggested for the generation of a source isotope signature with positive AHf: (1) 

presence of ancient pelagic sediments in the source region (since pelagic sediments have 

relatively high LuIHf ratio for a given SmINd ratio [e.g. Blichert-Toft et al., 1999]), (2) 

material from the subcontinental mantle lithosphere (SCMIL) (e.g. Schmidberger et al., 

2002), (3) isolation of a significant amount of basalts from the mantle for several billions 
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of years (e.g. Salters & Hart, 1991; Salters & White, 1998), or (4) by fractionation and 

isolation of small amounts (<1 %) of perovskite during the early stages of Earth's 

history (e.g. Salters & Hart, 1991; Salters & White, 1998). Kempton et al. (2000) 

suggested that the high '76Hf/'77Hf ratio of some Iceland basalts is a long-lived feature of 

the plume and represents the residue of an ancient melting event in which a mineral 

(such as garnet) with a high Lu/Hf ratio is a residual phase. 

As shown in chapter 5, the Pb-isotope ratios of the Baffin Island lava flows and dykes 

have been affected by crustal contamination processes and thus are not suitable for 

defining mantle sources. However, the trace element ratios have not been affected and 

could help to constrain the processes that generated the high cHf values of the Baffin 

Island lavas. Eisele et al. (2002) estimated the compositions of 1.5 Ga-old mud and sand 

components in EHf versus cNd space (present day cNd for mud and sand: -11; present 

day 8Hf for mud and sand: -6 and —22, respectively). These estimated compositions have 

been chosen to test whether ancient sediments were present in the Baffin Island source. 

The Baffin Island trend in the sHf versus ENd plot can be achieved by mixing the most 

primitive sample PI-41 (ENd: -9, EHf: -17.79) with a sediment mixture composed of 90 

% mud and 10 % sand. According to this calculation, the relatively isotopically depleted 

lava flows (defined as the low-Nb/Zr group in previous chapters) could contain around 

10 % of ancient sediment in their source, while the relatively isotopically enriched lava 

flows (defined as the high-Nb/Zr group) could contain much more (up to 30 %). Such 

high contents of sedimentary material in the source should be also evident in trace 

element ratios enriched in sediments (e.g. La/Nb and Th/Nb). However, as shown in Fig. 

7.5, no correlation between La/Nb and Th/Nb versus EHf is observed. The enriched lava 

flows do not have higher contents of La/Nb and Th/Nb (as expected if they contain 

higher pelagic sediments in their source), but instead, have similar or even lower values 

than the depleted lava flows. Therefore, even though it is possible to construct a 
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mixing curve between the Baffin Island lava flows and ancient pelagic sediments, it 

seems very unlikely that such sedimentary components were responsible for the high 

EHf values. 

The geochemical composition of "typical" subcontinental mantle lithosphere is difficult 

to evaluate, because its composition can only be determined by studying mantle 

xenoliths. Evidence from the subcontinental mantle of the study area is available, 

because Schmidberger and co-authors et al. (Schmidberger & Francis, 1999, 2001; 

Schmidberger et al., 2001, 2002) carried out a comprehensive study (Sr-Nd-Pb-Hf 

isotopes and trace element ratios) on mantle xenoliths of the northern Canadian craton. 

The analysed kimberlites, garnet peridotite nodules and garnets are characterised by 

strong enrichments in incompatible elements (e.g. large ion lithosphile elements (LILE) 

and LREE) relative to chondntes and primitive mantle composition. The Sr- and Pb-

isotopic signatures and incompatible trace element ratios of the peridotites correlate with 

temperature and pressure, and have been divided into (1) low-temperature 

(87  Sr/ 86Sr(o l  Ga): 0.7038-0.7066; 143NdJ144Nd(ol  Ga): 0.51255-0.51276; 206Pb/204Pb(o lGa) 

17.82-19.03) and (2) high-temperature (87Sr/86Sr(o. l G,,):  0.7052-0.7095; 143NdJ144Nd(o.l  Ga) 

0.51242-0.51262; 206Pb/204Pb(o.l Ga)  17.18-18.30) peridotites (e.g. Schmidberger et al., 

2001). Schmidberger et al. (2001) concluded that the shallow low- and deep high-

temperature peridotites represent chemically distinct mantle reservoirs that do not share 

a common petrogenetic history. These differences are also displayed by Hf-isotope 

signatures, as the low-temperature peridotites are characterised by highly radiogenic Hf-

isotope compositions (176HfI177 Hf(olcja ): 0.28296-0.28419) compared to the high-

temperature peridotites (176Hf/177Hf(o.1Ga): 0.28265-0.28333). According to Schmidberger 

et al. (2002), long-term growth (billions of years) is required to produce these highly 

depleted Hf-isotope signatures. The strong fractionation of the Lu/Hf ratios during the 

generation of the melt-depleted peridotites can be interpreted as evidence that, firstly, 

garnet was present as a residual phase during partial melting and, secondly, for an 
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ancient (Archaean) depletion event that resulted in the stabilisation of the mantle root 

beneath the northern Canadian craton to depths of about 150 km. 

As the subcontinental mantle lithosphere (SCML) beneath the Canadian craton is 

characterised by high 176Hf/'77Hf relative to 143Nd!'Nd, this could account for the Hf-

isotope signature of the Baffin Island lava flows. However, the strong incompatible trace 

element enrichment of the mantle xenoliths of this area argue against the SCML as a 

candidate for the origin of the Baffin Island mantle sources. Even small amounts of 

SCML would change the trace element concentration of the lava flows, and as shown in 

the previous chapters, some of the Baffin Island lavas show very depleted characteristics 

which are inconsistent with a source origin in the subcontinental lithosphere. Therefore, 

the SCML does not explain the high AcHf values of the Baffin Island volcanic rocks and 

other processes must account for the generation of the source isotope signature. 

As shown in chapter 6, the Baffin Island lava flows were generated over a wide range of 

depths, and for some of the lavas melt generation could have started within the garnet-

lherzolite facies. Ancient melt extraction at a depth where the garnet/clinopyroxene ratio 

was relatively high could create a residue with an unusual (Lu/H f)I(SmINd) ratio (e.g. 

Salters & Hart, 1991; Blichert-Toft & White, 2001). Melting in the presence of garnet 

would lead to higher Hf-isotope ratios in the residue with time: such process could 

account for the high cHf relative to sNd of the Baffin Island source. 

The parameter ANb is a useful discriminant between N-MORB and Icelandic lavas, but 

it cannot distinguish whether Icelandic rocks have enriched or depleted geochemical 

signatures (e.g. Kempton et al., 2000). By combining ANb with AcHf, Kempton et al. 

(2000) argued that it is possible to distinguish not only between N-MORB and Icelandic 

basalts, but also the enriched and depleted components of the Iceland plume. In this 

diagram (Fig. 7.6), most of the Icelandic basalts cluster in the upper right quadrant 
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(positive ANb and positive AEHf), and Kempton et al. (2000) suggested that they may be 

indicative of an 'average' Iceland composition. However, the most incompatible element 

enriched samples analysed by Kempton et al. (2000) have slightly negative AcHf and 

plot in the lower right quadrant. Their North Atlantic N-MORB data from Goban Spur 

and Hatton Bank plot in the lower left quadrant (negative ANb and negative AEHf), and 

can be distinguished from the depleted end of the Reykjanes-Kolbeinsey (RR-KR) array, 

which has negative ANb, but positive AiHf values (upper left quadrant). Kempton et al. 

(2000) concluded that the RR-KR represents an additional depleted component, distinct 

from both N-MORB and Iceland, and could represent the depleted plume sheath derived 

from the upper mantle, but from deeper than N-MORB source asthenosphere. 

The Baffin Island lava flows and dykes are similar to basalts from the Reykjanes Ridge 

and Kolbeinsey Ridge, having positive AcHf and forming an elongate, subhonzontal 

array. The depleted (low-Nb/Zr group) lava flows and dykes plot in the upper left 

quadrant (negative ANb and positive AEHf), while the enriched lava flows (high-Nb/Zr 

group) plot in the upper right quadrant (positive ANb and positive AsHf). According to 

the model of Kempton et al. (2000), the depleted Baffin Island lava flows would not 

represent N-MORB, but instead might have been derived from the plume sheath. The 

enriched Baffin Island lava flows, however, have Nd-Hf isotope signatures of average 

Icelandic basalts. 

In the diagram AcHf versus ANb, Kempton et al. (2000) made the distinction between 

the depleted (positive ANb and positive AEHf) and the enriched (positive ANb and 

negative AEHf) component of the Iceland plume. However, with new precise data from 

the Theistareykir area in northern Iceland (Stracke et al., 2003), this distinction is not 

replicated. The Theistareykir basalts are depleted to enriched in incompatible elements 
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(e.g. (LaJSm): 0.33-1.27), but have only positive AsH values. As shown in section 7.2, 

the enriched Baffin Island samples show the most extreme Sr-Nd-isotope ratios and 

might represent the most enriched end-member of the ancestral Iceland plume. These 

very enriched Baffin Island samples also have positive ANb and positive AsHf, plotting 

in the upper right quadrant in the AsHf versus ANb plot (defined by Kempton et al. 

(2000) as the field for the depleted component of the Iceland plume). Thus, neither the 

Theistareykir nor the Baffin Island basalts confirm the distinction between depleted and 

enriched Iceland plume components using Hf-Nd isotopes. 

Kempton et al. (2000) used samples from the Goban Spur and the Hatton Bank to define 

the Hf-Nd isotope characteristics of North Atlantic N-MORB. With these data, they 

suggested, it is possible to distinguish samples with an upper mantle source (negative 

AsHf) from samples derived from a different source in the upper mantle asthenosphere, 

e.g. plume sheath (positive AsHf). However, with new precise data for North Atlantic 

MORB (Chauvel & Blichert-Toft, 2001), this distinction cannot be so clearly confirmed, 

as the new samples show a much wider range in Hf-isotope ratios than the samples 

analysed by Kempton et al. (2000). Therefore, at the time of writing, it is not clear 

whether it is possible to distinguish between Icelandic basalts and N-MORB as well as 

between the depleted and enriched components of the plume using Hf-Nd isotopes. 

More precise Hf data from the North Atlantic, Iceland and other locations within the 

NAIP are required to confirm this hypothesis. Note also that to date no Hf-isotopic 

compositions are available for the most enriched off-axis volcanic rocks of Iceland. If 

these rocks follow the general Iceland trend (towards lower Hf-isotope ratios relative to 

their Nd isotope ratios), the Baffin Island samples might plot within this trend or just off 

it (because of their slightly lower Nd isotope ratios than Icelandic basalts [section 7.2]) 

and thus their Hf-isotope ratios might be not so distinct from Icelandic basalts. 
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To date, it seems that basaltic rocks from the NAIP show a wide range of Hf-isotope 

ratios. The high 176Hf/177Hf relative to 143NdI'Nd ratios might be a long-lived feature of 

the Iceland plume (Kempton et al., 2000). Ancient melt extraction at a depth where the 

garnet/clinopyroxene ratio was relatively high, could create a residue with an unusual 

(Lu/Hf)/(SmINd) ratio (e.g. Salters & Hart, 1989, 1991; Blichert-Toft & White, 2001). 

Melting in the presence of garnet would lead to higher Hf-isotope ratios in the residue, 

which seems to be the most plausible explanation for the positive AHf of the Baffin 

Island lava flows and dykes. 

7.5 3HetHe isotope ratios 

Helium isotope studies have provided important indicators of processes such as mantle 

convection and have been used to trace the origin of mantle-derived magmas. MORBs 

have relatively low and uniform 3He/4He ratios of 8 ±1 Ra  (3He/4He ratio of the sample 

normalised to the atmospheric ratio (Ra) of 1.39 x 106),  and are thought to derive from a 

relatively degassed, shallow mantle source. In contrast, the 3He/4He ratios of OIBs vary 

from low ratios in, for example, San Miguel Island (Azores) (3He/4He = 4 Ra; Moreira et 

al., 1999) to very high ratios in Iceland (3He/4He = 37.7 Ra; Hilton et al., 1999). The high 

3He/4He ratios of some OIBs have been interpreted as indicators of a mantle source that 

has maintained a high 3He/(U+Th) ratio through time. Such a source might indicate the 

existence of a primordial, undegassed mantle reservoir isolated at depth in the lower 

mantle (e.g. Kurz et al., 1982, 1985). In this interpretation, the He-isotope signature 

provides geochemical evidence for large-scale stratification of the mantle, with a 

relatively degassed upper mantle and the presence of an undegassed, primordial lower 

mantle reservoir. OIBs with high 3He/4He ratios are attributed to upwelling mantle 

plumes, which are thought to derive from such an undegassed, isolated reservoir. 
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Samples from the NAIP with 3He/4He >8 Ra  have been recorded from (a) West 

Greenland: 30.6 Ra  (Graham et al., 1998), (b) Hold with Hope, NE Greenland: 21.7 Ra  

(Marty et al., 1998), (c) Isle of Skye: 22.1 Ra  (Stuart et al., 2000) (d) Prince of Wales 

Mountains, East Greenland: 10.5 Ra  (Ellam & Stuart, 2000) and (e) from Iceland itself: 

37.7 Ra (Hilton et al., 1999). 

The Helium isotope compositions of basalts from Baffin Island, carried out in this study 

on eleven olivine phenocryst samples, have the highest 3He/4He ratio yet recorded from 

any terrestrial rocks, ranging from 14.5- 49.5 Ra. It is necessary to demonstrate that these 

high 3He/4He ratios represent magmatic helium and not nucleogenic and/or cosmogenic 

3He. Nucleogenic 3  H may be produced within crystals by thermal neutron capture by 

6  L (e.g. Aldrich & Nier, 1948). As demonstrated in other parts of the NAIP, however, 

nucleogenic 3  H production plays no significant role in Palaeocene basalts and can be 

ruled out as a contaminant and thus as an explanation for the high 3He/4He ratios 

(Graham et al., 1998; Marty et al., 1998; Stuart et al., 2000). 

Cosmogenic 3  H could be produced through spallation reactions involving cosmic ray 

secondary particles with target nuclides of Si, 0 and Mg (Kurz, 1986). These particles 

are strongly attenuated in the atmosphere, and the 3He-production rate increases nearly 

exponentially with atmospheric height. However, the Baffin Island lava flows and dykes 

have been sampled from seacliffs, which have not been on the Earth's surface for a long 

enough period of time to accumulate a significant component of cosmogenic helium. 

Magmatic helium was extracted from the olivine phenocrysts using in vacuo crush 

release techniques. This method is designed to release magmatic helium from CO2  

bubbles associated with melt inclusions and minimises the contribution from radiogenic 

and cosmogenic He (4  Heand 3He, respectively) hosted in the crystal lattice (e.g. Kurz, 

1986). However, it is possible that diffuse exchange between cosmogenic He produced 

in the glassy melt inclusions and the original He trapped in fluid inclusions might lead to 
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an enhancement of cosmogenic 3  H in the fluid phase. If this were the case, one would 

expect an inverse relationship between 4  H contents and 3He/4He ratios, because the 

cosmogenic (high 3He) component would be relatively more abundant if He levels 

trapped (high 4He) were low. The Baffin Island olivine phenocrysts do not display such 

a relationship (Fig. 7.7), suggesting that cosmogenic He was not the cause of the high 

3He/4He ratios and that the crushing method has only released magmatic helium. In 

order to examine the potential accumulation of cosmogenic He in more detail, the 

olivine powders remaining from the crushing process were transferred to a high-

temperature vacuum furnace for the determination of 3He/4He and He contents within 

the olivine lattice. If, as it was the case for the Baffin Island lava flows and dykes, the 

fusion yields much lower 3He/4He than the crushed 3He/4He ratios (Fig. 7.8), then the 

lattice contains predominately radiogenic post-eruptive He (from in situ decay of U and 

Th, or by (x- particle implantation from the surrounding host rock), and it can be 

concluded that cosmogenic He was not the cause of the high 3He/4He ratios. Based on 

these observations it seems that the high 3He/4He ratios of the Baffin Island rocks have 

not accumulated either nucleogenic or cosmogenic 3  H and represent magmatic helium. 

Contamination with ancient crustal rocks (which have high values of radiogenic He) 

would lower the magmatic 3He/4He ratio signature. As shown in chapter 5, the disturbed 

Pb-isotope ratios of the Baffin Island lava flows and dykes could have been affected by 

amphibolite- and granulite-facies basement rocks. However, the Pb-isotope ratios do not 

correlate with any other isotope ratios (e.g. Sr, Nd, Hf and He), nor with trace element 

ratios sensitive to crustal contamination processes. Thus, while the Pb-isotope ratios may 

indicate interaction with the crustal basement rocks, incompatible trace elements and Sr-

and Nd-isotope ratios have not been changed by crustal material (see chapter 5). 

However, the Cape Searle dyke (CS-7) has high 3He/4He, high 87  Sr/ 86Sr and low 

143NW1 Nd ratios, but very low concentrations of incompatible trace elements. In this 

case, the incompatible-element-poor nature of the dyke parental magma rendered it most 
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sensitive to interaction with the continental crust. Its high 3He/4He ratio (43.3 ± 0.6 Ra) 

suggests that the olivine crystals retained uncontaminated He, while the whole-rock Pb-

isotope ratio (and in this case also the Sr- and Nd-isotope ratios) were influenced by 

crustal material. A possible explanation is, as suggested for Skye basalts, that the whole-

rock Pb-isotope composition reflects contamination of the magma after the magmatic 

gases had been trapped in the olivine crystals (Stuart et al., 2000). 

The 3He/4He of the Baffin Island olivines correlate strongly with other whole-rock 

isotope systems (e.g. negatively with 87  Sr/ 86Sr (section 3.5.4; Fig. 3.17) and positively 

with ' 43  Nd/ ' 44Nd (section 3.5.4; Fig. 3.17 and Fig. 7.9), as well as with incompatible 

trace element ratios (e.g. negatively with (LaISm) and Nb/Zr [Fig. 7.9]). The two 

different geochemical groups defined in the previous sections (i.e. high and low Nb/Zr), 

can be also be distinguished by their helium isotope signatures. The isotopically depleted 

lava flows have higher 3He/4He ratios (37.549.5 Ra) than do the isotopically enriched 

ones (14.5-37.9 Ra). This observation is inconsistent with the prevailing view that lavas 

with higher 3He/4He ratios than "typical" N-MORB contain an excess of the primitive, 

high 3He, little-degassed component that is widely held to come from a source deeper 

than the upper mantle. However, the isotopically depleted lava flows of Baffin Island 

with high 3He/4He ratios are characterised by geochemical signatures of the upper 

mantle (e.g. partial melting [chapter 6] and derivation from a N-MORB mantle source 

[negative ANb - section 7.2]). As the 3He/(U+Th) of the MORB reservoir is incapable of 

significantly changing 3He/4He ratios even over hundreds of millions of years, the He-

Sr- and Nd- isotope composition of the isotopic depleted lava flows cannot represent N-

MORB source mantle at 61 Ma (Stuart et al., 2003). It seems more likely that the high 

3He/4He component is the product of mantle mixing. Stuart et al. (2003), using data from 

the present study, suggested that mixing between a small proportion of 3He-rich mantle 

with depleted mantle (3  He: 1.2-4.6 x 109  atoms g';  Porcelli & Wasserburg, 1995) will 

severely change the 3He/4He ratio without significantly altering Sr- and Nd- isotope 
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ratios and trace element concentrations. They assumed that the moderately incompatible 

lithophile element concentration in the depleted mantle reservoir is less than a factor of 

two lower than undepleted mantle (e.g. McKenzie & O'Nions, 1995) and that an 

undegassed mantle reservoir (with 3He/4He = 50 Ra) has a 3  H concentration of 8 x 1010 

atoms g-1  (initial 3He/4He = 120 Ra, bulk silicate Earth U = 21 ppb and U/Th = 3.8). This 

mixing event could have taken place either when the plume head dispersed into the 

upper mantle, or at the 670 km- boundary layer where both reservoirs (upper and lower 

mantle material) would have been available. If all geochemical results of this study are 

taken into account, the latter explanation seems to be more plausible for the Baffin 

Island lava flows. As shown in chapter 6, the Baffin Island lava flows were generated 

over a wide range of depths and most of the magmas derive from a melting column, 

which could have extended across the garnet-spinel transition zone. Note that these lavas 

also have the highest 3He/4He ratios, suggesting that they contain slightly more of the 

component from the lower, less-degassed mantle. Secondly, provided that the model of 

Kempton et al. (2000) can be confirmed (which requires additional Hf-isotope data), it 

would help explain further the generation of the Baffin Island volcanics. In this case, as 

discussed in the previous section, the isotopically depleted lava flows have not been 

derived from a N-MORB source, but instead from a source with a slightly deeper origin. 

The boundary zone between the upper and lower mantle region is maybe the best 

potential reservoir. This would account for (1) the depleted nature of some of the Baffin 

Island lava flows (upper mantle signature), (2) for the high Hf-isotope ratios (possibly 

sheath material with a long history of trace element depletion and isolation from the 

convecting upper mantle) and (3) high helium isotope ratios which represent a small 

contribution of the lower mantle. 

The isotopically enriched lava flows of Baffin Island have 3He/4He ratios lower than the 

isotopically depleted ones. As shown in chapter 6, the depths of melting of the 

isotopically depleted and enriched lava flows are very similar even though they might 

have been derived from different sources (chapter 6). In contrast to the isotopically 
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depleted lava flows, which have characteristics of a N-MORB source, the isotopically 

enriched lava flows are more consistent with a source slightly more enriched in 

incompatible elements (primitive mantle). While some of the isotopically enriched lava 

flows have much lower 3He/4He ratios (e.g. DI-23: 14 Ra), others (e.g. CS-6: 37.9 Ra) are 

very similar to some depleted lava flows (e.g. DI-24: 37.5 Ra). The most extreme values 

require that the helium components of these sources were isolated prior to melting. 

However, some lava flows have similar helium isotope ratios, but otherwise very 

different trace element and isotopic characteristics. Although trace element and isotope 

characteristics indicate different mantle sources for these lavas, the helium ratios suggest 

a similar lower mantle origin for the helium component, which could have been part of 

the mantle source itself (enriched lava flows), or could be explained by mixing of a 

small quantity of lower mantle material with the upper mantle source (depleted lava 

flows). 

7.6 Summary 

In order to establish whether the geochemical signature of the Iceland plume was present 

in the westernmost margin of the NAIP, a detailed chemical and isotopic study of Baffin 

Island was carried out. The Baffin Island lavas display well-defined trends between 

incompatible trace element ratios (e.g. (LaJSm) and Nb/Zr) and Sr- and Nd- isotopic 

compositions. These correlations cannot be produced by mantle melting processes alone, 

and are better explained by the availability of different sources at the time of the 

formation of the Baffin Island lavas: (1) a relatively depleted source with 87 SrI86Sr 

0.7030-0.7034 and 143NdJ14 Nd 0.5130; and (2) a relatively enriched source with 

87Sr/86Sr 0.7039-0.7042 and 14 NdI1 Nd 0.51280-0.51284. The depleted lava flows 

are similar to North Atlantic MORB, while the enriched lava flows are similar to (Cape 
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Searle), or even more extreme than the most enriched basalts erupted on Iceland and 

across the NAIP (Padloping Island and Durban Island). 

To test whether the depleted basalts on Iceland represent N-MORB or are a distinct 

depleted component of the plume, Fitton et al. (1997) developed a useful discriminant to 

distinguish between these components. In a logarithmic plot of Nb/Y versus Zr/Y, 

Icelandic and N-MORB define parallel and non-overlapping linear arrays. The 

parameter ANb expresses the excess or deficiency in Nb and provides a useful 

discriminant between Icelandic basalts (positive ANb) and N-MORB (negative ANb). 

The relatively enriched lava flows of Baffin Island have positive ANb values, while the 

relatively depleted lava flows have negative ANb. According to this parameter, both 

Icelandic and N-MORB sources were available at the western periphery of the ancestral 

Iceland plume. Kempton et al. (2000) argued that by combining ANb with Hf-isotope 

ratios, it is possible to determine if Icelandic rocks have depleted or enriched signatures. 

The Baffin Island lava flows have Hf-isotope ratios that range from cHf =11.2 to 17.81 

and con-elate positively with ENd. Even through the Baffin Island lava flows plot above 

the mantle array regression line, processes such as the presence of ancient pelagic 

sediments or material from the subcontinental mantle lithosphere are not responsible for 

the positive AcHf values of the Baffin Island rocks. Instead, it is suggested that an 

ancient melt extraction process, at a depth where the garnet/clinopyroxene ratio was 

relatively high, could have created a residue with an unusual (Lu/Hf)/(SmfNd) ratio and 

thus, melting in the presence of garnet would result in higher Hf- relative to Nd-isotope 

ratios. 

Helium isotope studies have provided important indicators of processes such as mantle 

convection and have been used to trace the origin of mantle-derived magmas. While N-

MORBs have relatively low and uniform 3He/4He ratios of 8 ±1 Ra, OIBs vary from 

lower to much higher ratios. The high 3He/4He ratios of some 0113s have been 
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interpreted as indicators of a mantle source that has maintained a high 3He/(U+Th) ratio 

through time and indicates the existence of a primordial, undegassed mantle reservoir 

isolated at depth in the lower mantle. The Baffin Island lava flows have the highest 

3He/4He ratios yet recorded in any terrestrial rocks, ranging from 14.5-49.5 R, The 

3He/4He isotope ratios correlate strongly with other whole-rock isotope systems, as well 

as with incompatible trace element ratios. The two different geochemical groups can be 

also distinguished by their helium signatures (depleted lavas: 37.549.5 Ra, enriched 

lavas: 14.5-37.9 Ra). Note that the high helium component is present in the depleted 

basalts that are derived from large-volume melts of the depleted upper mantle. This 

reservoir is the result of mixing between upper mantle and a small proportion of an 

undegassed lower mantle component, which possibly has taken place at the 670 km 

discontinuity where both reservoirs are available. 

By combining the isotopic and trace element results, the Baffin Island isotopic signature 

can be described as followed: the high Nb/Zr lava flows of Cape Searle plot in a 

'43NdJ'44Nd-87Sr/86Sr-diagram within the field of Icelandic basalts, suggesting that the 

geochemical signature of the Iceland mantle plume was present at the most westerly 

margin of the NAIP. The isotopically extreme lava flows of Padloping Island and 

Durban Island (high 87Sr/86Sr and low 143Nd/144Nd) could represent the most enriched 

end-member of the ancestral Iceland plume, which was present at the initiation of the 

plume but its geochemical signatures are not evident today. The low Nb/Zr lava flows of 

Baffin Island have similar Sr- and Nd isotope signatures to both depleted Icelandic and 

North Atlantic N-MORB. ANb reveals that these samples do not represent the depleted 

component of the Iceland plume, but instead show Nb/Y versus Zr/Y ratios of N-

MORB. However, the He- and Hf-isotope ratios show that the depleted lava flows of 

Baffin Island might not have been derived from a N-MORB source, but rather from a 

source with a slightly deeper origin. This reservoir could represent the 'plume sheath', 

with a long history of trace element depletion and isolation from the convecting upper 
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mantle (high Hf-isotope signature). If its origin was at the 670 km boundary between the 

upper and lower mantle, mixing between a small proportion of primordial helium from 

the lower mantle with upper mantle material could have resulted in the high helium 

characteristics. 
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8 Summary and conclusions 

(1) Baffin Island lava flows and dykes are very magnesium-rich (up to 28 wt. % MgO) 

and contain a large amount of olivine phenocrysts. Most of the analysed olivine 

phenocrysts are clearly out of equilibrium with their host magmas and the average 

olivine composition (Fo 87-89)  suggests that most lavas with MgO> 14 wt. % contain 

accumulated olivines in various proportions. However, the rare occurrence (10 %) of 

olivines with forsterite contents up to 91.8 mol % demonstrates that lava flows with 

MgO contents up to 17.5 wt. % were occasionally available in the formation of the 

Baffin Island picrites. The small quantity of these highly magnesian olivines in the lava 

flows implies that in general only the most iron-rich olivines erupted at the surface, 

while the high magnesian olivines remained in the conduit system. Different processes 

(e.g. higher ascent velocities, turbulent flows) must have taken place during the eruption 

of the dykes in order to explain the much greater abundance of Fo-rich olivines (up to 

Fo92 .9). 

The wide range of olivine compositions of both lava flows and dykes results in a large 

variety of calculated parental liquid compositions (8.6 - 17.5 wt. % MgO for lava flows 

and 17.9 - 19.6 wt. % MgO for dykes) and indicates a complex magmatic system, in 

which several batches of magma have been mixed and of which only a small proportion 

actually reached the surface. 

The lava flows and dykes have estimated parental liquidus temperatures ranging from 

1211 - 1358°C and 1339 - 1430°C respectively, at the time the olivines started to 

crystallise. 
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The Baffin Island rocks display no clear correlation between isotope ratios (e.g. 

"Sr/"Sr and 143Nd/144Nd) and indices of either crustal contamination or differentiation. 

This demonstrates that neither the Sr- and Nd-isotope system, nor the trace element 

ratios of the lava flows, were significantly affected by crustal material, in contrast to the 

dykes, which do show interaction with crustal material. 

However, the disturbed Pb-isotope ratios show interaction with continental crust. 

Possible sources of contamination may have been either a wide range of Archaean and 

Proterozoic basement rocks (up to 2 % assimilation), or an average Hebridean granulite-

facies gneiss (up to 7 % assimilation). 

The Baffin Island lava flows and dykes can be divided into two groups, defined by 

low Nb/Zr and high Nb/Zr, respectively. Assuming a N-MORB source, the low-Nb/Zr 

samples of Cape Searle can be modelled by 5-8 % melting of a spinel-lherzolite source, 

while some of the low-Nb/Zr samples from Padloping Island and Durban Island would 

have been generated within the spinel-lherzolite facies (5-10 %), and others would have 

been produced from a source composed of a spinel-lherzolite mixture (1-4:96-99). 

Although the low-Nb/Zr groups of all three locations on Baffin Island can be 

successfully modelled using a N-MORB source, the calculated melting curves are not 

consistent with the trace element compositions of the high-Zr/Nb group. Instead, melting 

of a slightly more enriched source (primitive mantle) is suggested. In this case, the high-

Nb/Zr samples of Cape Searle can be modelled by a source composed either of pure 

spinel lherzolite (6-8 % melting), or by a mix of 96 % spinel and 4 % garnet lherzolite 

(5-10 % melting). 3-7% melting of a source composed of a mixture of spinel- and 

garnet-lherzolite source (98:2) could have produced the high Nb/Zr group of Padloping 

Island and Durban Island. 
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Segregation pressures range between 1.7 and 3.1 GPa, confirming that the Baffin Island 

lavas were generated within the melting column over a wide range of depths, throughout 

the whole eruption event. 

(4) In general, lava flows of the low-Nb/Zr group are more magnesium-rich, contain 

more forsteritic olivines, represent higher-magnesium parental liquid compositions and 

were produced at slightly higher degrees of melting, at greater depths and at greater 

temperatures than the high-Nb/Zr rocks. These differences are also reflected in isotope 

ratios, with the low-Nb/Zr group having consistently higher 143Nd/144Nd (ca.0.5 130) and 

lower "Sr/"Sr (0.7030 - 0.7034) than the high-Nb/Zr group ('43Nd/'44Nd: 0.51280 — 

0.5 

.51280- 

0.5 1284: "Sr/"Sr: 0.7039 - 7042). 

The relatively enriched samples (e.g. high-Nb/Zr group) of Cape Searle have similar 

87Sr/86Sr and 143Nd/144Nd isotope compositions to Icelandic lavas, while the relatively 

enriched lavas of Durban Island and Padloping Island are more extreme than Icelandic 

rocks. These high 875r/86  5r, low 143Nd/144Nd lavas could represent the most enriched 

endmember of the ancestral Iceland plume, which has been present at 62, but of which 

the geochemical signatures are not evident today. 

The relatively depleted lava flows and dykes (e.g. low-Nb/Zr group) have compositions 

similar to both North Atlantic and Icelandic rocks. Nb/Y and Zr/Y variations (ANb) 

indicate that these volcanics are derived from a N-MORB source and do not represent a 

distinct depleted component of the Iceland plume. 

The high 176Hf/'77Hf isotope ratios relative to 143Nd/144Nd (positive AcHf) are best 

explained by an ancient melt extraction process at depth, where the gt/cpx ratio was 

relatively high (creating a residue with unusual high (Lu/Hf)/(SmJNd) ratio); melting in 

the presence of garnet could result in such high 176Hf/177Hf ratios. 
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The 3He/4He isotope ratios of the olivine phenocrysts correlate strongly with other 

whole-rock isotope systems (e.g. negatively with 87  Sr/ 86Sr and positively with 

143Nd/144Nd), as well with incompatible trace element ratios (e.g. negatively with 

(La1Sm) and Nb/Zr). The high helium component (up to 49.5 Ra) is present in the 

depleted basalts that are derived from large-volume melts of the depleted upper mantle. 

This is not consistent with the view that lavas with higher 3He/4He ratios than typical N-

MORB are derived from the lower, less degassed mantle reservoir. A process of mantle 

mixing between upper and lower mantle material best explains such a high 3He/4He 

signature. It is suggested that the depleted lava flows are not derived from a N-MORB 

source, but instead from a source slightly deeper in origin. Such a reservoir could 

represent a plume 'sheath', which originated at the 670-km thermal boundary. This 

reservoir could account for: (1) the depleted nature of the Baffin Island lavas (upper 

mantle signature); (2) the high Hf isotope ratios (long history of trace element depletion 

and isolation from the convecting upper mantle); and (3) high helium isotope signature 

(contribution of a small proportion of primordial helium from the lower mantle). 
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Appendix Al: Analytical methods 

A1.1 Olivine compositions 

The olivine compositions were analysed using a Cameca Camebax Microbeam Electron 

Probe at Edinburgh University, operating at an accelerating voltage of 20kV. The beam 

current was 25nA and the beam width 1 tm. Data were processed using PAP data 

reduction software supplied by the manufacturer and described by Pouchou and Pichoir 

(1984). The samples were analysed together with well-established standards (e.g. 

andradite, wollastonite, pyroxene and olivine in this study). The precision has been 

calculated according to the following equation: 1 = 
	- 

where: = relative standard deviation; 

T = counting time; 

R = count rate; 

p = peak; 

b = background. 

The precision for all analysed elements is less than 0.1% (see three example olivine 

analyses with different forsterite contents in Table A1.1.1). 

A1.2. Major elements 

Major element analyses of all Baffin Island samples were performed on glass disks using 

a Philips PW 1480 automatic XRF spectrometer at Edinburgh University. 



Table Al. 1.1: Precision estimates for the electron probe analyses (shown for three example samples) 

P1-16 (Oil C2) P1-41 (0L2 C3) DI-21 (015 Cl) 
92.97 Fo% 88.91 Fo% 83.39 Fo% 

wt.% T Rp Rb lo-  wL% I Rp Rb 1- wt.% T Rp Rb 1- 

Si02  40.62 30 9770 45.00 0.08 39.94 30 9656 45.60 0.08 38.63 30 9531 47.14 0.08 
A1203  0.12 30 42.00 18.33 0.01 0.07 30 31.67 18.07 0.01 0.06 30 32.80 19.33 0.01 
FeO 6.91 30 658.6 12.80 0.06 10.73 30 1020 11.93 0.07 15.82 30 1527 14.27 0.08 
MgO 51.24 30 11835 22.47 0.09 48.24 30 10709 19.67 0.09 44.52 30 9502 21.27 0.09 
CaO 0.29 30 89.08 20.87 0.01 0.32 30 96.55 20.40 0.01 0.33 30 99.85 19.47 0.01 
MnO 0.12 30 18.00 8.33 0.02 0.17 30 21.93 7.47 0.02 0.26 30 30.24 8.40 0.02 
NiO 0.48 30 63.44 14.73 0.02 0.39 30 54.67 11.80 0.02 0.26 30 45.70 18.67 0.02 

Cr203  0.18 30 16.80 5.67 0.02 0.09 30 11.40 5.67 0.02 0.08 30 11.87 6.33 0.02 
Total 99.94 99.96 99.97 

1-: standard devition in wt. % 
T: counting time 
Rp: count rate (peak) 
Rb: count rate (background) 

1 
10-= 

/(- 	) 



Approximately 1 g rock powder was dried overnight in an oven at 110°C, placed in 

platinum capsules and ignited at 1100°C in a furnace for 20 mm. The capsules were re-

weighed to calculate the percent-weight of loss on ignition (LOT). The residue was then 

mixed with approximately 5 g of lithium borate flux (Johnson Matthey Spectroflux 105) 

and fused at 1100°C. The crucible was re-weighed and any flux weight loss was made 

up with extra flux. The sample-flux mix was re-melted on a Bunsen burner to prepare 

the glass disks. 

The major element oxide abundances (SiO2, A1203, Fe203, MgO, CaO, Na2O, K20, 

TiO2, MnO, P205) were analysed along with the international standards BHVO1, BCR1 

and BIR1. The calibration lines for the major elements are very good, so accuracy and 

precision are closely similar (Fitton et al., 1998). Typical precision estimates are given 

in table A1.2.1. More details of the analytical techniques are given by Fitton et al. 

(1998). 

A1.3. Trace elements 

The trace element concentrations of Nb, Zr, Y, Sr, Rb, Th, Pb, La, Ce, Nd, Zn, Cu, Ni, 

Cr, V, Ba and Sc for all Baffin Island samples were analysed on a Philips PW 1480 

automatic XRF spectrometer at the University of Edinburgh before the start of this 

project. Around 6 g of whole-rock powder was used to produce pressed-powder pellets. 

Very long count times were used to determine Nb, Zr and Y abundances, while some 

other elements (e.g. Nb, Th, Pb) were analysed at least three times and the results 

averaged. Trace element precision was estimated by analysing international standards 

(BHV01, BCR1 and BERT) repeatedly during the analyses of the Baffin Island samples. 

Typical trace element precisions are given in Table A1.3. 1.  The accuracy is difficult to 

quantify, but may be assessed by comparing the average standard concentration in 

Edinburgh with those given by e.g. Govindaraju (1994). The mean concentrations of 



Table A 1.2.1 Typical precision estimates for the major element 
analysis (Fitton et al., 1998) 

Element 
Peak and background 

count times (s) 
Typical 

Si 50 0.1 
Al 50 0.05 
Fe 10 0.03 
Mg 50 0.05 
Ca 20 0.03 
Na 50 0.05 
K 20 0.005 
Ti 20 0.006 

Mn 10 0.007 
P 50 0.003 

Notes: *: standard deviation in wt. % 



Table Al. 3.1: Typical precision estimates for the trace elements 
analysed by XRF (Fitton et al., 1998) 

Element 
Peak and background 

count times (s) 
Typical 

Nb 500 0.1 
Zr 100 0.4 
Y 100 0.4 
Sr 40 0.5 
Rb 100 0.3 
Th 500 0.4 
Pb 500 0.4 
La 500 1.0 
Ce 500 1.5 
Nd 500 1.0 
Zn 40 0.5 
Cu 40 0.5 
Ni 40 1.0 
Cr 40 1.0 
V 40 2.0 
Ba 200 5.0 
Sc 100 0.5 

Notes: *: standard deviation in ppm 



Table Al. 3.2:  XRF trace element data (ppm) for international standards 
typical for Edinburgh analyses (Fitton et al., 1998) 

8CR-1 SIR-i BHVO-1 

Element Mean is* n Mean is* n Mean Is* n 

Nb 13.3 0.1 3 0.6 0.2 3 20.1 0.1 3 
Zr 190.8 0.4 3 13.4 0.3 3 177.7 0.4 3 
Y 37.2 0.2 3 16.4 0.6 3 28.1 0.4 3 

Sr 333.7 0.4 3 110.6 0.4 3 403.0 0.9 3 
Rb 48.1 0.6 3 0.2 0.3 3 9.6 0.3 3 
Th 6.1 0.4 15 1.4 0.5 15 
Pb 14.0 0.4 15 2.5 0.5 15 
La 24.9 0.7 15 0.9 1.1 15 14.7 2.1 3 
Ce 53.7 1.3 15 1.0 1.8 15 39.2 0.6 3 
Nd 28.6 1.0 15 2.0 1.0 15 26.4 0.8 3 
Zn 126.3 0.5 3 69.6 0.2 3 105.1 0.6 3 
Cu 26.6 0.5 3 118.0 0.5 3 132.3 3.0 3 
Ni 14.2 0.2 3 152.8 1.0 3 114.3 1.2 3 
Cr 28.0 1.0 3 375.0 2.0 3 287.7 0.5 3 
V 390.2 1.4 3 313.7 2.8 3 308.1 1.5 3 
Ba 682.3 6.1 3 17.3 2.0 3 133.6 3.1 3 
Sc 31.7 0.9 3 39.5 0.3 3 29.8 0.4 3 



Table Al. 3.3:  Trace element concentration and precision for two housestandars (P1-16 and CS-22), for BHVO-land BCR-1 
(measured during this study  and over a two years period 2) 

PI-1 6  
Mean (n=8) Is* 

1.11 1.94 

3.17 2.10 

0.53 1.66 

3.08 1.84 

1.30 2.49 

0.49 2.18 

1.98 1.98 

0.38 2.84 

2.72 2.06 

0.62 2.01 

1.85 1.81 

0.30 1.98 

1.85 1.79 

0.28 1.91 

Mean (n=10) 

0.87 2.30 

3.06 2.61 

0.24 4.60 

0.24 2.99 

CS-221  

Mean (n=10) Is* 

3.16 4.04 

7.72 3.72 

1.12 4.07 

5.57 3.66 

1.77 3.31 

0.65 3.20 

2.30 2.21 

0.42 2.50 

2.73 2.36 

0.61 3.17 

1.70 1.95 

0.27 2.54 

1.63 1.90 

0.25 1.55 

Mean (n=9) 

1.48 1.12 

0.75 13.22 

0.28 2.97 

0.08 2.36 

BHVO-11  
Mean (n=6) 	Is* 

	

15.49 	1.87 

	

38.68 	1.88 

	

5.39 	1.86 

	

24.80 	2.11 

	

6.15 	2.29 

	

1.98 	2.03 

	

6.21 	3.36 

	

0.95 	4.73 

	

5.21 	1.69 

	

0.97 	3.52 

	

2.52 	2.71 

	

0.36 	2.32 

	

2.03 	1.75 

	

0.29 	1.75  

BCR-11  

Mean (n=15) Is* 

25.02 1.21 
53.65 1.10 
6.78 1.14 

28.71 1.09 
6.61 1.58 
1.99 2.35 
6.80 1.70 
1.08 3.04 
6.34 0.97 
1.30 2.44 
3.64 1.29 
0.56 1.36 
3.40 1.17 
0.51 1.20 

Mean (n=7) 

4.87 3.27 
13.07 1.34 
6.10 3.08 
1.78 2.31 

BCR-12  
Mean (n=30) Is* 

24.9 0.40 

53.9 1.00 

6.78 0.10 

28.7 0.40 

6.58 0.10 

1.95 0.03 

6.66 0.11 

1.05 0.02 

6.32 0.10 

1.25 0.02 

3.61 0.07 

0.56 0.01 

3.37 0.07 

0.51 0.01 

Element 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Pb 

Th 

U 

analysed during this study 

routinely analysed over a two years period (Olive et al., 2001) 



BCR-1, BR-i and BHVO-1 are given in Table A1.3.2. Details of the analytical methods 

are given by Fitton et al. (1998). 

The REE, Hf, Pb, Th and U were determined by inductively coupled plasma-mass 

spectrometry (ICP-MS) at the Scottish University Environmental and Research Centre 

(SUERC) in East Kilbride. 0.1g of whole-rock powder was accurately weighed and 

dissolved in a PFA teflon screw-top beaker using a HF-I-[NO3- HC1-digestion. For 

determining the REE, the samples were diluted by the factor of 5000 using 5 % HNO3. 

and 10ml of each sample was spiked with 0.1ml (1 ppm solution) of In, Ru and Re. For 

determining Pb, Th, U and Hf, the sample were diluted by a factor of 1000 using 5 % 

HNO3  and 10 ml of each sample was spiked with 0.1ml (lppm solution) of In, Re and 

Bi. Each run consists of a series of two blanks, an Icelandic standards of know 

concentration, which has been diluted to different levels, three geostandards (BCR and 

BHVO and a house standard), and six samples. The result of BCR-1 routinely analysed 

over 2 years at SUERC (Olive et al., 200 1) is compared to that given by Govindaraju 

(1994) in Table A1.3.3 and demonstrate a precision of around 2% (is). A very detailed 

description of the analytical procedure is given by Olive et al. (2001). 

Al .4 Isotope ratios 

Al .4.1 Strontium and Neodymium 

"Sr/"Sr and 143Nd/144Nd were measured using a VG 54E thermal ionisation mass 

spectrometer at the Scottish Universities Environmental and Research Centre (SUERC). 

Samples of between 0.1 and 0.2g were accurately weighed in a PFA teflon beaker and 

dissolved using a HF-HNO3-HC1 digestion. Sr and REE were separated using cation 

exchange chromatography. The samples were loaded onto columns using lOmI Bio-Rad 

AG50W x 8,200-400 mesh resin, and the collection of Sr was carried out in 2.5M HC1. 



The Sr fraction was dried, then dissolved in 1 il 1 M H3PO4  and loaded onto a single 

outgassed Ta filament. The "Sr/"Sr ratio was corrected for mass fractionation using 

"Sr/"Sr = 0.1194. According to repeated analysis of NBS987, uncertainties (2 sd) of the 

87  Sr/ 86Sr ratios are in the last decimal place. 

The REE fraction was further eluted in 2.5M HC1 and collected in 3M HNO3. For some 

of the samples, Ba was removed through Eichrom Indusries Spec® resin, but some 

samples did not need this procedure, as the resin had been changed and Ba was not 

interfering with the REEs. Nd and Sm were separated in a mixture of acetic acid, 

methanol and nitric acid using Bio-Rad AGIx8 200-400 mesh anion exchange resin. The 

samples were dried, and in preparation for the mass spectrometer dissolved in 1 p1 H20 

and loaded on the Ta side filament of triple Ta-Re-Ta filaments. 143Nd/144Nd were 

corrected for mass fractionation using 146Nd/'44Nd = 0.7219. The SUERC Johnson 

Matthey Nd standard gave '43  Nd/ '44Nd = 0.511500 +10 (2 sd) during the analysis of the 

Baffin Island samples. 

A1.4.2 Lead isotopes 

Pb-isotope ratios were measured at SUERC, using multi-collector inductively coupled 

plasma-mass spectrometry (MC-ICP-MS). 0.1 g rock sample was digested using 

successive HF/HNO3-6 M HC1-1 M HBr anion exchange method similar to Manhes et 

al. (1978). After the column procedure, each sample was dried and dissolved in HNO3. 

According to the Pb content of the sample, the dilution for each sample was calculated 

(i.e. for 1 ppm Pb = add imi of 5 % HNO3  to dried sample). 5 ppb of the standard NIST 

997 (TI) were also added to each sample. They were left on a hot plate overnight and the 

following day, the sample solution was transferred to tubes and measured with the MC-

ICP-MS along with the standard NB  981. 



A1.4.3 Hafnium isotopes 

The Hf-isotope ratios were determined at the NERC Isotope Geosciences Laboratory in 

Keyworth, using plasma ionisation multi-collector mass spectrometry (PIMMS). 

Samples of between 1.5 and 3 g (the amount of sample depends on the amount of Hf in 

the sample and was calculated as: amount of sample (g) x conc. of Hf in sample (ig/g) x 

column efficiency [85 %] = yield (jig)) were weighed into Savillex bombs ensuring that 

-1 jig Hf was recovered. The samples were dissolved in 16 M HNO3- 29M HF, dried 

down and further leached with 4N HF. The separation of Ti-Zr-Hf from major and other 

trace elements was carried out using BioRad® AG1-X8 anion exchange resin. The Ti-

Zr-Hf fraction was collected with IN HF-IN HCL. 36.6N H2SO4  was added to the 

solution and dried down. Ti was separated from Zr and Hf using BioRad® AG1-X8 

anion exchange resin. The dried samples were diluted in 0.52N H2SO4-  5% H02, loaded 

onto the columns and the Hf-fraction was collected with IN HF-2N HCL. The dried 

samples were dissolved in a dilute solution of nitric acid (2%) and 0.1M HF for running 

by PIMMS. Sample solutions for running with PIMMS require concentrations of 200-

500 ppb Hf (i.e. calculated as: number of ng of Hf separated = Hf (ppm) in sample x 

sample weight (mg)). The data were corrected for mass fractionation during the run by 

normalisation to "'Hf/"'Hf of 0.7325 and reported relative to an accepted value of JMC 

475 of 0.282160. A very detailed description of the analytical techniques is given by 

Kempton et al. (2001). 

A1.4.4 Helium isotopes 

Helium isotope ratios and concentrations were analysed at SUERC, using an all metal 

MAP 215-50 mass spectrometer. Olivine crystals were extracted from crushed whole 

rocks by heavy liquid separation. The olivine concentrates were cleaned in dilute HNO3 



at 80°C and then washed in distilled water. Olivine crystals were handpicked under a 

binocular microscope, then washed in 5% HC1, followed by distilled water. The olivine 

separate was repicked, then ultrasonically cleaned in deionised water, followed by 

acetone, prior to loading into the crushing apparatus. The gases were extracted by in 

vacuo crushing of —1 g olivine. The olivine powders remaining after crushing were 

wrapped in Al foil and fused in a double-walled resistance furnace at 1850°C. 3He/4He 

and helium concentrations were calculated by peak height comparison to pipettes of 2.9 

x 1012 atoms He from an artificially prepared He-Ar standard (3He/4He = 5.95 x 10 5; 

4  He/ 22Ne >6000). 3He/4He were normalised to the atmospheric ratio (1.39 x 106 Ra). 4  H 

blanks averaged 4 x 10' cm' STP and 3  H blanks (5 x 1015  cm3  STP) were less than 

5% of the measured 3He. A detailed description of the analytical technique is given by 

Stuart et al. (1994, 2000) and Williams et al. (in prep.). 



A2 Petrology of Baffin Island samples 

Sample Texture Phenocrysts 
shape size vol. % 

Cape Searle 
CS-13 porphyritic at eu/sub < 0.5 mm 1% 
CS-Il porphyritic 0! eu/sub <0.3 mm 2-5% 
CS-8 porphyritic,ophitic ol sub/ig <2.0 mm <1% 
CS-7 porphyritic, ophitic, subophitic 01 eu/sub/an < 3.5 mm 10% 
CS-12 non-porphyritic, ophitic ol sub <0.4 mm 2% 
CS-32 non-porphyritic, (sub)ophitic, intergranuiar 01 sub <0.4 mm 1% 

pig sub < 1.0 mm 20% 
CS-31 non-porphyritic ol sub < 1.2 mm 15% 
CS-30 non-porphyritic, (sub)ophitic, intergranular 01 sub < 1.0 mm 10-15% 

pig sub <2.0 mm 10-15% 
CS-29 non-porphyritic,ophitic 01 eu/sub/an/skllg <3.0 mm 25-30% 

pig an <2.0mm 10% 
CS-28 porphyritic,ophitic 01 eu/sub/an/sk/lg <2.0 mm 10% 
CS-27 non-porphyritic,ophitic, glomeroporphyric(ol) ol eu/sub/an/sk/Ig < 1.0 mm 5% 
CS-26 non-porphyritic,ophitic, poikilophitic ol eu/sub/an < 1.0 mm 10% 
CS-25 porphyritic,ophitic, glomeroporphyritic((ol) ol eu/sub < 1.0 mm 10% 
CS-24 non-porphyritic,ophitic, glomeroporpliyric(plg) ol sub/an < 1.0 mm 3-5% 
CS-23 non-porphyritic,ophitic ol sub/an < 0.7 mm 7% 
CS-22 non-porphyritic,(sub)ophitic 01 sub < 0.8 mm 3% 
CS-21 non-porphyritic, (sub)ophitic 01 sub/an < 1.0 mm 3% 
CS-20 non-porphyritic,(sub)ophitic, glomeroporphyric(oI) 01 eu/sub/an/sk < 1.0 mm 10-15% 
CS-19 non-porphyritic,(sub)ophitic, giomeroporphyric(oI) ol eu/sub/an < 1.0 mm 7% 
CS-18 porphyritic,ophitic, glomeroporphyritic(ol+plg) 0! eu/sub < 1.0 mm 15-20% 

pig eu/sub <0.5 mm 2% 
CS-17 porphyritic, glomeroporphyritic(ol+pig) 01 eu/sub <2.0 mm 15% 

pig sub < 0.5 mm 15% 
CS-16 porphyritic,ophitic, glomeroporphyritic(ol+plg) 01 eu/sub < 1.0 mm 10-15% 

pig sub <0.5 mm 3% 
CS-15 vitrophyritic, glomeroporphyritic(ol) 01 eu/sub < 1.0 mm 10-15% 

pig eu/sub < 1.0 mm 2% 
CS-10 vitrophyritic, glomeroporphyritic(oI) ol eu/sub/sk/lg < 1.5 mm 10-15% 

pig sub < 0.5 mm 2% 
CS-4 vitrophyritic ol eu/sub/an/sk/lg < 1.5 mm 10% 
CS-3 vitrophyritic ol eu/sub/an/sk/lg < 1.0 mm 5-7% 
CS-14 porphyritic, glomeroporphyritic(ol+plg) 01 eu/sub < 0.7 mm 10-15% 

pig sub <1.0mm 3% 
CS-6 non-porphyritic,(sub)ophitic, glomeroporphyric(ol+pig) ol eu/sub/Ig < 1.0 mm 10-15% 

pig sub < 0.5 mm 3-5% 
CS-5 porphyritic, glomeroporphyritic(ol+plg) at eu/sub/sk/ig < 1.5 mm 15-20% 

pig sub <1.5mm 5% 
CS-1 porphyritic, glomeroporphyritic(ol+plg) at eu/sub/skllg <2.0 mm 10-15% 

The abundance of minerals was estimated from thin sections 
(01: olivine; pig: plagioclase; eu: euhedral; sub: subhedral; an: anhedral; sk: skeletal; Ig: long-growth) 



A2 (continued) Petrology of Baffin Island samples 

Sample Texture Phenocrysts 
shape size vol. % 

Padloping Island 
P1-16 porphyritic 01 eu/sub < 1.5 mm 5% 
P1-18 non-porphyritic, subophitic 01 eu/sub < 0.7 mm 10% 
P1-19 non-porphyritic, subophitic 01 eu/sub <2.0 mm 10% 
P1-20 non-porphyritic, subophitic ol eu/sub < 1.3 rnm 10% 
P1-21 non-porphyritic, subophitic 01 eu/sub < 1.2 mm 15% 
P1-22 porphyritic, glomeroporphyritic ol eu/sub/an/sk <2.0 mm 10-15% 
P1-23 non-porphyritic, subophitic 01 sub/an/sk/lg <3.0 mm 25% 
P1-24 non-porphyritic, subophitic 01 sub/skllg < 3.0 mm 25% 
P1-25 non-porphyritic, subophitic ol sub/an/sk/Ig <3.5 mm 25% 
P1-26 porphyritic, subophitic 01 eu/sub/an/sklIg <2.0 mm 20% 
P1-27 porphyritic, subophitic 01 eu/sub/sk/Ig <3.5 mm 25% 
P1-28 porphyritic, glomeroporphyritic (ol) ol eu/sub < 1.0 mm 30-40% 
P1-29 porphyritic, glomeroporphyritic (ol) ol eu/sub < 1.0 mm 30-40% 
P1-30 non-porphyritic, subophitic 01 eu/sub/sk/Ig <2.0 mm 10% 
P1-31 non-porphyritic, subophitic 01 eu/sub/an/sk < 1.5 mm 20-25% 
P1-32 non-porphyritic, subophitic, glomeroporphyritic(ol) ol eu/sub/an <3.0 mm 30% 
P1-33 porphyritic, glomeroporphyritic (pig) ol eu/sub/an/sk <2.0 mm 5-10% 
P1-34 porphyritic, subophitic ol eu/sub/an/sk <3.0 mm 20% 
P1-35 porphyritic, subophitic 01 eu/sub/an/Ig < 1.5 mm 20-25% 
P1-38 non-porphyritic, subophitic 01 eu/sub/an/sk < 1.5 mm < 50% 
P1-36 non-porphyritic, ophitic ol sub/an <2.3 mm 25-30% 
P1-37 non-porphyritic, subophitic ol eu/sub/an <2.0mm 15-20% 
P1-39 non-porphyritic, ophitic 01 sub/an < 1.0 mm 30% 
P1-40 non-porphyritic 01 eu/sub <2.0 mm 35-40% 
P1-41 non-porphyritic ol eu/sub <2.0 mm 40-50% 
P1-42 non-porphyritic ol eu/sub/an/sk/Ig < 1.0 mm <50 % 
P1-43 non-porphyritic, subophitic 01 eu/sub/sk/Ig <2.0 mm 15-20% 
P1-44 vitrophyric 01 eu/sub/sk/lg <2.0 mm 30% 

Durban Island 
DI-13 porphyritic, glomeroporphyritic (oI+pig) ol eu/sub < 0.5 mm 5% 

pig eu/sub <0.8mm 1% 
DI-14 non-porphyritic ol eu/sub <2.5 mm 30% 
DI-15 non-porphyritic, intergranular ci eu/sub <2.0 mm 40% 
DI-16 non-porphyritic ol eu/sub/an/skllg < 1.5 mm 30% 
DI-17 subophitic 01 eu/sub/sk < 1.5 mm 10-20% 
DI-18 subophitic 01 eu/sub/sk < 1.5 mm 15% 
Dl-19 subophitic 01 eu/sub/sk < 1.5 mm 10-20% 
DI-20 non-porphyritic, subophitic ol sub < 0.3 mm 10% 
DI-21 subophitic, glomeroporphyritic (ol) ol eu/sub < 1.5 mm 20% 
DI-22 porphyritic, subophitic, glomeroporphyritic (pig) ol eu/sub < 1.0 MM 10% 

pig sub <0.3mm <7% 
DI-23 subophitic, glomeroporphyritic (ol) ci eu/sub <2.0 mm 20% 
DI-24 porphyritic, ophiomottled, glomeroporphyritic (ol) ol eu/sub/sk/Ig <2.0 mm 25-30% 
DI-25 porphyritic ol eu/sub < 0.8 mm <10% 
DI-26 subophitic ci eu/sub/sk <2.0 mm 10% 
DI-27 porphyritic ci eu/sub/sk/Ig <2.5 mm 20-25% 
DI-28 subophitic ci eu/sub/an/sk <2.5 mm 20% 
Di-29 vitrophyric ol eu/sub/sk/Ig < 1.0 mm 15% 



A3 Microprobe analyses (in wt. %) of olivine crystals 

sample 01.13 
oil ci oil c2 oil c3 oil 	ii oil 12 oil 13 012 ci 012 c2 012 c3 012 ri 012 r2 

Si02  3581 3570 3564 35.53 35.64 35.48 36.00 35.79 36.01 35.41 35.96 

A1203  0.05 0.04 0.04 0.43 0.03 0.03 0.06 0.04 0.05 0.05 0.04 

FeO 30.78 30.92 31.11 31.04 31.50 3183 3072 30.86 30.85 31.92 30,42 
MgO 31.71 31.55 31.58 31.38 31.11 30.92 31.81 31.64 31.47 30.88 31.96 
CaO 0.26 0.26 0.26 0.24 0.25 0.23 0,25 0.28 0.27 0.23 0.26 
Na2O 0 02 OM OM 0.01 0.03 0,01 0.02 0.02 0.01 0.02 0.00 

K20 0.00 0.00 0.01 0.01 0.00 0.01 0,01 0.00 0.00 0 01 0.00 

T'02 0.04 0.01 0.02 0.03 0.03 0,03 0.02 0,02 0.02 0.03 0.04 

MnO 0.42 0.43 0.45 0.40 0.46 0,44 0.43 0.43 0.41 0.48 0.44 
NiO 0,06 0.07 0.08 0.06 0.08 0.09 0.06 0.07 0.08 0.09 0.08 
Cr203  13,00 0.03 0.00 0.04 0.00 0.02 0.03 0.02 0.02 0.02 0.01 

Total 99.15 99.02 99,20 99.16 99.12 99.09 99.39 99.16 99,17 99,14 99.21 
Fo% 6475 64.53 64.41 6432 63.77 63.39 6487 64.64 6453 63.30 65.19 

sample 01-13 
012 r3 013 ci 014 ci 014 c2 014 11 014 r2 015 ci 015 c2 015 c3 015 12 

Si02 35.82 35,87 36.17 36.08 35.94 35.85 36.77 36.68 36.68 3626 

A1203 0,03 0 05 0.05 0.05 0.04 0.03 0.06 006 0.06 0.04 

FeO 31.28 30.88 29.87 30.18 30.43 31.14 2533 26.35 25.49 28.54 
MgO 31.02 31.28 32.20 32.11 31.84 31.45 36.33 35.11 36.11 33.59 
CaO 0.25 0.24 0.29 0.29 0.26 0.24 0.30 0.28 0.30 0.25 

NaO 0.00 0.02 0.02 0.01 0.00 0.03 0 02 0.00 0.00 0.02 

K20 0.00 OM 0.01 OM 0.01 0,01 0,00 0.00 0.00 0.00 

T101  0.04 0.03 0,03 0.03 0.03 0.05 0.03 0,03 0.01 0.03 

MnO 0.41 0.44 0,41 0.42 0.43 0.46 0.36 0.38 0,36 0,40 
NiO 0,10 0.10 0.06 0.06 0.04 0.05 0,09 0.08 0.08 0.08 
CrO 0.01 0,03 0.03 0,04 0,00 0.02 0.02 0.05 0.02 0.02 

Total 98.97 9893 99,14 99.26 99.02 99.31 09.31 99,02 99,12 99.23 
P0% 63.87 64.36 65,78 65.48 65.10 64.30 71.89 70.38 71,63 67,73 

sample 01-15 
oil ci oil c2 oil c3 oil c3 oil ii oil r2 012 ci 012 c2 o12 c3 012 c4 	012 rI 

Si02 40.15 40.21 40.34 40,16 38.67 38.85 39.67 39.35 39.38 39.63 3863 

A1203  0.07 0.05 0.06 0.09 0.04 0.06 0.06 0.05 0.08 0.08 0.03 

FeO 9,62 9.50 9.70 9.97 17.65 17.56 13.37 13.57 13,53 13,78 19.26 
MgO 49.53 40.51 49.64 49.22 42.05 43,28 46.53 46.30 46.51 46.01 41.18 
CaO 0.30 0.30 0,29 0.26 0.30 0.26 0.31 0.31 0.32 0,31 027 

Na2O 

KO 

Tb 2  

MnO 0.14 0.16 0.13 0.16 0.24 0.30 0.23 0.19 0.19 0.20 0.29 
NiO 0.40 0.44 0,44 0.40 0.29 0.33 0.37 0.36 0.36 0.32 0.30 
Cr203  0,14 0.12 0.13 0.12 0.06 0.08 0.08 0.08 0.11 0.11 0.05 

Total 100,55 100.28 100,72 100.38 100.20 100.72 100.61 100.20 100.47 100.45 100.02 
P0% 8990 9028 9012 8979 81,27 81.46 86.12 8588 8597 85,62 79.22 

sample 01-15 

o12 r2 oi3cl o13 c2 oi3c3 o13 c4 oi3r2 01313 o13 r4 

SiO2  38.43 39,87 39.62 40.09 39.14 38.69 39.66 38,72 

Ai202  0.02 0.06 0.06 0.07 0.07 0.04 0.06 0.04 

FeO 18.98 12.41 12.33 11,49 14.82 17.97 12.80 18.41 
MgO 41.59 47.08 46.86 47.72 44.77 42.02 46,48 41,73 
CaO 0.29 0,29 0,28 0.30 031 0,27 0.31 0.28 
Na20 

K20 

Ti02  

MnO 0.28 0.18 0.18 0.20 0.22 0.27 0.18 0.30 
NiO 0.29 0.34 0,35 0.38 0.34 0.33 0.37 0.27 
Cr203  0.03 0,09 0.04 008 0.12 0.02 0.08 0.04 

Total 99.89 10032 99.73 100.32 9980 9960 9995 99.78 
Fo% 79.62 87.12 87.14 88,10 84,34 80.65 86.62 80.17 

(01: olivine; c' core; r: rim) 



A3 (continued) Microprobe analyses (in WI %) of olivine crystals 

sample 	Di-17 
Oil ci 	oil c2 	oIl c3 	oil ri 	oil r2 	oil c3 	o12 ci 	o12 c2 	012 ri 	012 r2 	013 ci 

S105 	39.43 	39.30 	39.69 	39.15 	38.44 	39.08 	39.76 	39.63 	39.42 	39.40 	39.75 

A1503 	0.05 	0.06 	0.05 	0 06 	0.06 	0.06 	0.06 	0.06 	0.06 	0.07 	0.05 
FeO 	12.16 	12.49 	11 ,39 	14.46 	18.13 	14.89 	11.41 	11.27 	12.76 	13.02 	11.13 
MgO 	47.07 	46.60 	47.62 	45.04 	42.25 	44.91 	47.96 	47.58 	46.72 	46.46 	48,05 
CaO 	0.34 	0.35 	0.34 	0,34 	0.32 	0.31 	0.34 	0,60 	0.34 	0,35 	0.32 
Na2O 	0.00 	0.01 	0.01 	0.02 	0.00 	0.02 	0.00 	0.00 	0.02 	0.00 	0.02 

K50 	0.01 	0.01 	0.01 	0.00 	0.00 	0.00 	0.01 	0.01 	0.01 	0.01 	0.00 

Ti02 	0.02 	0.02 	0.02 	0.02 	0.02 	0.01 	0.02 	0.02 	0.03 	0.03 	0.02 

MnO 	0.17 	0.17 	016 	0.20 	0.24 	0.20 	0.18 	0.18 	0.20 	0.20 	0.16 
NiO 	0.28 	0,31 	0,26 	0.29 	0.20 	0.25 	0.28 	0.27 	0,28 	0.21 	0,26 
Cr503 	0.13 	0.10 	0,08 	0.06 	0.08 	0.03 	0.05 	0.09 	0.09 	0.11 	004 
Total 	99.66 	99.42 	99.64 	99.63 	99.75 	99.75 	100,06 	99.70 	99.93 	99,83 	99.80 
Fo% 	87.35 	86.94 	58.17 	84.74 	80.60 	84,32 	88.23 	88.27 	86.71 	86.42 	88.50 

013 c2 	013 c3 	013 c4 	013 ii 	013 r2 	013 r3 	014 Cl 	014 c2 	014 c3 	014 r2 

Si02 	39.65 	39.76 	39,73 	39.32 	3967 	39.24 	39.12 	38.95 	39,10 	38.77 

A1203 	0.06 	0.06 	0,06 	0.07 	0.07 	0.06 	0.07 	0.05 	0,05 	0.08 
FeO 	11.18 	11.22 	11.30 	13.24 	11.86 	14.07 	14.10 	14.35 	14.31 	17,92 
MgO 	48.13 	47.87 	47.91 	46.42 	47.58 	45.58 	45.38 	45.24 	45.61 	42.52 
CaO 	0.33 	0.30 	0.32 	032 	0.32 	0,31 	0.33 	0.32 	0.32 	0.32 
Na2O 	0.01 	0.01 	0.01 	0.00 	0.03 	0.00 	0.02 	0.01 	0.02 	0.01 

K20 	0.01 	0.00 	0.00 	0.00 	0.01 	0.01 	0.01 	0.01 	0.00 	0.00 

T'02 	 0.01 	0.01 	0.02 	0.01 	0.04 	0.04 	0.01 	0.02 	0.03 	0.03 

MnO 	0.18 	0.17 	0.17 	0.19 	0.17 	0.22 	0.18 	0.18 	0,18 	0.26 
NiO 	0.25 	0.26 	0.26 	0.22 	0.24 	0.24 	0.22 	0.21 	0.21 	0.18 
Cr505 	0.05 	0.07 	0.08 	0.07 	0.08 	0.07 	0.07 	0.07 	0.07 	0.05 

Total 	99.87 	99.72 	99.86 	99.85 	100.06 	99.85 	99.50 	99.41 	99.88 	100.13 
Fo% 	88.475 	88.386 	88,316 	86.210 	87.734 	85.240 	85,16 	84.89 	85.04 	80,88 

oil ci oIl c2 oil c3 oil ri oil r2 oil r3 012 ci 012 c2 012 c3 012 r3 012 r4 

SiO2  38.94 39.01 38.61 38.42 38,73 38.12 39.22 39,31 39.09 39.01 38.82 
Ai000  0.06 0.08 0.05 0.05 0,06 0.04 0.05 0.07 0.08 0.03 0.06 
FeO 15.39 15.27 16.69 18.06 16.15 18.59 14.56 14.66 14.57 15.94 1657 
MgO 44.22 44.37 43.29 41.75 43,39 42.04 44.63 44,85 45.09 44.22 43.47 
CaO 0.35 0.33 0.34 0.34 0.35 0.31 0.35 0.32 0.33 0.34 0.35 
Na2O 0.00 0.01 0.02 0.01 0 02 0.03 0.01 0.02 0.02 0.01 0.02 
KO 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0,01 

TIOa 0,02 002 0.01 0.02 0.02 0.04 0.02 0.03 0.02 0.01 0.01 
MnO 0.20 0.24 0.25 0.24 0.22 0.28 0.21 0.20 0.20 0.23 0.24 
NO 0.13 0.18 0,15 0.12 0.14 0,10 0.16 0.19 018 0.11 0,13 
Cr2O3  0.05 0.05 0.06 0.04 0.07 0.05 0.04 0,07 0,07 0.06 0,05 
Total 99.37 99.55 99.47 99.07 99.17 99.60 99,24 99.74 99.66 99.97 99.73 
Fo% 83.67 83.82 82.22 80.47 82.73 80.13 84.54 84,50 84.65 83.19 82.39 

sample Dl-20 Dl-21 
014 Cl 014 c2 014 c3 oil c4 ON c5 oIl c6 oil c7 oIl 14 oil 15 014 Cl 

Si02  38.65 38.43 38.65 39.57 39,31 39.61 39.45 39,09 37.91 39.46 

A1005  0.06 0.05 0,06 0.04 0,05 0.06 0.07 0,05 0.07 0,05 
FeO 16.63 18.16 17.28 12,17 12.46 12,39 12.36 14.75 19,96 12.16 
MgO 43,59 42.45 43,18 47.26 47.28 47.17 47.16 45.10 40,97 47,45 
CaO 0,34 0.36 0.36 0.31 0.32 0.34 0.31 0.29 0.29 0.29 
Na50 0.02 0.02 0.02 

K50 0.01 0.01 0.00 

T102  0.02 0.03 0.01 

MOO 0.23 0.25 0.24 0.22 0,20 0.21 0.18 0.23 0.29 0.23 
MO 0.11 0.13 0.12 0.31 0.34 0.36 0.33 0.28 0.25 0.34 
Cr205  0.09 0.04 0.05 0.05 0,04 0.08 0.05 0.06 0.07 0.07 
Total 99.75 99.91 99.97 99,92 99.98 100.21 99.92 99.85 99.82 100,05 
Fo% 82.38 80.65 81,67 87.38 87.12 87.16 87.19 84.50 78.54 87.44 

(01: olivine; C: Core; IS rim) 



A3 (continued) Microprobe analyses (in wt. %) of olivine crystals 

014 c2 014 c3 014 c4 014 ri o14 r2 014 r3 014 c5 014 CS 015 ci s15 c2 015 c3 

Si02  39.59 39.60 39,43 38.50 38.83 38.37 39.56 39.61 38,63 38.93 3&81 

AlO 0.06 0.06 0.07 0.05 0.06 0.06 0.08 0.04 0.06 0.04 0.06 

FeO 12.00 12.11 12.31 17.48 15.54 17.04 13.10 12.73 15.82 15.45 15.67 
MgO 47.36 4714 47.19 42.84 44.62 43.41 4653 47.10 44.52 44.83 44.75 
CaO 0,31 0,32 0.29 0.29 0.31 0.29 0.31 0.30 0.33 0.33 0.30 
Na20 

KO 

TiO2  

MnO 0.19 0.21 0.21 0.27 0.25 0.26 0.21 0.19 0.26 0.22 0.26 
NiO 0.32 0,31 0,34 0.29 0.31 0,27 0,36 0.34 0.26 0.26 0.27 
Cr2O 0.07 0.09 0.08 0.06 0.09 0,09 0.08 0.07 0.08 0.09 0.08 

Total 99.90 99.83 99.91 99,76 100,00 99.78 100.23 100.38 99.97 99.95 100.20 
Fo% 87.55 87,40 87.23 81.38 83.66 81,96 86,36 86.83 83.39 83.74 8358 

sample 01-21 01-23 
016 ci 016 c2 016 c3 016 ii 016 r2 o16 r3 otla ci oils c2 oils c3 oMbc4 

3102 39.02 38.99 39.06 38.30 38.84 38,41 39.41 39.64 39.44 39.61 

A1203  0.05 0.00 0.06 0,04 0.06 0.05 0.08 0.04 0.05 0.05 

FeO 14.77 14.72 15.49 18.79 15.71 17.92 12.58 12,46 12.46 12.03 
MgO 45.47 45.28 44.69 42.14 44.34 42.26 46.74 4688 47.21 47.27 
CaO 0.31 0.31 0.31 0.31 0.33 0.36 0.32 0.34 0.30 0.33 
Ns20 

K20 

TiO2  

MnO 0.21 0,23 0.20 0,28 0.26 0.28 0.20 0.17 0.19 0.19 
NiO 0.28 0.27 0.25 0.20 0.25 0.24 0.35 0.35 0.36 0.35 
Cr2O3  0.07 0.08 0.04 0.05 0.06 0.07 0.11 0.07 0.04 0.06 

Total 100.18 99.94 100.10 100.12 99.85 99.58 99.78 99.93 100.05 99.89 
Fo% 84.58 84.57 83.72 79.99 83.42 80.79 86.88 87.03 87.10 87,51 

sample 01-23 
oilS CS olib c6 olic c7 olic CS oIlS c9 olld dO slid rl olic r2 oilS r3 012 ci 012 c2 

S102  39.66 39.70 39.51 39.38 39.50 39,24 38.46 39.21 38.94 39.46 39.40 

A1203  0.04 0.07 0,06 0.07 0.06 0.06 0.05 0.04 0.06 0.09 0.05 

FeO 12,01 11.95 11.98 11.07 11.89 12.24 17.21 13.31 15.92 12.51 12.42 
MgO 47.25 47,18 47.42 47.40 47.06 47.74 4323 48.63 44.28 47.22 47.41 
CaO 0.33 0,32 0,32 0.31 0,30 0.31 0.30 0.32 0,29 0.30 0.31 

NarO 

KO 

TiO 

MnO 0.21 0.20 0.18 0.19 0.19 0.20 0.25 0.20 0.24 0.21 0,21 
NiO 0.35 0.36 0.38 0,37 0.32 0.37 0.30 0.35 0.35 0.34 0.34 
Cr20 0.07 0.00 0.07 0.06 0.04 0.06 0.06 008 0.10 0.07 0.04 

Total 99.93 99,85 99,92 99,75 99.36 100.23 99.86 100.14 100.17 100.21 100.17 
Fo% 87.52017 87.56408 87.58769 87.59308 87.58490 87.42563 61.74575 8619782 83.22223 87.06096 87,19101 

sample 01-23 
o12 c3 012 ri 012 Rr3 012 r3 013 Cl 013 c2 013 c3 o13 r2 013 r3 

S'02 39,48 38,86 39.13 39.13 39.49 39.62 39.57 3960 38.91 

A120 0.07 0.06 0.05 0.05 0.08 0.06 0.07 0.07 0.03 

FeO 12.31 15.89 13.88 13.88 12.11 12.27 12.18 1102 14.63 
MgO 47.23 44.06 46.08 46.08 47.24 47,10 47.10 46.53 45.45 
CaO 0.31 0.31 0.30 0.30 0.34 0.33 0.32 0.31 0.31 
Na20 

K20 

T102  

MnO 0.17 0,26 0,20 0.20 0.18 0.19 0.10 0.18 0.23 
NiO 0.37 0.29 0.33 0,33 0.37 0.33 0.36 0.35 0.28 

CrO 0.08 0.07 0.06 0.06 0.08 0.06 0.07 0.07 0.05 

Total 100.00 99.80 100.02 100.02 99.85 90.96 99,86 100.13 99.90 
Fo% 87.25 83.18 85.54 85.54 87.43 87.25 87.33 86.43 84.71 

(01: olivine; C: core; r rim) 



A3 (continued) Microprobe analyses (in wt. %) of olivine crystals 

sample Dl-24 
015 ci 015 c2 015 0 015 rI 016 r2 015 r3 013 c12 013 c14 013 c15 013 c16 013 c17 

Si02  39.49 39.33 39.47 39.30 39.39 39,52 39,61 3966 39.91 39.77 39.67 
A1203  0.06 006 004 0.07 006 0.07 0.10 0.08 0.10 010 0.08 
FeO 11.79 11.86 11.90 12.27 13,17 12.47 9.52 9.65 10,07 9.94 9.66 
MgO 46.89 46.97 46.86 46.52 4620 46.75 48,75 4852 48.14 46.41 48.74 
CaO 0.35 033 0.34 035 0.35 0.34 0.29 0.30 0.31 0.28 0.29 
NaO 

KO 

TiO2  

MnO 0.18 0,19 0.20 0.19 0.20 0.22 0.15 0.17 0.17 0.16 0.16 
NO 0.34 038 0.36 0,33 0.36 0.30 0.43 0,41 0.40 0.45 0.45 
Cr20 010 007 0.06 0.07 0.06 0.08 0.10 0.14 0.15 0.15 0.13 
Total 99.19 99.19 99.23 99.10 99.79 99.75 98.95 98.94 99.25 99.26 99.27 
Fo% 87.64 87.60 87.53 87.11 86.21 86,99 90.13 89.95 8950 89.67 9009 

013 r5 013 r6 013 r7 016 ci 016 c2 016 c4 016 c5 016 ri 016 r2 017 ci 017 c2 

SiO2  39.46 39.38 39.50 39.40 39,11 39.45 3939 39.44 39.27 39.90 39.80 
A1103  0.10 0.07 0.08 0.06 0.05 0.08 0.08 0.08 0.07 0.08 0.09 
FeO 11.40 11.69 11,43 12.21 11.99 11.88 11.84 12.90 12.59 9.52 10.62 
MgO 47.35 47.23 47.21 46.66 4688 46.84 46.97 46.26 46.53 48.88 48.04 
CaO 0.34 0.34 0.33 0.36 0.34 0.34 0.36 0.36 0.33 0.29 0.30 
Na20 

K20 

TiO2  

MnO 0.17 0.18 0.18 0.19 0.19 0.18 020 0.21 0.24 0.17 0.17 
NO 0,36 0.35 0.33 0.39 0,38 0.38 0.36 0.36 0.33 0.45 0.42 
Cr00 0,09 0.08 0.07 0.06 0.08 0.06 0.07 0.06 0.06 013 0.13 
Total 99.27 99.31 9914 99.33 9903 99.21 99.25 99.66 99.40 99.42 99.56 
Fo% 88.10 87.81 88.04 87.20 87.45 87.54 87.62 86.47 86.82 90.15 88.97 

sample 01-24 01-25  
017 c4 017 CS 017 r2 013 ci 013 c2 013 c3 013 c4 013 r2 014 c3 014 0 

Si02  39.70 39.83 39.56 39.1 39.0 39.1 39.0 38.5 36,6 39.6 
A1203  0.10 0.10 0.10 01 0.1 0.1 0.1 0.1 0.1 0.1 
FeO 10.14 983 11.90 15.0 15,3 15.1 153 17.7 18.1 17.6 
MgO 48,17 48.49 46.99 45.1 44.8 45.1 44.9 42.8 42,4 43.1 
CaO 0.32 0.29 0,33 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
NsO 

K20 

T102  

MnO 0.14 0.15 0.20 0.2 0.2 02 0.2 0.3 0.3 0.3 
NiO 0.42 0.43 0.38 0.3 0.3 0.3 0.3 0.2 0.2 0.2 
Cr203  0.12 0.14 0.05 0.1 0.0 0.1 0.0 0.0 0.0 0,1 
Total 99.09 99.27 99,41 100.2 100.0 100.3 100.2 100.0 99.8 100.2 
Fo% 59.44 89.79 87.54 94.27 83.93 84.14 83.92 81.16 80.72 81.32 

sample 01-25 
014 11 015 ci 015 c2 015 c3 015 c4 015 ri 015 r2 016 ci 016 c2 

Si02 38.3 39.1 39.4 39.3 39.4 38.2 38.4 38.6 38.9 
A100 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 
FeO 15.7 14.9 14.6 14.5 14.5 20,1 19.0 17.2 16.7 
MgO 40.8 45,0 45.4 45.6 45.5 41.0 41.6 43.1 43.7 
CaO 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 02 
Na2O 

KO 

TO 

MnO 0.3 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 
NiO 0.2 0.3 0.3 0.3 0.3 0.2 0,2 0.2 0.2 
Cr2O3  0.0 0.0 0.1 0.1 0.1 0,1 0.0 0.0 0.0 
Total 59.7 99.8 100.3 100.3 100.4 100.2 100,0 99.8 100.2 
Fo% 78.69 84.33 84.73 84.86 84.83 78.43 79.61 81.73 82.39 

101: olivine; C: core; r: rim) 



A3 (continued) Microprobe analyses (in wt. %) of olivine crystals 

sample 01-27 
oIl c8 oil CS oil dO oil cli oil r6 oil r7 o15 ci o15 c2 015 c4 o15 c5 015 CS 

SiO2  39.87 39.89 39.97 39.88 39.55 39.51 40,13 40.29 40,48 40.43 40.26 

A1205  009 0.10 0.08 0.08 004 009 008 0.10 0.08 008 010 
FeO 11.20 11,23 1129 11.15 13.60 13.41 9.46 942 8.10 8.23 9.58 
MgO 48.07 48.13 48.25 48.05 46.44 4626 49.63 49.55 50.77 5049 49,52 
CaO 0.31 0.31 029 029 0.32 032 0.30 0.28 031 0.29 030 
Ns20 

K20 

Ti02  

MnO 0,20 0.18 0.19 019 0.16 0.19 0.16 0.13 0.12 0.14 0.17 
NiO 0.36 0.40 0.38 0.39 0.33 0.34 0.43 0.41 0,46 0,47 0.45 
Cr205  0.08 0,09 0.12 0.08 0.07 0.06 0.14 0.12 0,10 Oil 014 

Total 100.17 100.33 100.57 100,10 100.52 100.15 100,32 100.30 100.41 100,23 100.52 
P0% 55.45 88,42 88.40 88.48 85.89 86.01 90.34 90.38 91,78 91.62 90.22 

015 c7 015 11 015 r2 015 13 016 ci 016 c2 016 c3 016 c4 016 rl 016 r2 

Si02  40.07 39.28 38,62 39.02 39.88 39.81 39,86 39.68 39.21 38.64 

A1203  0.10 0.04 0,06 0.09 0.06 0.06 0,06 0.05 0.06 0.06 
FeO 9.87 13.56 16.49 14.27 11,22 11.21 11.22 11,11 14.86 17.03 
MgO 49.13 46A4 43.12 45.38 48.02 47,90 47.98 47.65 45,04 43.05 
CaO 0,29 0.32 0.28 0.32 0,29 0.30 0.31 0.30 0.34 0.32 
Na2O 

K20 

T02  

MnO 0.18 0.25 0.26 0.23 0.16 0.19 0.14 0.17 0.20 0.26 
NiO 0.39 034 0.30 0.31 0.39 0.38 0.39 0.37 0.30 0.26 
Cr203  0.12 007 0.06 0.07 0.06 0.07 0.08 0.07 0.07 0.04 
Total 100,14 100.00 99.20 99.68 100,07 99.91 100.04 99,40 100.07 99.65 
Fo% 89.87 85.84 82,34 85.00 88.42 88.40 88,40 88.43 84,38 81.84 

sample 01-29 
016 Cl 017 ci 017 C6 017 0 017 CO 017 rl 017 r2 018 Cl o18 c3 018 CS 018 rl 

5102 39,45 39.56 39.71 39,42 39,30 3957 3950 39.48 39.43 39,37 39.40 

A1203  0.12 0.06 0.07 0.05 0.07 0.06 0.05 0.06 0.04 0.07 0.08 
FeO 12.17 12.16 12.13 12.24 12.10 1210 12.24 12.09 12.06 11.95 12.38 
MgO 46.52 46.55 4771 4718 47,48 47.30 47,35 47.44 46,85 46.68 46.48 
CaO 0.32 0.35 0.35 0.35 0,33 0.34 0.34 0.34 0.36 0.35 0.34 
Na2O 

1(20 

Tb 2  

MoO 0.17 0.21 0.20 0.21 0.16 0.21 0.20 0,21 0.21 0.19 0.21 
1410 0.36 0,37 0,34 0.37 0.36 0,34 0.36 0.32 0.37 0.35 0.31 
Cr2O3  0.12 0.06 0.07 0.07 0.08 0.12 0.06 0.07 0.07 0.05 0,06 
Total 99.23 99.33 100.57 99.88 9986 100.05 100.09 100.01 99.39 99.00 99.26 
Fo% 67,21 87.22 8752 87.30 87,49 87.45 67.34 87.49 87.39 87,44 87.00 

sample DI-29 
01812 01813 019 ci 019 c2 01912 olO 11 019 c5 019 c6 0110 ci 0110 C2 0110 d3 

Si02  39,33 39.35 39.27 39.36 38.50 39.32 39.45 39.55 39.49 30.36 39,39 
A1202  0.06 0,09 0.05 0.07 0.06 0 07 0.05 0.07 0.04 0.07 0.07 
FeO 12.67 12.39 12.76 13.14 11.90 12.76 11.95 12.07 12.24 12.41 12.39 
MgO 46.06 46.86 46,21 46.12 46.76 46.71 47.09 46,83 46.67 46.45 46.52 
CaO 0.35 0,35 0.33 0.34 0.35 0.35 0.34 0.34 0,36 0.35 034 
Na20 

1(20 

TiO2  

MnO 0.16 0.20 0.20 0.18 0.10 0.23 0.17 0.20 0.20 0.20 0.20 
NiO 0.33 035 0,31 0.31 0.39 0.35 0.34 0.33 0.33 0.35 0.34 
Cr205  0.07 0.06 0.08 0.08 0.06 0.09 0.07 0,05 0.04 0,07 0.06 
Total 99.05 99.65 99,22 99.59 09.20 90.86 99.47 99.44 99.38 99.24 99,29 
Fo% 8663 87,08 86.59 86.22 87,51 86.71 87.54 87.37 87.18 86.97 87.01 

)0t: olivine; C; core; r: rim) 



A3 (continued) Microprobe analyses (in wt. %) of olivine crystals 

Sample CS-7 
oIl Cl oil c2 0(1 c3 oil c4 OH cS OH CO oil rl oil r2 OH r3 012 ci 012 c2 

Si02  4045 40.44 40,01 40.31 40.55 40.50 39.76 40.02 39.82 3918 39.85 

A1203  009 0.11 008 0.09 008 0.08 0.10 009 0.09 0.09 0.13 

FeO 7.67 7.80 10.10 8.19 8.05 800 12.16 1078 11.40 10.03 1023 
MgO 49.96 5033 48.67 49.97 50.26 50.20 47,07 48,10 47.65 48.35 48.46 
CaO 0.31 0.31 0.32 0.32 0.31 0.30 0.32 0.31 0.31 0.29 0.30 
Na20 

K20 

1102 

MnO 0.13 0.14 0.19 0,12 0.12 0.15 0.19 0.15 0,17 0.16 0.15 
NiO 0.43 0.45 0.38 0.46 0.43 0.43 0.33 0.39 0.37 0.38 0.40 
Cr203  0.13 0.13 0.08 0.12 012 0.13 0.07 0.10 009 0.13 0.14 
Total 99.18 99.71 99.82 99.57 99.91 99.80 100.00 99.94 99.89 99.21 9965 
Fo% 92,07 92.00 89.57 91.58 91.76 91.80 8734 88.84 88.17 89.58 89.41 

012 c3 012 c5 012 0 012 13 013 ci 013 c2 013 c3 ol3cC4 013 ri 013 0 013 r3 

Si02  39.73 39.97 39.59 39,75 40.37 40.52 40.40 40.51 39.43 39,95 39,97 

A1203  0.11 0.11 0.10 0.10 0.09 0.08 0.07 0.08 0.09 0.08 0.11 

FeO 10.19 10.09 11.67 12.21 7.50 7,54 7.60 7.63 12.36 10.91 10.96 
MgO 48.32 48.29 47,06 46.72 50.24 50.47 50.10 50.22 46.34 47,71 48.06 
CoO 0.30 0.29 0.33 0,33 0.31 0.30 0.32 0.32 0,34 0.33 0,31 
Na20 

K20 

1102 

MnO 0.13 0.17 0.19 0,20 0.12 0.12 0.13 0.12 0.23 0.18 0.16 
NO 0,41 0,42 0.33 0.34 0.42 0.45 0,41 0.44 0.34 0,38 0.37 
Cr202  0,12 013 0.09 0.12 0.17 0.15 0,15 0,15 0.11 011 0.11 
Total 99.31 99.47 99.36 99.77 99.20 99.63 99.18 99.45 99.24 99.65 100.05 
Fo% 89.42 89.51 87.79 87.21 92.28 92.27 92.16 92.15 86.98 8863 88.66 

sample CS-7 
014 ci 014 c2 014 c3 014 0 o14 ri 014 r2 014 r3 

S102  40.24 40.13 39,97 40.25 3965 38.61 39.67 

A1203  0.07 0.07 0.08 0.08 0.06 0.05 0.07 

FeO 10.33 10.50 10,35 10.37 12.29 16.57 11.58 
MgO 48.36 48.49 45.42 48,49 4706 43.20 47.14 
CaO 0.32 0.32 0.33 0.32 0.33 0.34 0.31 
Na20 

<20 

1102 

MnO 0.16 0.16 017 0.18 0.24 0.26 0.18 
NiO 0.32 0.36 0.34 0.39 0.30 0,24 0.31 
Cr203  0.11 0.10 0.10 0.10 0.07 0.04 0.09 

Total 96.90 100.13 99,76 100.17 100.00 9960 9935 
Fo% 89.30 89.17 8929 8929 87.22 8203 8789 

sample CS-29 
OH ci OH c2 oil c3 012 c4 oH 11 oIl 0 012 ci 012 c2 012 c3 012 c4 012 ri 

Sb 2  39.80 39.85 39.73 39.87 39.62 39.78 40.21 40.18 40,18 40.12 39.88 

A1503  0.09 0.11 0.08 0.10 0.09 0.09 0.08 0.14 0.06 0.08 0.05 
FeO 12,15 12.09 12.16 12.20 12.88 12.75 10.41 10.45 10,44 10.43 11.58 
MgO 47.00 47.06 46,70 47.03 45.81 46,36 45,42 48.52 48.61 48.87 47.37 
CaO 0.32 0.33 0.30 0,32 0.34 0.31 0.31 0.31 0.32 0,31 0,33 
Na20 

K20 

Tb0 

MnO 0.18 0.18 0.20 0.20 0.20 0.20 0.15 0.15 0.16 0.18 0.17 
NiO 0.35 0.37 0.35 0.34 0.32 0.36 0.40 0.41 0.40 0.40 0.35 
Cr203  0.07 0.08 0,04 0.11 0.07 0.09 0.10 0.12 0.11 0.12 0,08 
Total 99.94 100.06 99.55 100.17 99.32 99.95 100.07 100.27 100.29 100.51 99.82 
Fo% 87.34 87.41 87.25 87,30 86.38 86.62 89.24 89.23 89.25 89.31 57.94 

(01: olivine; C: core; t: rim( 



A3 (continued) Microprobe analyses (in wt. %) of olivine crystals 

sample 	CS-29 
012 r2 013 ci 013 c2 013 c3 013 c4 013 ri 

Si02  40.01 39.92 4015 39.67 40.02 39.63 

A1202  0.13 006 006 0.07 0.07 0.06 

FeO 11.50 10.34 10,39 10.32 10.28 13.30 
MgO 4787 4837 4825 48.10 48.24 4614 
CaO 0.33 0,31 0.30 0.35 0.31 0.33 
Na20 

K20 

TiO2  

MnO 0.17 0.17 0.16 0.15 0.17 0.24 
Ni0 0.37 0.39 0.41 0.38 0.41 0.35 

Cr202  0.11 0.13 0.10 0.10 0,11 0.09 

Total 10049 99,68 99.81 99.13 9959 100.14 
Fo% 88.13 89.29 89,23 8926 89.32 86.08 

sample CS-18 
oil ci oil c2 oil c3 oM ri oil r2 012 ci 012 c2 012 c3 012 ii 012 r2 013 ci 

SiO2  39.59 39.46 39,48 39.53 39,49 39.44 39.38 39.34 39.03 39.31 39.44 

A1203  0.05 0.04 0.06 0.05 0.06 0.05 0.06 0.05 0.05 0.06 0.05 

FeO 1341 13.45 13.43 13.70 13.73 13,44 13.43 13.17 14.17 14,02 13.30 
MgO 46,00 4587 4587 45.95 45.96 45.96 46.11 48.00 45.30 45.46 46.14 
CaO 0,34 0.34 0.34 0.36 0.34 0.35 0.34 0.34 0.35 0.33 0.33 
Na2O 

K20 

Ti02  

MnO 0.20 0.19 0.17 021 0.20 0.21 020 0.23 0.24 0.22 0.20 
NiO 0.28 0.26 0.24 0.25 0.25 0.26 0.24 0.27 0,26 0.24 0.29 
Cr,03 0,06 0,04 0.08 0.08 0.08 0.04 0.07 0.07 0.06 0.09 0.09 

Total 99.94 99.65 99.66 100.12 100.10 99.75 98.83 99.45 99,46 99,73 99.83 
Fo% 85.94 85.88 85.90 85.67 85.65 85.91 85.96 86.16 85.08 8525 86.09 

sample CS-18 
013 c2 013 0 013 c4 013 ri o13 0 014 ci 014 c2 014 c3 014 c4 014 ti 014 0 

9102 39.41 39.40 39.42 39.08 39,50 39.61 39.54 39.59 39.53 39.20 39.37 

A1202  0.06 0.05 0.05 0,06 0.07 0.06 0.06 0,05 0.09 0.07 0.05 

FeO 13,37 1332 1323 1457 13,46 13,23 13.16 1343 13,24 13.01 13.80 
MgO 45.98 45.65 46.15 44,90 46.06 46.25 46.10 46.07 45.90 46,09 45.70 
CaO 0.34 0,35 0,33 0.37 0.33 0.36 0.34 0.38 0,34 0.34 0.35 
Na20 

Ti02  

MnO 019 0.18 0,20 0.23 0,21 0.22 0.18 0.17 0.21 0.23 0,20 
NiO 0.28 0.22 0.25 0.25 0.25 0.25 0.28 0.26 0.29 0.24 0.26 
Cr202  0.05 003 0.07 0.06 0.11 0.06 0.05 0.04 0.09 0.08 0.07 
Total 99.68 99.51 99.70 99.51 99.99 100.04 99.72 99.99 99.77 99.26 99.80 
Fo% 85,98 86.02 86.15 84.60 85.92 8617 86,20 8595 86.10 86.33 85.52 

sample P1-16 
oil Cl oil c2 oil 0 oil c4 oil c5 oil c6 oil ri oIl C oil r3 012 ci 012 c2 

Si02  40.71 40,62 40.45 40.67 40,56 40.63 40.03 40.44 40.47 40.55 40.61 
A1205  0.11 0.12 0.13 0.12 0.12 0.11 0.12 0.13 0.12 0,12 0.12 
FeO 7.05 6.91 7.02 6.99 7.00 7.00 8.23 7.29 6.96 6.94 7.06 
MgO 51.23 51,24 51.00 51.00 51.22 51.16 49.83 50.96 51.12 51.08 51.12 
CaO 0.31 0.29 0.30 0.31 0.31 0,30 0.31 0.31 0.30 0.30 0,31 
Na20 

1<20 

Ti02  

MoO 0.11 0.12 0.11 0.11 0.14 0.12 0.13 0.12 0.12 0.12 0,14 
NO 0.44 0,48 0.47 0.47 0,44 0,47 0.43 0,46 0,50 0.48 0.45 
Cr203  0.18 0.18 0,15 0.18 0,17 0.17 0.14 018 0.15 0.15 0.15 
Total 100.14 99.94 99.67 99.85 99.96 99.95 99.21 99.89 99.73 99.73 99.96 
Fo% 92.84 92,97 92.83 92.86 92.88 92.87 91.52 92,57 92.90 92.92 92.61 

(01: olivine; c: core; r: rim) 



A3 (continued) Microprobe analyses (in wt. %) of olivine crystals 

sample P1-16 
012 c3 012 0 012 cS 012 ri 012 r2 013 ci 013 c2 013 c3 013 c4 013 ri 013 r2 

S101  4052 4040 4056 40.65 40.58 39,77 39.93 40.00 39.93 39.96 39.99 

A1203  0.11 012 0.12 0.10 012 008 0.07 0.08 007 0.07 0.06 

FeO 6.96 7.00 6.99 7.37 6.90 10.69 10.42 1069 10.64 10.90 10.60 
MgO 51.30 50.83 51.23 5096 51.10 48.23 48.20 48.26 48.45 48.28 48.53 
CsO 0.31 0.29 0.31 0.31 0.30 0.32 0,33 0.32 0.32 0.34 0.33 
Na20 

1<20 

TiO2  

MnO 0.14 0.13 0.12 0.16 0.11 0.16 0.18 016 016 0.18 0.18 
NiO 0.46 0.46 0.48 0.45 0.45 0.36 0.37 0.34 0.36 0.36 0.37 
Ct203  0.18 0.16 019 0.17 020 0.08 008 007 0.08 0.07 008 

Total 99.97 99.39 9999 100.16 99.76 99.69 99.57 99.92 100.02 100.16 100.14 
Fo% 9293 9283 9290 9250 92.96 88,94 8918 88,95 89.03 8876 89.09 

sample P1-16 p1-41 
014 ci 014 c2 014 c3 014 ri 014 r2 oIl ci oIl c2 oil c3 oil c4 oIl rl 

5102  40.01 40.01 39.90 39.75 39.98 39,53 39.25 39.86 39.48 39.71 

A120 0.11 0.10 0.10 0.08 0.10 0.06 0,07 0.07 0.10 0.06 

FeO 10.46 1051 10.34 1091 10,57 11.33 11.34 1093 11.20 12.85 
MgO 48.52 48.45 4847 48,13 48.54 47.48 47.43 48.17 47.35 46.44 
CaO 0.32 0,34 0.32 0.35 OM 0.33 0,33 0.33 0,31 0,33 
Na 20 

1<20 

T102  

MnO 0.19 0.19 0.18 0.18 020 0.16 0.19 0.17 0.16 0.20 
P90 0.37 0.34 0.36 0 32 0 35 0.38 0.37 0.38 0.43 0.37 
Cr202  0,08 0,08 010 008 0.09 0.09 0.08 0.11 0.09 0.07 

Total 100.05 100.01 99.77 99.79 100.16 99.36 9904 10001 99.12 100.02 
Fo% 89.22 8915 89.31 88.72 89.12 88.19 88.18 88.71 88,29 86,57 

sample P1-41 
aM r2 012 ci 012 c2 012 c3 012 c4 012 ri 012 r2 013 c2 013 c3 013 c4 013 c5 

9102  39.33 39.60 39.86 39.94 39.88 39.23 38.53 39.36 39,72 39,46 39.45 

A1202  0.06 0.06 0.05 0.07 0.05 0.05 0.06 0,07 0.10 0,06 0.07 

FeO 12,31 1088 10,73 10,73 10,80 13,31 16,42 10.85 11.21 10.98 11.13 
MgO 46.67 48.03 48,17 48.24 48.24 45.82 43.53 47.93 48,01 47.97 47,87 

CaO 0.32 0.33 0.34 0.32 0.34 0.33 0,32 0.32 0.32 0.33 0.35 
Na 20 

K20 

Ti02  

MnO 0.20 0.16 0.16 0.17 0.20 0.20 0.23 0,15 0,20 0.19 0.17 
NiO 0.35 0.38 0.42 0.39 0.35 0.39 0.32 0.39 0.39 0.39 0.36 
Cr203  0.09 0.10 0.09 0.09 0.05 0.08 0.07 0.11 0.12 0.09 0.08 

Total 99.33 99.53 99.81 99.96 99.90 99.40 99.48 99.18 100.06 99.47 99,46 

Fo% 87.12 88.73 88.90 88,91 88.85 85.99 82.53 88.73 88.42 88.62 88.46 

sample P1-41 
014 ri 013 r2 014 ci 014 c2 014 c3 014 c4 014 ri 014 r2 

Si01  38.96 38,88 39.50 3952 39.53 39.89 39.16 39.35 

A1 203 0.07 0.07 0.05 0.06 0,07 0.05 0.06 0.07 

FeO 14.60 15.09 10.55 10.90 11.03 10.75 13.06 13.73 
Mg0 44.80 44.33 48,35 48.06 47.97 48,33 46.28 46.03 
CaO 0.32 0.32 0.32 0.33 0.34 0.32 0,35 033 
Na20 

K20 

TiC2  

MnO 0.22 0.24 0.15 0.18 0.18 0.15 0.22 0.20 
NiO 0.33 0.31 0.39 0.36 0.43 0.38 0.31 0.38 

Cr2O3 0.06 0.09 0.08 0.09 0.08 0.10 0.13 0.09 

Total 9935 99.32 99.39 99.50 9962 9997 99.59 100.17 

Fo% 84.55 83.97 89.10 88.71 88.58 88.91 86.31 85.67 

(01: olivine; C: core; r: rim) 



A4 Major element data (wt. %) from XRF analyses 

Cape Searle 

sample CS-13 CS-li CS-8 CS-7 CS-12 CS-32 CS-31 CS-30 

Si02  48.44 47.84 49.51 46.89 48.54 48.68 43.42 45.58 
A1203  14.86 14.61 15.01 11.36 14.62 15.78 7.82 11.60 
Fe203  10.92 10.78 11.08 10.49 11.02 10.27 11.41 10.83 

MgO 10.49 10.79 9.68 19.94 10.70 9.32 28.07 17.96 
CaO 12.81 12.53 12.86 9.56 12.44 13.36 6.34 8.92 
Na20 1.37 1.49 1.42 0.91 1.62 1.63 0.49 1.01 

1<20 0.05 0.04 0.07 0.05 0.05 0.03 0.05 0.14 
Tb 2  0.66 0.65 0.68 0.46 0.65 0.93 0.47 0.65 

MnO 0.17 0.17 0.18 0.16 0.18 0.17 0.16 0.17 
0.05 0.05 0.05 0.04 0.02 0.07 0.05 0.03 

LOl 0.49 0.64 -0.05 0.18 0.35 -0.15 1.62 2.18 
Total 100.31 99.60 100.49 100.05 100.19 100.09 99.89 99.06 

Cape Searle 

sample CS-29 CS-28 CS-27 CS-26 CS-25 CS-24 CS-23 CS-22 

S102  44.72 45.46 46.36 44.66 46.93 46.89 46.36 46.41 
A1203  9.64 12.71 13.76 12.43 13.82 13.84 13.68 13.26 
Fe203  11.60 11.34 11.02 10.81 10.97 10.80 10.88 10.94 

MgO 23.37 13.06 11.75 15.69 13.65 13.67 14.38 15.13 
CaO 7.35 11.02 11.45 10.01 10.64 10.24 9.67 9.52 
Na20 0.95 0.93 1.34 0.98 1.30 1.22 1.31 1.19 
K20 0.04 0.08 0.12 0.08 0.08 0.08 0.09 0.11 
Ti02  0.72 1.00 1.04 0.75 0.83 0.84 0.79 0.80 

MnO 0.18 0.17 0.17 0.17 0.17 0.17 0.17 0.16 
P205  0.04 0.09 0.10 0.07 0.08 0.08 0.05 0.08 

1-01 0.91 3.8 2.59 4.13 1.71 2.29 1.95 2.67 
Total 99.51 99.66 99.69 99.78 100.19 100.12 99.33 100.27 

Cape Searle 

sample CS-21 CS-20 CS-19 CS-18 05-17 CS-16 CS-15 CS-10  

Si02  46.40 46.33 47.52 46.39 46.02 46.80 45.62 45.71 
A1203  13.41 12.95 14.70 13.83 14.29 13.54 13.49 12.55 
Fe203  10.89 11.05 10.69 11.17 10.86 11.29 10.54 11.20 

MgO 14.51 15.17 11.08 14.29 13.25 14.80 14.01 14.52 
CaO 9.59 9.94 11.86 10.79 11.18 10.77 8.35 8.26 
Na20 1.33 1.44 1.40 1.37 1.45 1.36 0.78 1.06 
K20 0.11 0.11 0.07 0.04 0.05 0.05 0.10 0.15 
T102  0.81 0.81 0.94 0.87 0.87 0.86 0.85 0.98 

MnO 0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.17 
0.05 0.05 0.09 0.08 0.08 0.08 0.08 0.09 

LOl 2.54 1.72 1.76 1.17 1.06 0.56 6.18 5.29 
Total 99.81 99.74 100.27 100.17 99.28 100.27 100.15 99.97 



A4 (continued) Major element data (wt. %) from XRF analyses 

Cape Searle 

sample CS-4 CS-3 CS-14 CS-6 CS-5 CS-1 

Si02  45.88 46.04 47.00 47.62 46.79 46.20 
A1203  12.27 12.55 13.84 13.93 12.75 13.34 
Fe203  10.72 10.62 10.89 11.09 11.67 11.62 

MgO 14.80 14.30 13.85 13.25 15.43 13.74 

CaO 6.86 6.93 10.76 11.15 10.39 11.66 
Na20 0.57 0.82 1.20 1.84 1.23 1.38 
K20 0.09 0.11 0.05 0.12 0.05 0.04 
Ti02  0.87 0.87 0.88 0.88 0.97 0.94 

MnO 0.17 0.16 0.17 0.18 0.17 0.18 
0.08 0.08 0.08 0.06 0.10 0.08 

LOl 7.47 7.55 1.48 -0.28 0.42 0.76 

Total 99.78 100.02 100.19 99.83 99.96 99.95 

Padloping Island 

sample P1-16 P1-18 P1-19 P1-20 P1-21 P1-22 P1-23 P1-24 

S102  48.13 48.01 48.05 48.16 47.80 47.93 45.05 44.81 
A1203  13.65 14.74 14.47 14.51 14.70 13.68 9.61 8.99 
Fe203  11.00 11.62 11.03 11.02 10.87 11.22 11.62 12.00 

MgO 12.86 10.54 11.92 12.04 12.32 13.51 24.19 25.87 
CaO 11.84 11.80 11.36 11.01 10.79 10.42 7.70 6.94 
Na20 1.35 1.50 1.70 1.63 1.47 1.42 0.81 0.84 
K20 0.05 0.07 0.12 0.15 0.12 0.15 0.02 0.03 
1102  0.62 1.09 1.03 1.02 0.96 1.01 0.62 0.63 

MnO 0.17 0.18 0.17 0.18 0.17 0.17 0.17 0.18 
P205  0.05 0.09 0.10 0.10 0.09 0.10 0.05 0.05 

LOt 0.33 0.49 0.17 0.46 0.82 0.53 0.25 0.04 
Total 100.04 100.12 100.12 100.27 100.12 100.14 100.10 100.37 

Padloping Island 

sample P1-25 P1-26 P1-27 P1-28 P1-29 P1-30 P1-31 P1-32 

Si02  44.50 45.19 45.65 48.27 47.95 46.86 45.58 45.41 
A1203  8.29 9.32 9.80 14.11 13.94 12.24 10.16 10.27 
Fe2O3  11.69 11.62 11.62 11.61 11.63 11.31 11.62 11.39 

MgO 27.35 24.89 22.94 11.15 10.85 17.28 22.43 22.92 
CaO 6.75 7.61 8.17 11.92 11.69 10.12 8.53 7.83 
Na20 0.64 0.89 0.92 1.29 1.64 1.21 0.98 0.84 
K20 0.02 0.02 0.02 0.06 0.07 0.03 0.02 0.03 
1102  0.49 0.61 0.69 0.90 0.94 0.86 0.69 0.66 

MnO 0.17 0.17 0.17 0.18 0.18 0.17 0.17 0.17 
P205  0.04 0.05 0.06 0.08 0.07 0.07 0.05 0.06 

LOt 0.05 0.06 -0.01 0.47 0.46 0.17 0.06 0.54 
Total 99.99 100.43 100.03 100.04 99.42 100.33 100.29 100.11 



A4 (continued) Major element data (wt. %) from XRF analyses 

Padloping Island 

sample P1-33 P1-34 P1-35 P1-38 P1-36 P1-37 P1-39 P1-40 

Sb 2  46.83 45.54 44.15 44.32 44.43 43.89 43.13 42.78 
A1203  12.64 10.68 10.09 8.83 8.55 9.14 8.14 8.11 
Fe203  11.80 11.46 11.01 11.44 11.44 10.76 11.15 11.12 

MgO 14.77 21.41 22.56 25.63 26.62 25.81 27.32 27.98 
CaO 10.55 8.82 7.55 7.17 7.03 7.20 5.83 5.74 
Na20 1.52 1.13 0.56 0.86 0.87 0.68 0.33 0.31 
K20 0.03 0.02 0.09 0.04 0.02 0.04 0.02 0.02 
1102  1.08 0.70 0.69 0.60 0.56 0.48 0.48 0.53 

MnO 0.18 0.17 0.16 0.17 0.17 0.16 0.16 0.16 
0.09 0.02 0.05 0.05 0.02 0.04 0.04 0.05 

1-01 -0.33 0.11 3.31 0.65 0.05 1.66 3.77 3.12 
Total 99.16 100.06 100.21 99.76 99.76 99.86 100.37 99.91 

Padloping Island 

sample P1-41 P1-42 P1-43 P1-44 

Si02  43.45 47.00 44.76 44.96 
A1203  8.32 15.44 9.52 10.09 
Fe203  11.26 8.72 11.36 11.15 

MgO 26.80 14.91 24.01 22.40 
CaO 6.51 11.35 7.55 8.27 
Na20 0.52 1.09 0.72 1.00 
K20 0.07 0.05 0.04 0.02 
T102  0.55 0.56 0.65 0.69 

MnO 0.17 0.14 0.16 0.17 
0.05 0.05 0.06 0.06 

LOl 2.49 0.84 1.54 0.48 
Total 100.18 100.14 100.37 99.29 

Durban Island 

sample Dl-13 Dl-14 Dl-15 Dl-16 01-17 Dl-18 DI-19 Dl-20 

Sb 2  48.89 46.74 45.29 45.15 45.36 45.33 45.58 48.60 
A1203  14.64 11.69 8.89 9.06 9.58 10.05 9.75 15.97 
Fe203  11.86 11.58 11.95 11.67 11.83 11.52 11.52 11.05 

MgO 9.91 17.89 24.11 25.41 23.35 22.90 23.05 8.87 
CaO 12.42 9.90 7.80 7.46 7.82 8.29 8.19 12.68 
Na20 1.54 1.33 1.06 0.77 0.84 0.90 0.96 1.65 
1<20 0.09 0.02 0.03 0.03 0.02 0.03 0.03 0.06 
Tb 2  1.09 0.81 0.64 0.59 0.67 0.65 0.66 1.04 

MnO 0.18 0.18 0.18 0.16 0.17 0.17 0.17 0.18 
0.10 0.04 0.03 0.05 0.06 0.06 0.03 0.09 

LOl -0.32 0.28 0.15 -0.7 0.36 0.24 2.61 0.2 
Total 100.39 100.46 100.13 99.64 100.07 100.14 102.55 100.38 



A4 (continued) Major element data (wt. %) from XRF analyses 

Durban Island 

sample Dl-21 Dl-22 DI-23 Dl-24 Dl-25 Dl-26 Dl-27 Dl-28 

Si02  46.62 47.83 45.26 45.08 47.23 47.06 47.16 45.02 
A1203  13.86 14.64 9.60 9.62 14.19 12.81 11.67 10.57 
Fe203  11.57 10.81 12.08 11.65 11.84 11.35 11.05 11.52 

MgO 14.99 12.60 23.93 24.14 12.27 15.71 18.48 21.14 

CaO 10.38 11.26 7.40 7.66 11.95 10.47 9.78 8.36 
Na20 1.38 1.49 1.03 0.84 1.33 1.29 1.26 1.14 

K20 0.05 0.06 0.07 0.03 0.02 0.04 0.04 0.02 

Ti02  0.96 0.94 0.70 0.62 0.91 0.83 0.70 0.71 

MnO 0.17 0.17 0.18 0.17 0.18 0.17 0.17 0.17 
0.09 0.09 0.07 0.05 0.06 0.07 0.06 0.03 

LOI 0.19 0.17 -0.12 0.09 0.17 0.33 -0.35 0.47 

Total 100.26 100.07 100.20 99.95 100.15 100.13 100.02 99.15 

Durban Island 

sample Dl-29 

Si02  45.07 

A1203  10.67 

Fe203  11.67 

MgO 20.99 

CaO 8.69 
Na20 0.94 

K20 0.02 

Ti02  0.76 

MnO 0.17 
0.06 

LOl 0.4 

Total 99.44 



A 5 Trace element data (ppm) from XRF analyses 

Cape Searle 
sample CS-13 CS-il CS-8 CS-7 CS-12 CS-32 CS-31 CS-30 

Nb 0.6 0.7 0.7 0.5 0.7 1.6 0.6 1.0 
Zr 31.9 31.1 33.9 22.8 30.5 46.4 23.9 29.7 
Y 19.5 19.4 20.8 13.4 19.1 20.5 9.9 13.8 
Sr 51.7 51.6 52.2 36.8 52.3 107.4 37.8 207.3 
Rb 0.9 0.8 1.9 1.3 1.6 0.5 0.7 1.8 
Th 0.7 0.5 0.6 1.5 0.0 0.4 0.0 0.0 
Pb 1.1 0.2 0.4 0.8 0.6 0.4 0.9 0.0 
La 2.7 4.0 1.0 0.8 0.2 2.0 0.0 2.6 
Ce 0.9 1.1 2.2 1.2 3.9 7.9 4.8 3.5 
Nd 3.4 0.8 2.9 0.8 3.4 5.1 2.5 3.9 
Zn 74.4 72.1 75.6 66.9 69.3 68.3 73.3 71.5 
Cu 137.6 133.6 127.3 86.4 135.8 123.9 71.0 102.1 
Ni 190.8 214.4 150.1 831.4 210.0 172.7 1372.5 668.1 
Cr 522.1 546.6 491.6 1916.6 531.4 2075.1 2338.2 1376.5 
V 299.7 296.0 295.2 220.5 284.4 303.6 154.4 210.1 
Ba 4.9 5.7 14.4 10.8 10.3 10.5 13.8 22.9 
Sc 53.0 52.5 51.1 40.4 43.6 46.8 24.3 35.1 

Cape Searle 
sample CS-29 CS-28 CS-27 CS-26 CS-25 CS-24 CS-23 CS-22 

Nb 1.1 4.1 5.3 3.4 4.1 3.9 3.9 3.5 
Zr 38.4 55.4 61.9 40.6 45.2 45.3 44.1 44.2 
V 15.8 18.6 19.0 14.9 17.0 17.3 16.6 16.2 
Sr 61.3 107.8 137.0 103.9 93.5 91.4 86.7 85.3 
Rb 0.9 0.7 1.5 0.6 1.1 1.1 1.3 1.9 
Th 0.2 0.0 1.3 0.5 0.0 0.4 1.0 0.6 
Pb 0.1 0.6 1.1 1.4 0.2 1.0 0.0 1.1 
La 2.3 3.7 4.2 5.4 3.6 4.8 5.2 3.2 
Ce 6.7 10.6 14.6 9.1 10.3 8.0 5.8 11.0 
Nd 3.4 8.6 8.0 4.5 5.8 6.5 4.8 5.8 
Zn 77.4 74.7 76.7 74.6 75.1 75.1 76.1 78.3 
Cu 97.5 87.1 102.6 69.1 96.7 95.9 83.2 84.9 
Ni 1039.7 395.6 289.0 465.3 343.9 350.8 385.3 406.5 
Cr 1892.8 996.0 735.5 1120.3 890.5 852.3 915.4 980.2 
V 204.0 276.5 262.9 215.9 238.7 238.6 237.7 227.6 
Ba 11.5 20.0 66.4 41.6 44.1 37.7 41.3 40.6 
Sc 27.4 39.4 39.6 31.9 37.1 38.1 36.7 33.6 



A 5 (continued) Trace element data (ppm) from XRF analyses 

Cape Searle 
sample CS-21 CS-20 CS-19 CS-18 CS-17 CS-16 CS-15 CS-10  

Nb 3.7 3.8 4.3 4.3 4.2 4.2 4.0 4.5 
Zr 44.6 45.0 52.6 48.3 50.4 48.4 44.4 53.5 
Y 16.8 16.6 19.6 18.0 18.1 18.4 16.5 17.2 
Sr 85.5 105.7 124.1 100.5 108.1 103.3 257.0 100.1 
Rb 2.3 1.3 0.7 0.3 0.9 0.3 1.5 1.6 
Th 0.3 1.4 0.3 0.4 0.4 -0.2 0.4 0.5 
Pb 0.6 1.3 1.4 7.0 1.5 7.0 2.3 0.0 
La 4.0 3.2 5.3 3.1 4.5 5.3 3.3 5.3 
Ce 7.0 8.5 9.6 8.8 10.1 10.6 8.4 10.2 
Nd 7.1 7.1 5.6 4.6 6.9 4.3 7.1 7.8 
Zn 77.0 78.6 79.3 82.5 83.8 84.7 80.9 73.2 
Cu 86.8 94.3 105.5 105.9 106.7 105.6 106.8 117.9 
Ni 371.9 398.6 227.2 364.3 347.1 378.0 338.4 430.7 
Cr 880.1 1042.5 654.8 969.1 916.7 994.5 913.9 1053.4 
V 233.8 237.2 274.0 265.3 272.4 262.5 267.9 300.0 
Ba 43.9 54.6 56.0 25.1 20.2 21.1 63.0 29.2 
Sc 34.1 36.1 37.7 39.9 41.0 43.0 51.5 52.0 

Cape Searle 
sample CS-4 CS-3 CS-14 CS-6 CS-5 CS-1 

Nb 2.9 2.7 4.2 4.4 4.8 3.7 
Zr 46.1 45.3 48.5 51.3 57.6 53.2 
Y 16.8 16.3 18.2 18.6 17.9 20.1 
Sr 64.3 115.0 97.2 119.2 120.4 103.3 
Rb 2.4 2.5 1.0 1.4 0.7 0.8 
Th 0.3 0.2 0.2 0.2 0.5 0.2 
Pb 0.7 0.0 1.1 0.5 0.5 0.9 
La 2.4 3.0 4.4 4.3 4.1 4.1 
Ce 9.0 9.4 7.9 7.1 10.3 7.8 
Nd 7.1 6.8 5.4 4.4 6.4 6.5 
Zn 71.2 69.4 81.8 80.7 80.9 79.4 
Cu 123.8 123.7 105.6 103.7 111.9 128.1 
Ni 358.9 340.3 334.0 338.8 480.5 369.7 
Cr 880.1 855.2 900.8 921.1 1125.8 968.4 
V 193.9 199.0 269.8 260.9 275.0 302.6 
Ba 37.6 43.4 24.5 44.0 20.0 17.4 
Sc 52.2 53.3 46.0 38.4 42.1 46.3 



A 5 (continued) Trace element data (ppm) from XRF analyses 

Padloping Island 
sample P1-16 P1-18 P1-19 P1-20 P1-21 P1-22 P1-23 P1-24 

Nb 0.6 2.9 6.6 6.3 6.2 6.7 0.9 0.9 
Zr 29.5 60.9 65.7 64.0 60.2 64.6 32.5 32.8 
Y 17.6 21.7 21.5 21.2 19.5 20.8 13.4 13.0 
Sr 50.1 135.3 125.2 125.3 125.1 120.0 67.8 66.8 
Rb 1.1 0.6 0.9 1.4 0.8 1.3 0.5 0.2 
Th 0.1 0.4 1.1 1.0 0.0 0.0 0.9 0.3 
Pb 1.6 3.6 2.1 1.2 1.6 4.1 2.3 0.7 
La 2.5 4.1 6.2 6.5 4.4 6.2 1.8 3.5 
Ce 4.9 8.1 13.4 12.6 10.6 10.9 3.5 5.4 
Nd 4.5 8.6 8.3 8.2 6.7 7.1 2.6 1.3 
Zn 74.8 78.1 78.8 79.8 75.1 80.0 75.0 75.9 
Cu 126.0 122.1 96.7 94.7 86.6 95.5 87.5 89.5 
Ni 378.1 197.2 326.7 332.6 343.2 427.0 1126.9 1228.3 
Cr 863.1 534.6 805.7 840.2 915.4 936.1 2031.7 2095.9 
V 279.4 305.9 271.6 264.0 260.0 264.8 203.0 189.4 
Ba 10.7 33.8 64.4 72.9 76.7 74.3 13.8 12.8 
Sc 47.3 43.5 43.0 38.0 40.2 39.3 30.5 26.2 

Padloping Island 
sample 	P1-25 P1-26 P1-27 P1-28 P1-29 P1-30 P1-31 P1-32 

Nb 0.9 0.8 1.2 1.6 1.7 2.0 1.0 1.0 
Zr 24.0 32.0 36.5 46.0 48.9 46.3 36.3 34.0 
Y 9.5 12.7 14.1 19.7 21.6 17.9 16.2 15.0 
Sr 56.8 68.5 75.6 95.3 96.2 94.8 71.0 67.7 
Rb 0.2 0.0 0.3 0.2 0.9 0.1 0.2 0.2 
Th 0.0 0.6 0.0 0.0 1.1 0.3 0.0 0.0 
Pb 0.4 14.2 2.0 0.7 2.0 1.5 1.5 1.7 
La 2.3 4.2 0.9 2.2 0.9 2.9 1.6 1.8 
Ce 5.4 4.4 1.5 8.7 6.6 6.2 4.2 2.5 
Nd 2.9 1.9 3.5 6.0 4.7 4.1 3.3 1.8 
Zn 74.1 74.9 75.0 79.6 81.3 78.6 75.6 75.1 
Cu 64.8 87.3 87.1 121.1 125.0 116.3 90.1 89.3 
Ni 1335.7 1190.0 1057.7 245.9 240.5 699.7 1027.1 1053.5 
Cr 2289.9 2132.9 1964.1 670.4 653.4 1555.4 1876.2 1854.5 
V 159.5 196.1 217.4 293.3 302.4 248.0 216.0 213.8 
Ba 15.4 12.5 11.5 18.4 21.9 25.8 8.9 21.0 
Sc 26.7 26.8 28.4 48.6 47.4 36.8 34.0 33.1 



A 5 (continued) Trace element data (ppm) from XRF analyses 

Padloping Island 
sample P1-33 P1-34 P1-35 P1-38 P1-36 P1-37 P1-39 P1-40 

Nb 2.2 1.2 0.8 0.7 1.0 0.6 0.5 0.7 
Zr 59.3 37.3 35.5 30.8 29.2 24.1 23.1 27.9 
Y 23.7 14.8 13.9 12.0 12.0 10.3 9.2 11.0 
Sr 92.7 70.2 100.3 59.2 57.7 99.0 50.7 39.2 
Rb 0.3 0.1 0.4 0.7 0.0 0.3 0.7 0.5 
Th 0.3 0.8 0.0 0.0 0.5 0.8 0.7 0.6 
Pb 3.3 1.2 0.9 0.0 1.0 1.6 0.5 0.5 
La 2.7 1.9 1.6 3.7 3.5 2.8 1.4 1.7 
Ce 8.5 2.1 4.7 5.3 1.9 6.3 2.9 2.5 
Nd 7.1 2.5 4.4 2.0 2.3 2.6 1.1 3.2 
Zn 84.4 76.4 71.9 73.1 75.4 70.0 69.7 72.6 
Cu 152.0 97.6 73.7 89.0 83.1 67.5 68.2 73.6 
Ni 540.4 936.9 959.3 1212.2 1253.6 1205.7 1323.2 1323.1 
Cr 1050.4 1755.9 1575.2 2300.0 2302.5 2264.3 2352.9 2256.1 
V 310.2 233.0 214.6 191.0 185.7 170.7 160.8 173.4 
Ba 12.6 6.0 4.0 9.7 12.2 5.7 7.9 19.4 
Sc 43.6 34.6 30.1 28.9 28.2 28.9 26.1 23.6 

Padloping Island 
sample P1-41 P1-42 P1-43 P1-44 

N  0.5 0.7 1.1 1.3 
Zr 27.2 27.7 32.5 37.3 
Y 11.2 11.4 13.4 14.2 
Sr 148.8 142.6 89.7 66.0 
R  0.6 0.5 0.1 0.3 
T  0.6 0.8 0.6 0.1 
Pb 0.1 0.9 0.6 0.7 
La 2.3 0.8 1.8 2.6 
C  2.5 5.7 4.3 2.6 
N  3.6 3.5 2.7 4.1 
Zn 74.2 57.8 73.8 77.2 
Cu 71.5 73.9 80.2 90.9 
Ni 1246.5 526.1 1080.5 991.3 
Cr 2079.4 1300.1 1957.6 1863.3 
V 185.5 191.7 204.8 227.7 
B  11.2 12.0 16.6 6.8 
Sc 23.5 29.4 28.9 40.4 



A 5 (continued) Trace element data (ppm) from XRF analyses 

Durban Island 
sample Dl-13 Dl-14 Dl-15 DI-16 Dl-17 Dl-18 01-19 DI-20 

Nb 3.2 1.4 1.1 0.8 0.9 0.9 1.2 2.7 
Zr 58.3 42.8 33.3 29.8 34.0 34.4 34.3 54.8 
Y 22.3 16.9 13.2 12.9 14.2 13.7 13.8 22.9 
Sr 120.2 87.5 68.5 65.4 74.6 74.5 78.3 128.5 
Rb 0.8 0.0 0.0 0.5 0.3 0.1 0.5 0.3 
Th 0.0 0.3 0.2 0.0 0.0 0.0 0.6 0.4 
Pb 0.3 1.9 0.2 0.5 0.4 0.4 0.2 1.4 
La 2.5 1.3 2.5 2.6 1.5 3.3 2.1 3.2 
Ce 10.1 6.4 2.1 4.4 4.0 7.9 3.1 4.6 
Nd 9.3 5.2 3.2 4.0 5.1 4.9 4.1 6.9 
Zn 80.4 77.7 79.5 76.1 76.2 73.1 74.5 73.6 
Cu 136.1 110.4 87.8 83.4 85.2 87.5 87.3 120.8 
Ni 157.1 709.0 1095.4 1220.9 1089.4 1043.2 1022.2 152.2 
Cr 462.0 1480.6 2158.5 1927.2 1648.0 1712.6 1668.3 518.0 
V 317.6 243.5 202.4 186.0 211.5 212.6 196.5 297.7 
Ba 25.7 16.8 10.1 9.0 18.3 11.1 19.1 33.4 
Sc 48.8 38.5 33.2 31.2 30.5 33.9 34.7 43.2 

Durban Island 
sample 01-21 Dl-22 01-23 DI-24 01-25 01-26 01-27 DI-28 

Nb 5.6 5.1 4.5 0.7 1.5 1.7 0.8 1.0 
Zr 61.9 58.5 45.4 32.0 47.6 44.3 36.3 38.0 
Y 22.1 20.5 14.0 14.0 20.8 17.7 16.4 16.0 
Sr 120.7 124.6 83.0 71.8 95.1 101.1 72.0 82.3 
Rb 0.1 0.4 0.8 0.2 0.4 0.4 0.3 0.2 
Th 0.5 1.0 0.3 0.0 0.2 0.0 0.5 0.3 
Pb 0.8 0.6 0.4 0.0 0.9 0.0 0.2 0.8 
La 7.1 6.8 5.4 1.4 2.7 0.6 1.3 1.5 
Ce 13.4 13.2 7.5 2.0 1.6 4.4 6.0 6.2 
Nd 10.1 9.5 4.1 3.7 6.9 5.1 4.5 3.6 
Zn 80.9 73.8 82.5 74.4 81.6 74.7 77.2 78.9 
Cu 96.3 92.2 65.6 86.8 128.4 100.2 101.1 82.2 
Ni 451.8 326.5 1034.7 1119.8 261.1 545.5 718.4 913.6 
Cr 1083.1 843.1 2330.9 2192.8 693.8 1265.0 1590.8 1836.2 
V 262.0 277.0 188.5 209.8 322.5 256.7 256.3 232.7 
Ba 38.6 43.2 50.7 11.7 5.0 16.1 7.4 16.2 
Sc 37.0 41.9 28.3 34.0 47.8 39.3 38.1 31.8 



A 5 (continued) Trace element data (ppm) from XRF analyses 

Durban Island 
sample 	Dl-29 

Nb 0.9 
Zr 40.0 
Y 16.1 
Sr 75.7 
Rb 0.2 
Th 0.4 
Pb 0.8 
La 1.8 
Ce 2.7 
Nd 3.3 
Zn 84.3 
Cu 86.7 
Ni 892.2 
Cr 1817.9 
V 254.3 
Ba 8.8 
Sc 44.0 



A 6 Trace element data (ppm) from ICP-MS analyses 

Cape Searle 
sample CS-13 CS-il CS-8 CS-7 CS-12 CS-32 CS-31 CS-30 

La 1.15 1.07 1.32 0.92 1.18 2.11 0.98 1.58 
Ce 3.22 3.14 3.96 2.59 3.31 6.02 2.87 4.44 
Pr 0.54 0.54 0.67 0.43 0.56 1.02 0.48 0.73 
Nd 3.22 3.17 3.52 2.38 3.23 5.65 2.68 4.04 
Sm 1.37 1.35 1.48 1.00 1.35 2.01 0.95 1.39 
Eu 0.52 0.53 0.57 0.38 0.53 0.77 0.36 0.53 
Gd 2.07 2.08 2.18 1.49 2.07 2.72 1.33 1.91 
Tb 0.40 0.41 0.44 0.31 0.40 0.50 0.24 0.35 
Dy 2.84 2.83 3.08 2.16 2.84 3.31 1.63 2.30 
Ho 0.66 0.65 0.71 0.49 0.67 0.72 0.36 0.51 
Er 1.91 1.92 2.10 1.48 1.97 2.06 1.02 1.44 
Tm 0.31 0.31 0.34 0.24 0.31 0.33 0.16 0.22 
Yb 1.96 1.94 2.12 1.47 1.93 1.97 1.00 1.40 
Lu 0.30 0.30 0.32 0.23 0.30 0.30 0.16 0.21 
Hf 0.87 1.11 1.04 0.96 0.94 1.43 1.34 1.13 
Pb 0.93 1.80 0.60 0.60 2.50 1.30 1.00 1.10 
Th 0.17 0.17 0.24 0.18 0.17 0.25 0.08 0.28 
U 0.07 0.08 0.07 0.06 0.08 0.05 

Cape Searle 
sample CS-29 CS-28 CS-27 CS-26 CS-25 CS-24 CS-23 CS-22 

La 1.74 3.76 4.81 3.62 3,35 3.56 3.23 3.12 
Ce 4.86 9.55 11.67 8.26 8.09 8.52 7.88 7.61 
Pr 0.81 1.43 1.67 1.15 1.17 1.21 1.12 1.10 
Nd 4,39 7.00 8.11 5.52 5.81 6.07 5.60 5.48 
Sm 1.55 2.21 2.39 1.68 1.84 1.87 1.80 1.74 
Eu 0.56 0.76 0.84 0.65 0.68 0.68 0.64 0.64 
Gd 2.14 2.79 2.95 2.15 2.42 2.46 2.29 2.29 
Tb 0.39 0.49 0.51 0.38 0.44 0.44 0.42 0.41 
Dy 2.54 3.17 3.28 2.47 2.85 2.86 2.73 2.66 
Ho 0.56 0.68 0.71 0.55 0.63 0.64 0.61 0.59 
Er 1.61 1.92 1.97 1.54 1.79 1.75 1.74 1.68 
Tm 0.25 0.29 0.29 0.24 0.28 0.27 0.27 0.26 
Yb 1.52 1.80 1.87 1.51 1.76 1.75 1.66 1.63 
Lu 0.24 0.28 0.28 0.23 0.26 0.26 0.25 0.25 
Hf 2.06 2.41 1.60 1.24 2.05 1.26 2.02 1.48 
Pb 0.43 0.56 1.10 2.00 1.00 2.15 0.70 0.70 
Th 0.14 0.31 0.53 0.39 0.30 0.44 0.29 0.27 
U 0.07 0.11 0.19 0.11 0.11 0.08 



A 6 (continued) Trace element data (ppm) from ICP-MS analyses 

Cape Searle 
sample CS-21 CS-20 CS-19 CS-18 CS-17 CS-16 CS-is cs-io 

La 3.19 3.26 3.70 3.43 3.50 3.41 3.26 3.69 
Ce 7.62 7.81 9.16 8.29 8.48 8.08 7.94 9.24 
Pr 1.11 1.14 1.32 1.19 1.22 1.19 1.14 1.35 
Nd 5.45 5.58 6.57 5.97 6.15 5.92 5.67 6.56 
Sm 1.76 1.81 2.03 1.89 1.85 1.85 1.76 2.04 
Eu 0.63 0.66 0.77 0.69 0.69 0.66 0.65 0.70 
Gd 2.28 2.31 2.70 2.49 2.45 2.38 2.29 2.50 
Tb 0.41 0.41 0.48 0.45 0.45 0.44 0.41 0.43 
Dy 2.66 2.70 3.15 2.91 2.92 2.85 2.74 2.80 
Ho 0.58 0.59 0.68 0.63 0.64 0.62 0.59 0.60 
Er 1.71 1.71 1.94 1.82 1.84 1.77 1.70 1.67 
Tm 0.26 0.26 0.31 0.29 0.29 0.28 0.26 0.25 
Yb 1.66 1.65 1.84 1.70 1.77 1.71 1.60 1.58 
Lu 0.25 0.24 0.29 0.26 0.27 0.26 0.24 0.24 
Hf 2.92 1.14 1.35 1.38 1.86 1.42 1.17 1.38 
Pb 1.70 0.70 2.30 1.10 2.15 2.00 
Th 0.37 0.31 0.38 0.30 0.34 0.30 0.30 0.37 
U 0.14 0.17 0.07 0.11 0.08 0.11 0.20 

sample CS-4 CS-3 
Cape Searle  

CS-14 CS-6 CS-5 CS-1 

La 3.08 3.00 3.23 3.55 4.21 3.19 
Ce 7.81 7.74 8.16 8.74 10.51 8.25 
Pr 1.15 1.13 1.18 1.26 1.51 1.24 
Nd 5.72 5.75 5.74 6.25 7.44 6.29 
Sm 1.87 1.83 1.86 2.00 2.26 2.02 
Eu 0.65 0.66 0.65 0.73 0.77 0.72 
Gd 2.35 2.35 2.40 2.49 2.72 2.61 
Tb 0.42 0.42 0.43 0.45 0.48 0.47 
Dy 2.75 2.77 2.80 2.98 3.13 3.09 
Ho 0.62 0.61 0.63 0.65 0.66 0.67 
Er 1.71 1.74 1.75 1.86 1.88 1.93 
Tm 0.27 0.27 0.27 0.30 0.29 0.30 
Yb 1.62 1.65 1.69 1.79 1.76 1.84 
Lu 0.25 0.25 0.26 0.27 0.26 0.28 
Hf 1.27 1.41 1.72 1.34 1.40 1.35 
Pb 0.65 0.80 0.75 0.80 0.90 1.20 
Th 0.36 0.31 0.31 0.31 0.41 0.33 
U 0.11 0.10 0.08 0.09 0.18 0.16 



A 6 (continued) Trace element data (ppm) from lOP-MS analyses 

Padloping Island 
sample P1-16 P1-18 P1-19 P1-20 P1-21 P1-22 P1-23 P1-24 

La 1.09 3.85 5.30 5.23 4.90 5.24 1.28 1.36 
Ce 3.14 9.63 12.20 12.10 11.30 12.10 3.88 4.06 
Pr 0.53 1.46 1.67 1.66 1.58 1.67 0.66 0.70 
Nd 3.02 7.49 7.94 7.90 7.41 7.97 3.67 3.79 
Sm 1.26 2.38 2.34 2.28 2.20 2.33 1.28 1.33 
Eu 0.49 0.85 0.83 0.81 0.79 0.81 0.46 0.48 
Gd 1.91 3.05 2.93 2.87 2.75 2.93 1.74 1.75 
Tb 0.37 0.54 0.53 0.50 0.49 0.51 0.32 0.31 
Dy 2.67 3.48 3.36 3.27 3.13 3.29 2.09 2.09 
Ho 0.61 0.76 0.73 0.70 0.68 0.70 0.46 0.46 
Er 1.85 2.15 2.08 1.99 1.93 1.99 1.31 1.32 
Tm 0.29 0.34 0.32 0.32 0.30 0.32 0.21 0.21 
Yb 1.82 2.04 1.93 1.91 1.82 1.91 1.28 1.27 
Lu 0.28 0.31 0.30 0.30 0.27 0.29 0.19 0.20 
Hf 0.86 1.72 1.85 2.42 1.65 2.16 1.10 1.38 
Pb 3.00 2.50 1.40 1.30 1.50 3.50 3.00 0.64 
Th 0.22 0.47 0.65 0.69 0.62 0.65 0.08 0.10 
U 0.23 0.11 0.15 0.17 0.14 0.16 0.04 0.05 

Padloping Island 
sample P1-25 P1-26 P1-27 P1-28 P1-29 P1-30 P1-31 P1-32 

La 1.02 1.45 1.39 2.00 2.00 2.44 1.69 1.36 
Ce 3.05 4.28 4.30 5.80 5.69 6.78 4.71 3.90 
Pr 0.52 0.71 0.74 0.98 0.98 1.08 0.79 0.69 
Nd 2.89 3.83 4.08 5.32 5.46 5.63 4.26 3.75 
Sm 0.98 1.26 1.39 1.87 1.93 1.88 1.48 1.36 
Eu 0.38 0.49 0.50 0.72 0.71 0.69 0.58 0.49 
Gd 1.37 1.71 1.84 2.58 2.60 2.48 2.00 1.87 
Tb 0.25 0.31 0.33 0.47 0.47 0.41 0.35 0.32 
Dy 1.64 2.07 2.19 3.14 3.20 2.85 2.44 2.24 
Ho 0.36 0.45 0.48 0.69 0.70 0.62 0.53 0.50 
Er 1.00 1.27 1.39 1.95 1.98 1.77 1.53 1.43 
Tm 0.16 0.21 0.21 0.31 0.31 0.28 0.24 0.23 
Yb 1.01 1.24 1.30 1.96 1.90 1.73 1.48 1.40 
Lu 0.15 0.19 0.20 0.29 0.29 0.26 0.23 0.21 
Hf 0.71 0.99 1.13 1.61 1.54 1.40 2.11 1.94 
Pb 100.00 16.00 1.80 3.50 0.60 1.60 8.00 0.52 
Th 0.10 0.11 0.08 0.16 0.15 0.39 0.25 0.12 
U 0.13 0.06 0.03 0.17 0.05 0.55 0.41 0.07 



A 6 (continued) Trace element data (ppm) from ICP-MS analyses 

Padloping Island 
sample 	P1-33 P1-34 P1-35 P1-38 P1-36 P1-37 P1-39 P1-40 

La 2.99 1.51 1.79 1.39 1.34 1.61 0.98 1.18 
Ce 8.27 4.49 5.02 4.1 4.04 4.05 2.93 3.55 
Pr 1.33 0.76 0.84 0.69 0.67 0.62 0.48 0.59 
Nd 7.03 4.13 4.37 3.66 3.58 3.23 2.7 3.22 
Sm 2.44 1.51 1.48 1.27 1.23 1.06 0.96 1.11 
Eu 0.89 0.54 0.53 0.45 0.44 0.43 0.34 0.4 
Gd 3.18 2.01 1.93 1.7 1.64 1.42 1.29 1.49 
Tb 0.55 0.35 0.33 0.31 0.3 0.26 0.23 0.27 
Dy 3.82 2.44 2.29 2.03 2 1.73 1.54 1.81 
Ho 0.85 0.53 0.51 0.46 0.44 0.38 0.35 0.4 
Er 2.41 1.55 1.43 1.29 1.27 1.07 1 1.17 
Tm 0.37 0.24 0.22 0.21 0.2 0.17 0.16 0.18 
Yb 2.26 1.49 1.36 1.28 1.23 1.07 0.96 1.13 
Lu 0.35 0.23 0.21 0.2 0.19 0.16 0.15 0.18 
Hf 1.68 2.16 1.12 2.54 2.84 0.83 35.27 2.97 
Pb 4.3 1.4 2.3 0.8 1.7 5 1.7 2.45 
Th 0.3 0.14 0.32 0.13 0.19 0.17 0.1 0.17 
U 0.25 0.08 0.51 0.08 0.11 0.16 0.06 0.11 

Padloping Island 
sample P1-41 P1-42 P1-43 P1-44 

La 1.12 1.16 1.34 1.44 
Ce 3.56 3.61 4.11 4.64 
Pr 0.62 0.63 0.7 0.76 
Nd 3.42 3.43 3.93 4.24 
Sm 1.18 1.18 1.38 1.55 
Eu 0.44 0.47 0.5 0.55 
Gd 1.62 1.61 1.9 2.03 
Tb 0.29 0.29 0.34 0.37 
Dy 1.91 1.91 2.24 2.46 
Ho 0.42 0.42 0.49 0.54 
Er 1.2 1.2 1.45 1.56 
Tm 0.19 0.19 0.22 0.25 
Yb 1.17 1.16 1.37 1.5 
Lu 0.18 0.17 0.21 0.22 
Hf 0.98 0.99 1.26 1.05 
Pb 0.7 1 0.7 0.7 
Th 0.07 0.07 0.96 0.09 
U 0.02 0.03 0.38 0.03 



Durban Island 
sample Dl-13 DI-14 Dl-15 Dl-16 Dl-17 Dl-18 DI-19 DI-20 

La 3.73 2.01 1.49 1.52 1.45 1.56 1.70 3.36 
Ce 9.88 5.72 4.46 4.03 4.41 4.51 4.79 8.52 
Pr 1.53 0.97 0.75 0.72 0.76 0.76 0.80 1.30 
Nd 7.98 5.32 4.14 3.88 4.15 4.15 4.31 6.75 
Sm 2.62 1.78 1.39 1.33 1.40 1.38 1.41 2.25 
Eu 0.96 0.64 0.49 0.46 0.50 0.51 0.50 0.83 
Gd 3.33 2.36 1.84 1.77 1.90 1.85 1.84 3.00 
Tb 0.59 0.42 0.33 0.31 0.34 0.33 0.33 0.54 
Dy 3.82 2.76 2.15 2.07 2.27 2.22 2.18 3.61 
Ho 0.83 0.61 0.46 0.46 0.49 0.48 0.48 0.77 
Er 2.41 1.76 1.34 1.28 1.41 1.38 1.36 2.23 
Tm 0.37 0.27 0.21 0.20 0.22 0.21 0.22 0.35 
Yb 2.25 1.64 1.27 1.20 1.34 1.29 1.31 2.13 
Lu 0.33 0.25 0.19 0.18 0.21 0.20 0.20 0.32 
Hf 1.54 1.29 0.88 0.83 1.11 0.89 0.91 2.00 
Pb 1.10 0.80 5.00 0.60 0.80 1.30 0.80 1.30 
Th 0.28 0.12 0.11 0.11 0.08 0.10 0.13 0.38 
U 0.10 0.04 0.08 0.11 0.03 0.06 0.14 0.10 

Durban Island 
sample Dl-21 Dl-22 DI-23 Dl-24 Dl-25 DI-26 Dl-27 DI-28 

La 5.86 4.75 3.48 1.60 1.84 2.19 1.46 1.64 
Ce 11.80 10.10 8.16 3.99 5.34 6.15 4.34 4.77 
Pr 1.74 1.47 1.11 0.71 0.93 0.98 0.74 0.84 
N  8.25 7.07 5.36 3.91 5.17 5.16 4.24 4.68 
S  2.35 2.05 1.55 1.31 1.82 1.72 1.57 1.63 
E  0.82 0.73 0.58 0.50 0.67 0.64 0.57 0.60 
G  2.99 2.63 2.00 1.86 2.45 2.30 2.13 2.21 
Tb 0.52 0.47 0.35 0.33 0.45 0.42 0.40 0.40 
Dy 3.39 3.02 2.25 2.26 3.09 2.87 2.64 2.61 
Ho 0.72 0.65 0.50 0.49 0.67 0.62 0.59 0.58 
Er 2.09 1.88 1.40 1.42 1.95 1.79 1.70 1.66 
Tm 0.32 0.29 0.22 0.22 0.30 0.28 0.27 0.26 
Yb 1.95 1.75 1.32 1.35 1.86 1.70 1.65 1.56 
L  0.30 0.26 0.20 0.21 0.28 0.26 0.25 0.24 
Hf 1.56 2.14 1.40 0.85 1.45 1.45 1.31 0.98 
Pb 1.80 1.20 3.00 0.80 1.00 0.70 0.80 1.50 
Th 0.66 0.57 0.45 0.09 0.14 0.19 0.11 0.11 
U 0.30 0.10 0.15 0.07 0.04 0.06 0.04 0.10 



Durban Island 
sample 	DI-29 

La 1.39 
Ce 4.63 
Pr 0.78 
Nd 4.39 
Sm 1.61 
Eu 0.56 
Gd 2.09 
Tb 0.39 
Dy 2.54 
Ho 0.57 
Er 1.59 
Tm 0.25 
Yb 1.53 
Lu 0.23 
Hf 1.11 
Pb 0.80 
Th 0.09 
U 0.02 



A 7.1 Sr- and Nd- isotope ratios from TIMS analyses 

Cape Searle 
sample 	Sr/doSr 	2 se 87Sr/86Sr)60 	cSr 	'4 Nd/ 4Nd 2 so 143Nd/144Nd)60 	cNd 

CS-13 0.703757 15 0.703714 -12.97 0.513027 8 0.512926 7.13 
CS-11 	0.703749 14 0.703711 -13.01 0.513023 7 0.512922 7.05 
CS-8 	0.704870 14 0.704780 2.16 0.512847 9 0.512747 3.64 
CS-7 	0.704999 17 0.704912 4.03 0.512830 11 0.512730 3.31 
CS-12 0.703765 18 0.703690 -13.32 0.513006 15 0.512907 6.75 
CS-32 0.703090 17 0.703079 -21.99 0.513106 7 0.513022 8.99 
CS-31 	0.704975 21 0.704929 4.28 0.513110 6 	0.513026 	9.07 
CS-30 0.703480 17 0.703459 -16.59 0.513112 6 0.513030 9.16 
CS-29 0.703440 11 0.703404 -17.37 0.513107 11 0.513023 9.02 
CS-27 0.703370 17 0.703343 -18.23 0.512977 6 0.512907 6.76 
CS-26 0.703672 18 0.703658 -13.77 
CS-24 	0.703503 23 0.703473 -16.38 0.513000 6 	0.512927 7.14 
CS-22 0.703475 17 0.703420 -17.14 0.512998 6 	0.512923 7.06 
CS-19 0.703459 17 0.703445 -16.78 0.512997 6 0.512924 7.08 
CS-18 0.703417 12 0.703410 -17.29 0.512988 6 0.512913 6.87 
CS-15 0.703764 14 0.703750 -12.46 0.513036 7 0.512962 7.83 
CS-1 0 	0.703744 21 	0.703705 	-13.10 	0.512986 	5 	0.512912 	6.86 
CS-4 	0.703959 23 0.703867 -10.80 0.512932 7 	0.512854 5.73 
CS-3 	0.703719 18 0.703665 -13.66 0.512960 6 	0.512885 6.32 
CS-14 0.703448 17 0.703423 -17.10 0.512996 8 0.512919 6.99 
CS-6 	0.703474 20 0.703445 -16.79 0.513005 7 	0.512929 7.19 
CS-5 	0.703328 20 0.703314 -18.65 0.512993 13 0.512921 	7.03 
CS-1 	0.703265 17 0.703246 -19.61 0.513049 9 0.512973 8.04 



A 7.1 (continued) Sr- and Nd- isotope ratios from TIMS analyses 

sample Sr/ °Sr 2 se 87Sr/86Sr)60  sSr 'Nd/'Nd 2 Se 43Nd/144Nd)60  cNd 

Padloping Island 
P1-16 0.705377 18 0.705323 9.86 0.512995 6 0.512896 6.5 
P1-18 0.704060 15 0.704049 -8.21 0.512912 8 0.512837 5.4 
P1-19 0.703986 23 0.703968 -9.36 
P1-20 0.704051 20 0.704023 -8.58 0.512883 11 0.512815 5.0 
P1-21 0.704252 18 0.704236 -5.56 0.512875 11 0.512805 4.8 
P1-22 0.703948 17 0.703921 -10.03 0.512916 6 0.512847 5.6 
P1-25 0.703151 24 0.703142 -21.08 0.513110 6 0.513030 9.1 
P1-26 0.703177 24 0.703181 -20.54 0.513097 6 0.51 3019 8.9 
P1-27 0.703086 21 0.703076 -22.02 0.513107 8 0.513026 9.1 
P1-28 0.703167 21 0.703162 -20.80 0.513099 6 0.513016 8.9 
P1-31 0.703106 18 0.703099 -21.70 0.513107 7 0.513025 9.0 
P1-34 0.703017 21 0.703013 -22.91 0.513134 20 0.513047 9.5 
P1-35 0.703331 18 0.703321 -18.54 0.513069 6 0.512989 8.3 
P1-37 0.703232 15 0.703225 -19.92 0.513108 10 0.513030 9.2 
P1-40 0.703023 15 0.702992 -23.22 0.513103 20 0.513021 9.0 
P1-41 0.703417 17 0.703407 -17.32 0.513105 13 0.513023 9.0 
P1-44 0.703107 15 0.703096 -21.74 0.513100 6 0.513013 8.8 

Durban Island 
Dl-13 0.703317 13 0.70330059 -18.84 0.513065 7 0.51298712 8.32 
01-14 0.703339 15 0.703339 -18.29 0.513122 13 0.513042632 9.40 
01-16 0.703386 21 0.70336715 -17.89 0.513106 40 0.513024688 9.05 

	

DI-19 0.703795 14 0.70377926 -12.04 0.51308 	12 0.513002398 8.62 

	

DI-20 0.703820 21 0.70381424 -11.55 0.512953 	6 0.512873933 6.11 
Dl-21 0.704236 18 0.70423396 -5.59 0.512875 7 0.512807435 4.81 
Dl-22 0.704129 12 0.70412109 -7.19 0.51287 5 0.512801223 4.69 
DI-23 0.703988 20 0.70396424 -9.42 0.512914 19 0.512845407 5.55 

	

Dl-24 0.703579 20 0.70357213 -14.98 0.513091 	6 0.513011526 8.79 

	

01-26 0.703388 17 0.70337825 -17.73 0.513044 	7 0.512964931 7.88 
Dl-27 0.703382 21 0.70337173 -17.83 0.513064 8 0.512976166 8.10 
01-29 	0.703289 24 0.70328249 -19.09 	0.513108 	7 	0.51 3021005 	8.98 



Table A7.2 Pb-isotope ratios from MC-ICP-MS analysis 

ZUb 
sample 

Z04 
1U1Pb 1 SE (%) 

U! 	U4 ru!Pb 1 SE (%) 
ZU 	ZU4 rU/ 	U 1 SE (%) 

Cape Searle 
CS-8 16.99 0.01 15.06 0.01 37.29 0.01 
CS-7 16.62 0.02 14.63 0.02 36.11 0.02 
CS-12 17.33 0.03 15.13 0.03 37.23 0.03 
CS-32 17.69 0.02 15.33 0.02 37.21 0.02 
CS-29 17.60 0.01 15.31 0.01 37.18 0.01 
CS-27 17.76 0.01 15.24 0.02 37.40 0.02 
CS-22 17.61 0.02 15.14 0.02 37.01 0.02 
CS-10 17.90 0.02 15.28 0.02 37.59 0.02 
CS-14 17.99 0.01 15.30 0.01 37.60 0.01 
CS-6 18.03 0.01 15.35 0.01 37.71 0.01 

Padloping Island 
P1-16 16.94 0.01 15.50 0.01 36.80 0.01 
P1-18 17.03 0.01 15.41 0.01 36.93 0.01 
P1-19 17.61 0.01 15.44 0.01 37.54 0.01 
P1-20 17.79 0.01 15.41 0.01 37.77 0.01 
P1-21 17.47 0.01 15.44 0.01 37.41 0.01 
P1-22 16.98 0.01 15.44 0.01 36.77 0.01 
P1-23 16.88 0.01 15.50 0.01 36.67 0.01 
P1-27 16.86 0.02 15.14 0.02 36.22 0.02 
P1-40 16.95 0.01 15.36 0.01 36.58 0.01 
P1-41 18.04 0.02 15.36 0.02 37.73 0.02 

Durban Island 
DI-13 17.63 0.01 15.33 0.01 37.29 0.01 
Dl-19 17.42 0.03 15.13 0.03 36.85 0.03 
DI-20 17.58 0.02 15.33 0.02 37.73 0.02 
Dl-21 17.83 0.02 15.27 0.02 37.71 0.02 
Dl-22 17.78 0.01 15.24 0.01 37.65 0.01 
Dl-24 17.51 0.02 15.22 0.02 36.98 0.03 
DI-29 17.58 0.01 15.13 0.01 36.95 0.01 



Table A7.3 Hf-isotope ratios from PIMMS analyses 

sample 	bHf/hh(Hf 
I SE (%) 	176Hf/177Hf)60 	EHf 	AEHf 

Cape Searle 
CS-7 0.283090 0.0008 
CS-12 0.283223 0.0009 
CS-32 0.283268 0.0007 
CS-10 0.283193 0.0008 
CS-5 0.283190 0.0009 

Padloping Island 
P1-16 0.283215 0.0008 
P1-22 0.283107 0.0011 
P1-27 0.283258 0.0008 
P1-35 0.283262 0.0009 
P1-41 0.283267 0.0010 

Durban Island 
Dl-13 0.283236 0.0012 
DI-16 0.283273 0.0011 
Dl-22 0.283073 0.0007 
DI-24 0.283271 0.0007 
DI-29 0.283254 0.0006 

0.283051 11.22 3.63 
0.283171 15.46 3.29 
0.283234 17.69 2.54 
0.283164 15.23 2.92 
0.283159 15.06 2.52 

0.283162 15.15 3.26 
0.283085 12.44 1.83 
0.283229 17.52 2.25 
0.283231 17.60 3.31 
0.283237 17.79 2.60 

0.283201 16.53 2.28 
0.283237 17.81 2.58 
0.283053 11.29 1.86 
0.283231 17.58 2.69 
0.283220 17.21 2.08 



Table A7.4 He-isotope ratios 

in vacuo crushing of olivines olivine powders (produced by 

in vacuo crushing) melted 

Sample 3He/4He ± 4  H ± 3He/4He ± 4  H ± 
(R a ) (10 9cm3STP g) (R e ) (10 9cm3STP g) 

Cape Searle 
CS-7 43.9 0.6 130.6 0.6 7.4 0.5 33.6 0.2 
CS-19 23.0 1.3 10.0 0.3 
CS-6 37.9 1.2 20.9 0.2 4.7 0.7 6.9 0.6 
CS-5 26.3 2 4.4 0.2 0.2 0.0 169.6 0.9 

Padloping Island 
P1-23 43.9 0.6 39.8 0.2 2.1 0.1 23.4 0.1 
P1-25 49.5 1.6 11.0 0.1 0.1 0.0 164.7 0.8 
P1-26 43.9 0.5 24.1 0.1 17.3 0.8 6.6 0.1 
P1-27 43.1 0.5 45.6 0.2 9.9 1.2 11.8 0.1 

Durban Island 
DI-23 14.5 0.5 22.4 0.3 2.1 0.1 64.3 0.3 
DI-24 37.5 0.6 5.1 0.0 10.5 0.8 6.2 0.3 
Dl-27 38.6 1.5 17.4 0.4 6.9 0.8 7.0 0.1 



A8 Calculated liquid compositions 

Dl-15 (oil c2) 	 Di-17 (o13 ci) 
Rock' 	Olivine 	Calculated 	 Rock' 	Olivine 	Calculated 

parental liquid composition 	 parental liquid composition - 
% add/sub 29.23(sub) 39.13(sub) 
Si02  46.09 40.21 48.11 46.32 39.75 49.48 
A1203  9.05 0.05 12.12 9.78 0.05 14.46 
FeO 10.04 9.50 10.23 9.97 11.13 9.42 
MgO 24.54 49.51 16.01 23.85 48.05 12.22 
CaO 7.94 0.30 10.55 7.99 0.32 11.67 
Na20 1.08 1.45 0.86 0.02 1.26 
K20 0.03 0.04 0.02 0.00 0.04 

h02  0.65 0.87 0.69 0.02 1.01 
MnO 0.18 0.16 0.19 0.18 0.16 0.19 
NiO 0.14 0.44 0.04 0.14 0.26 0.08 
Cr0 0.26 0.12 0.31 0.20 0.04 0.27 
Total 100.00 100.28 99.90 100.00 99.80 100.09 

Di-20 (012 c3) 	 Dl-21 (o14 c2) 
Rock' 	Olivine 	Calculated 	 Rock' 	Olivine 	Calculated 

parental liquid composition 	 parental liquid composition 

% add/sub I .26(sub) 11 .9(sub) 
Si02  49.47 39.09 49.60 47.50 39.59 48.51 
A1203  16.26 0.08 16.46 14.12 0.06 15.91 
FeO 9.29 14.57 9.22 9.73 12.00 9.44 
MgO 9.03 45.09 8.57 15.27 47.36 11.20 
CaO 12.91 0.33 13.07 10.58 0.31 11.88 
Na20 1.68 0.02 1.70 1.41 1.58 
K20 0.06 0.00 0.06 0.05 0.06 
Ti02  1.06 0.02 1.07 0.98 1.10 
MnO 0.18 0.20 0.18 0.17 0.19 0.17 
NiO 0.02 0.18 0.02 0.06 0.32 0.03 
Cr0 0.06 0.07 0.06 0.13 0.07 0.14 
Total 100.00 99.66 100.00 100.00 99.90 100.01 

1: Rock recalculated to 100% on a volatile-free basis 



A8 (continued) 

DI-23 (oil 0) 	 DI-24 (o17 ci) 
Rock' 	Olivine 	Calculated 	Rock' 	Olivine 	Calculated 

parental liquid composition 	 parental liquid composition 

% add/sub 45.85(sub) 32.27(sub) 
Si02  45.93 39.51 49.68 45.92 39.90 48.22 

A1203  9.74 0.06 15.41 9.80 0.08 13.52 
FeO 10.12 11.98 9.03 9.80 9.52 9.90 
MgO 24.28 47.42 10.74 24.59 48.88 15.28 
CaO 7.51 0.32 11.72 7.80 0.29 10.68 
Na20 1.05 1.66 0.86 1.18 
K20 0.07 0.11 0.03 0.04 
Ti02  0.71 1.12 0.63 0.88 
MnO 0.18 0.18 0.19 0.18 0.17 0.18 
NiO 0.13 0.38 0.00 0.15 0.45 0.03 
Cr0 0.28 0.07 0.40 0.26 0.13 0.31 
Total 100.00 99.92 100.05 100.00 99.42 100.22 

Di-25 (o15 c3) 	 DI-27 (o15 c4) 
Rock' 	Olivine 	Calculated 	Rock' 	Olivine 	Calculated 

parental liquid composition 	 parental liquid composition 

% add/sub 10.18(sub) 3.8(sub) 
Si02  48.21 39.31 49.17 47.80 40.48 48.08 

A1203  14.48 0.05 16.04 11.83 0.08 12.29 
FeO 9.98 14.50 9.49 9.25 8.10 9.29 
MgO 12.52 45.57 8.96 18.73 50.77 17.48 
CaO 12.20 0.30 13.48 9.91 0.31 10.29 
Na20 1.36 1.50 1.28 1.33 
K20 0.02 0.02 0.04 0.04 
Ti02  0.93 1.03 0.71 0.74 
MnO 0.18 0.23 0.18 0.17 0.12 0.17 
NiO 0.03 0.27 0.01 0.09 0.46 0.08 
Cr0 0.08 0.05 0.09 0.19 0.10 0.19 
Total 100.00 100.27 99.97 100.00 100.41 99.98 

: Rock recalculated to 100% on a volatile-free basis 



A8 (continued) 

DI-29 (o19 c5) 	 CS-7 (o13 ci) 
Rock' 	Olivine 	Calculated 	Rock' 	Olivine 	Calculated 

parental liquid composition 	 parental liquid composition 

% add/sub 35.36(sub) 7.47(sub) 
Si02  46.33 39.45 49.27 47.69 40.37 48.26 
A1203  10.97 0.05 15.63 11.55 0.09 12.45 
FeO 9.90 11.95 9.03 8.81 7.50 8.91 
MgO 21.58 47.09 10.69 20.28 50.24 17.94 
CaO 8.93 0.34 12.60 9.72 0.31 10.46 
Na20 0.97 1.38 0.93 1.00 
K20 0.02 0.03 0.05 0.05 

h02  0.78 1.11 0.47 0.51 
MnO 0.18 0.17 0.18 0.17 0.12 0.17 
NiO 0.12 0.34 0.02 0.11 0.42 0.08 
Cr0 0.22 0.07 0.28 0.23 0.17 0.23 
Total 100.00 99.47 100.22 100.00 99.20 100.06 

CS-29 (o13 c4) 	 CS-18 (o14 c2) 
Rock' 	Olivine 	Calculated 	Rock' 	Olivine 	Calculated 

parental liquid composition 	 parental liquid composition 

% add/sub 35.75(sub) 15.75(sub) 
Si02  46.15 40.02 48.81 47.76 39.54 49.17 

A1203  9.95 0.07 14.22 14.24 0.06 16.67 
FeO 9.88 10.28 9.71 9.49 13.16 8.86 
MgO 24.12 48.24 13.69 14.71 46.10 9.33 
CaO 7.59 0.31 10.73 11.11 0.34 12.95 
Na20 0.98 1.40 1.41 1.65 
K20 0.04 0.06 0.04 0.04 
Ti02  0.74 1.06 0.90 1.05 
MnO 0.18 0.17 0.19 0.18 0.18 0.18 
NiO 0.14 0.41 0.02 0.05 0.28 0.01 
Cr0 0.23 0.11 0.28 0.12 0.05 0.13 
Total 100.00 99.59 100.18 100.00 99.72 100.05 

I: Rock recalculated to 100% on a volatile-free basis 



A8 (continued) 

P1-16 (oIl c2) 	 P1-41 (012 c3) 
Rock' 	Olivine 	Calculated 	 Rock' 	Olivine 	Calculated 

parental liquid composition 	 parental liquid composition 

% add/sub 18.89(add) 57.56(sub) 
Si02  49.17 40.62 47.70 45.22 39.94 49.36 
A1203  13.94 0.12 11.57 8.66 0.07 15.39 
FeO 9.28 6.91 8.87 9.68 10.73 8.85 
MgO 13.14 51.24 19.67 27.89 48.24 11.95 
CaO 12.10 0.29 10.07 6.78 0.32 11.83 
Na20 1.38 1.14 0.54 0.97 
K20 0.05 0.04 0.07 0.12 
Ti02  0.63 0.52 0.57 1.02 
MnO 0.17 0.12 0.16 0.17 0.17 0.17 
NiO 0.05 0.48 0.12 0.17 0.39 0.00 
Cr0 0.10 0.18 0.12 0.25 0.09 0.38 
Total 100.00 99.94 99.99 100.00 99.96 100.03 

1: Rock recalculated to 100% on a volatile-free basis 
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The high 3He/4He ratio of volcanic rocks thought to be derived 
from mantle plumes is taken as evidence for the existence of a 
mantle reservoir that has remained largely undegassed since the 
Earth's accretion'-'. The helium isotope composition of this 
reservoir places constraints on the origin of volatiles within the 
Earth and on the evolution and structure of the Earth's mantle. 
Here we show that olivine phenocrysts in picritic basalts pre-
sumably derived from the proto-Ice1andalume at Baffin Island, 
Canada, have the highest magmatic 3He/ He ratios yet recorded. 
A strong correlation between 3He/4He and 87  Sr/ 86Sr, 143Nd/144Nd 
and trace element ratios demonstrate that the 3He-rich end-
member is present in basalts that are derived from large-volume 
melts of depleted upper-mantle rocks. This reservoir is consistent 
with the recharging of depleted upper-mantle rocks by small 
volumes of primordial volatile-rich lower-mantle material at a 
thermal boundary layer between convectively isolated reservoirs. 
The highest 3He/4He basalts from Hawaii and Iceland plot on the 
observed mixing trend. This indicates that a 3He-recharged 
depleted mantle (HRDM) reservoir may be the principal source 

of high 3He/4He in mantle plumes, and may explain why the 
helium concentration of the 'plume' component in ocean island 
basalts is lower than that predicted for a two-layer, steady-state 
model of mantle structure. 

Ocean island basalts (OIB) derived from mantle plumes com-
monly have 3l-le/4He ratios that are higher than mid-ocean ridge 
basalts (MORB) that originate in the upper, asthenospheric man-
tle )-3. High 3He/4He and solar-like Ne isotope ratios' reflect a higher 
proportion of primordial volatiles in the source region and, in the 
current paradigm, indicate that plumes tap a deep mantle reservoir 
that is significantly less degassed than the asthenospheric mantle. 
Although a number of locations have been proposed for this 
reservoir,, a lower mantle that has been convectively isolated 
below the 670-km seismic discontinuity for the lifetime of the 
Earth' is consistent with the mass balance of the depleted mantle 
and continental crust'. However, layered mantle models are see-
mingly at odds with seismic studies that demonstrate convective 
flow across the 670-km boundary' and require a 100- to 200-fold 
depletion of the He concentration in the upper, degassed mantle 
relative to the deep undegassed mantle reservoir'. Plume-derived 
OIB from, for example, Loihi seamount, Hawaii, have lower He 
concentrations than basalts from the degassed upper mantle  and 
have posed a persistent problem for a unified geochemical model of 
Earth structure'. The apparent paradox can be explained, at least in 
part, by more extensive degassing of ocean island basalts'. However, 
basalts from Iceland and the Hawaiian islands have linear, rather 
than strongly hyperbolic, He-Pb isotope mixing arrays that are 
consistent with relatively small He concentration contrasts between 
the degassed mantle and less degassed (high 3He/4He) mantle 
reservoirs 9"0. 

Picritic basalts erupted on Baffin Island, northeast Canada, 
61 Myr ago correlate with the Aisaanaa Member of the Vaigat 
Formation in West Greenland'', and are among the earliest mani-
festations of the ancestral Iceland mantle plume". Trace-element 
and Sr-Nd isotope ratios show that they were generated by mixing 
of two discrete sources; relatively depleted mantle with (La/ 
Sm),, < 1, 97  Sr/ 56Sr 	0.7030, 143 Nd/144Nd 	0.5130, and rela- 
tively enriched mantle with (La/Sm),, > i, 57Sr/96Sr 	0.7042 and 
143Nd/144Nd 	0.51282 (ref. 13). The depleted basalts are similar to 
the most depleted Icelandic basalts and North Atlantic MORB '4. 
The enriched basalts are similar to, though slightly more extreme 
(higher 07Sr/06Sr and lower 143Nd/144Nd ratios) than the most 
enriched basalts erupted by the Iceland plume and across the 
North Atlantic igneous province". 

The isotopic composition of He released by in vacuo crushing 
olivine phenocrysts from picritic basalts from three stratigraphically 
distinct cliff sections in northeast Baffin Island (Table 1) ranges 
from 14.4R 0  to 49.5R0  (where R a  is the atmospheric 3He/4He ratio; 
1.39 X I06). These ratios are far higher than MORB values and 
extend the range measured in contemporaneous picrites from West 
Greenland". The high ratios cannot result from contamination by 
in situ cosmogenic 3  H because (1) in vacuo crushing does not 
release cosmogenic He from the olivine lattice", (2) cosmogenic 
3  H production was negligible because the samples were collected 
from eroding, near-vertical sea cliff faces, and (3) the 3He/4He of 
powders produced by crushing are systematically lower than crush 
values (Table 1) indicating that radiogenic He dominates the olivine 
lattice. Nucleogenic 3  H production from 6  L is negligible in 
Palaeocene basalts". 

Crush release of radiogenic 4  H in the olivine lattice and melt 
inclusions by post-eruptive U and Tb decay tends to lower 3He/4He, 
so measured ratios may underestimate the source 3He/4He. Any 
such effect would be most pronounced in samples with the lowest 
He content, 3He/4He are not correlated with He concentration 
(Table 1), implying that post-eruptive radiogenic He is insignificant 
to the crush-release He. Crustal contamination of the basalts by 
amphibolite- and granulites-facies basement rocks would also lower 
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I arne I He, ar ana Nd Isotope ratios, and trace-element data for Baffin Island basalts 
Sample 'He* (10 5cm3  STP g 	) 3He/'He (R/R) 'Het If 	cmO SIPg 	) 'He/Het (RIR,,) ruNwimNdt erSr/eeSrt (La/Sm),, ANb 

Cape Searle 
CS/19 10.0 ± 0.3 23.0 ± 1.3 0.512924 ± 6 0.703420 ± 17 1.82 0.26 
CS/7 130.6 ± 0.6 43.9 ± 0.6 33.6 ± 0.17 7.4 ± 0.5 0.512730 ± 11 0.704912 ± 17 0.92 -0.11 
CS/6 20.9 ± 0.2 37.9 ± 1.2 6.9 ± 0.58 4.7 ± 0.7 0.512929 ± 7 0.703445 ± 20 1.78 0.20 
CS/5 4.4 --0.2  26.3 ± 2.0 169.6± 0.86 0.16 ± 0.04 0.512921 ± 13 0,703314 ± 20 1.86 0.19 

Padloping Island 
P1/23 39.8 --0.2 43.9 ± 0.6 23.4 ± 0.12 2.1 ± 0.1 0.513051 ± 8 0.703248 ± 20 1.00 -0.17 
P1/25 11.0 ± 0.1 49.5±1.6 164.7 ± 0.82 0.12 ± 0.02 0.513030 	6 0.703142 ± 24 1.04 -0.05 
P1/26 24.1 ± 0.1 43.9 ± 0.5 6.6 - 0.05 17.3± 0.8 0.513019 ± 6 0.703181 ± 24 1.15 -0.23 
P1/27 45.6 ± 0.2 43.1 ± 0.5 11.8 ± 0.07 9.9 ± 1.2 0.513026 ± 8 0.703076 ± 21 1.00 -0.12 

Durban Island 
01/23 	22.4 ± 0.3 	 14.5 ± 0.5 	 64.3 ± 0.33 	 2.1 ± 0.13 	0.512845 ± 9 	0.703964 ± 20 	2.25 	0.26 
01/24 	5.1 ± 0.04 	 37.5 ± 0.6 	 6.2 ± 0.33 	 10.5 ± 0.8 	0.513012 ± 6 	0.703572 ± 20 	1.22 	-0.25 
DI/27 	17.4 ± 0.4 	 38.6 ± 1.5 	 7.0 ± 0,08 	 6.9 i" 0.8 	0.512976 .l 8 	0.703372 ± 21 	0.93 	-0.23 

'Helium was extracted hyrneacuocrushing 1-29 of olivine and analysed at SUE PC using procedures reported previously". 'He/"He ratios (R) are normalized to the atmospheric ratio( 1 .39 x 10; 
R,,( and corrected for blanks. 'He blanks averaged 4  10' cnnt 51P and Hs blanks (Sn 10"cm3  SIP) were always less than 5% of the measured 'He. Correction for atmospheric He on the 
basis of Ne abundances is insignificant. 
tOlivinepowders (-100mg) produced byin vacso crushing were melted at 1,850'C in a double-walled resistance furnace. Hot furnace 'He blanks averaged 2 x 10' cm3 STP g 	'He btankswere the same as crush extractions, 
9Whole-rock Sr and Nd isotopic ratios' rave been Corrected 1060 Myrago on the basis of measured IRh/Srand Sm/Nd. This reduceseSr/vnSr by lassthan 0.007% and "Nd/"°Nd bylessthan 0.002%. 
Uncertainties (2,,) are in the last decimal place Rare-earth element concentrations were rrreasured by ICP-MS" (La/Sm),, is cfiondrite normalized, and has an uncertainty of ± 3% (2,,) Nb, Yarid Zr 
concentrations were measured in triplicate by X-ray fluorescence arid the averages used" aNb = t.74-t- log(Nb/Y) - 1.92xlog(Zr/Y)". Uncertainty in dNb never exceeds ± 10%. 

3He/4He. Pb isotopes are sensitive to crustal contamination in 
North Atlantic margin Palaeocene basalts, because the Precambrian 
basement has distinctively unradiogenic Pb (ref. 18). The Baffin 
Island picrites show no correlation between Pb isotope composition 
and other isotopic tracers (Sr, Nd, He). Thus, while the Pb isotopes 
may indicate some crustal interaction, its effect on other elements 
appears negligible. We have previously demonstrated that basalts 
whose whole-rock Pb isotope compositions are clearly affected by 
crustal contamination retain uncontaminated He (ref. 19), either 
because the olivine crystallized before crustal assimilation, or 
because the deep crust is He-poor. In this study, we observe a 
similar effect: dyke sample CS/7 has high 3He/4He (43.3 ± 0.6R,,) 
but has high 87 Sr/85Sr and low 14

'tNd/ 144Nd that are best attributed 
to crustal contamination. As crustal contamination is expected to 
lower 3He/4He, we conclude that crush-release He is insensitive to 
any contamination. The inability of magmatic or post-magmatic 
processes to alter He isotope ratios, and the strong correlation with 
Sr and Nd isotopes and trace elements (see below), means that the 
sample (P1/25) with the highest helium isotope ratio provides the 
best estimate yet (49.5 ± 1.5R a) of the minimum He isotope 
composition of the less degassed mantle reservoir. 

The olivine 3He/4He ratio correlates strongly with whole-rock 
t4uNd/l44Nd, 87Sr/86Sr and trace-element ratios such as La/Sm (see 
Fig. 1). The absence of co-variation of en  Sr/  tfsSr  and 143Nd/t 43Nd 
with indices of contamination such as Ba/Nb and Pb isotope ratios 
suggests that crustal contamination has not significantly affected Sr 
and Nd isotopes (with the exception of the dyke sample CS/7). 
Furthermore, high-3He/4He Palaeogene basalts from Iceland' that 
cannot have been contaminated by continental crust have He-Nd 
and He-Sr isotopic compositions that plot on the trend. Conse-
quently, the He isotope correlations with La/Sm and the lithophile 
isotope ratios record binary mixing between large-volume melts of a 
3He-rich, relatively depleted mantle reservoir, and small-volume 
melts from a mantle reservoir with low 3He/4He, rich in incompa-
tible elements. 

The depleted mantle end-member inferred from the most 
extreme Sr and Nd isotope compositions requires a mantle source 
region with 57Sr/86Sr 	0.70305, t 4rt  Nd/  l44Nd 	0.51305 and 
3He/4He >50R a. The Sr and Nd isotope ratios are indistinguishable 
from the most depleted basalts erupted on Iceland and only slightly 
less depleted than North Atlantic MORB erupted away from the 
Iceland plume (87Sr/66Sr < 0.7030, t43  Nd/ '44Nd > 0.5131). Icelan-
dic and North Atlantic MORBS define parallel, non-overlapping 
arrays on a plot of log(Nh/Y) against log(Zr/Y). The excess or 

deficiency in Nb is defined by the ANb notation such that Icelandic 
basalts have ANb > 0 and MORB have ANb < 0 (ref. 24). The high 
3He/4He Baffin Island basalts have strongly negative ANb (Table 1) 
indicating derivation from the North Atlantic MORB-source man-
tle rather than the depleted Iceland plume. 

It is, first, important to note that this He-, Sr- and Nd-isotopic 
composition cannot represent MORB source mantle at 61 Myr ago 
as the 3He/(U+Th) of the MORB reservoir is incapable of signifi-
cantly changing 3He/4He in hundreds of millions of years. If He is less 
incompatible than U during melting, high-3He/4He would corre-
spond with the most depleted basa ltsuu.  1.ow- 7Sr/86Sr, 
high- 43  Nd/ ' 44Nd and big h-3He/4He basalts are indicative of a 
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Figure 1 Plots of olivine 'He/'He versus 143 Nd/144 Nd and (La/Sm)n  for early Palaeocene 
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depleted, 'regassed' component which would be generated in a 

reservoir with low U/He which grows 4  H less quickly than MORB 

source mantle. The mechanism proposed to generate the low-U/He 

source21  requires (shallow) melt-gas separation to fractionate He 

from U and the other lithophile trace elements. It is difficult to 

reconcile the linear He-Sr and He-Nd isotope arrays (Fig. 1) with 

such a component since a high-He/Sr and -He/Nd ratio component 

mixed with 'normal' He/Sr and He/Nd mantle would result in 

strongly hyperbolic mixing arrays. Instead, we make the assumption 

that the dominant control on isotopic heterogeneity in the mantle is 
the same for all elements—that is, solid-melt distribution coeffi-

cients—and that He is highly incompatible during mantle melting21. 

Therefore any reservoir with low Rb/Sr and high Sm/Nd, because it 

is residual to partial melting, will have lost most of its He and would 

evolve low-3He/4He, low_ 87Sr/86Sr and high- '43Nd/ 144Nd ratios. 

The subduction of interplanetary dust particles is incapable of 

delivering enough solar noble gases to the upper mantle to change 

its He and Ne isotopic composition significantly22. In the absence of 
alternatives we show below that the high-3He/4He component is 
most probably the product of mantle mixing. 

If Earth accreted with 3 He/4He = 120R 0, bulk silicate Earth U 
(21 p.p.b.) and U/Tb = 3.8, an undegassed mantle reservoir with 

3He/4He = 50R has a 3  H concentration of 8 X 1010  atoms g-'. If 

moderately incompatible lithophile element concentrations in the 

depleted mantle reservoir are less than a factor of two lower than 

undepleted mantle23, mixing a small proportion of 3He-ricb mantle 

with depleted upper mantle (1.2-4.6 X 10' 3Heatomsg"; ref. 6) 
severely changes 3He/4He without significantly altering trace 

element concentrations and Sr and Nd isotope ratios. Consequently 

the isotopic composition of the high 3He/4He end-member can be 

generated by mixing depleted mantle and primordial 3He-rich 

mantle reservoir. The Baffin Island data define approximately linear 

mixing arrays in He-Sr and He-Nd isotope space, implying that the 

He/Nd and He/Sr ratios and, therefore, He concentrations, of both 

reservoirs are similar. The absence of strongly hyperbolic mixing 

trends supports the contention that the high 3He/4He end-member 
is not simply undegassed mantle. 

The enriched mantle end-member, estimated by extrapolating 

the He-Nd and He-Sr isotope trends to the most extreme 

values measured in uncontaminated Baffin Island basalts 

(143Nd/144Nd = 0.51282 ; 87  Sr/ 86Sr = 0.7042), has a 3He/4He simi-

lar to, or lower than, the MORB ratio (8 ± IR,,). The positive Nb 

value of this end-member, and the coincidence of the high 3He/4He 

ankaramite from northwest Iceland' with the mixing trend, sup-
ports an origin for this enrichment in the mantle asthenosphere. 

Although the ultimate origin is unclear, the low 3He/4He ratio 

requires that it has been isolated from the high-3He/4He reservoir 

prior to melting. It may represent fusible heterogeneities in the 

upper mantle or the plume that are large enough to prevent isotopic 

homogenization yet small enough to be preferentially sampled by 

melting. 

The convergence of Sr-Nd-Pb isotope trends in ocean island 

basalt (OIB) and MORB have been used to identify a common deep 

mantle reservoir that is the carrier of the high-3He/4He plume 
component. The most primordial 3He-rich basalts from Iceland and 

Hawaii lie on the He-Nd and He-Sr isotope mixing trends ident- 

ified here suggesting that the extreme end of the Baffin Island picrite 

trend is the best estimate of a common, high -3He/4He mantle 
component. This is at the depleted end of the ranges proposed 

previously for a common mantle reservoir2425, but the negative ANb 
requires that it originates in the depleted upper mantle, rather than 

the lower mantle. The thermal boundary layer between upper- and 

lower-mantle regions is one potential reservoir for such 
material2627, although it cannot be ruled out that the mixing occurs 

as the plume head disperses in the upper mantle. The dominance of 
the 3He-recharged, depleted component in mantle plumes is con-
sistent with a low mass flux from the lower mantle and explains why 

basalts from Iceland and Hawaii appear to have lower He concen- 

trations than predicted for undegassed mantle°' °. 	 U 
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