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Basalt dykes from the regional dyke swarm of the British Palaeogene Igneous Province 7 

(BPIP) were emplaced parallel to structural lineaments linking onshore and offshore volcanic 8 

edifices.  Basalts which underwent minimal interaction with the crust, have Mg# 60-75, εNd58 9 

c. 8, 206Pb/204Pb c. 17.5, δ18O 5.9±0.3‰, and 87Sr/86Sr <0.7040.  Basalts with convex- 10 

upwards REE profiles ([La/Sm]N <1; [Sm/Yb]N >1) were generated by limited extents of  11 

melting (<10%) in the garnet-spinel transition of the upper mantle. Basalts with LREE 12 

depleted ([La/Sm]N <1) or flat REE profiles require substantial (up to 20%)  melting of spinel 13 

lherzolite.  Modelling of major element compositions and olivine equilibration temperatures 14 

indicates that the mantle potential temperature was a maximum of 1530°C beneath the BPIP 15 

at 58-60 Ma. Magmatism occurred at the periphery of a mantle thermal anomaly (proto-16 

Iceland plume; TP ≤ 1560°C) centred beneath western Greenland.  The distribution of BPIP 17 

magmas was controlled by extensional tectonism driven by plate boundary forces resulting 18 

from plate reorganizations in the northern hemisphere starting at c. 62 Ma. The well-known 19 

mildly alkaline lava piles of Skye and Mull represent volcanoes on the flanks of the resulting 20 

rift system. 21 

The mafic volcanic rocks of the British Palaeogene Igneous Province (BPIP; Fig. 1), which 22 

forms part of the North Atlantic Igneous Province (NAIP), have been the subject of detailed 23 

investigations for nearly two centuries since the early petrological pioneers first examined the 24 

igneous rocks of the province (e.g. MaCulloch 1819; Harker 1904; Bailey et al. 1924). The 25 

link between the thermal anomaly of the proto-Iceland plume and magmatism in the 26 

Hebridean basins has been much investigated and debated, particularly with respect to the 27 



petrogenesis of mafic magmas (e.g. Thompson 1982; Kerr et al. 1995; 1999; Fitton et al. 28 

1997, 1998;).   Hansen et al. (2009) and Nielsen et al. (2007) have argued that northern 29 

hemisphere plate reorganizations at about 62 Ma led to stress relaxation which was 30 

responsible for precipitating continental break-up without the need to invoke a thermal mantle 31 

plume as a driving mechanism.  The debate on the nature and existence of the proto-Iceland 32 

plume and the relationship of the NAIP to it, therefore remains contentious (e.g. Saunders et 33 

al. 1997; 1998; Foulger & Anderson 2005; Mihalffy et al. 2008; Coltice et al. 2009; Foulger 34 

2012; Howell et al. 2014). 35 

Much of the attention in the BPIP has been focused on the evolution of volcanic edifices of 36 

the major igneous centres of Skye, Mull and Rum and their intrusive counterparts (e.g. 37 

Thompson et al. 1972, 1980, 1982, 1986; Thompson 1982; Dickin et al. 1987; Thompson & 38 

Morrison 1988; Kerr 1995; Kerr et al. 1999).    However, the offshore record of magmatism 39 

and the regional tectonic framework of the Early Palaeocene of the BPIP has been the subject 40 

of detailed geophysical surveys and geological investigations (e.g. Ritchie & Hitchen, 1996; 41 

Hitchen et al. 1997; Dickin & Durant 2002; Klingelhöfer et al. 2005; Archer et al. 2005; 42 

Funck et al. 2008; Hansen et al. 2009). These investigations show that specific structural 43 

lineaments link both onshore and offshore magmatic centres of the BPIP, which also reflect 44 

significant variations in crustal thickness and the depth to the Moho (Klingerhöfer et al. 2005; 45 

Funck et al. 2008).  To date, the large database of geophysical, offshore geological, 46 

petrological and geochemical data has remained dispersed in the literature. In order to make a 47 

link between onshore and offshore geology and magmatism, this study aims to integrate these 48 

data.  To this end, new geochemical data are presented from the regional dyke swarm of the 49 

southwest of the BPIP, which was chosen for study because it is distant from any of the major 50 

intrusive centres, and has dyke orientations that are parallel to the extrapolation of the 51 

lineaments that influence the distribution of offshore and onshore magmatic centres.  Whole-52 

rock major and trace element data, mineralogical data and Sr-, Nd-, Pb- and O-isotopic 53 



compositions, reveal that the majority of the intrusions within the dyke swarm have escaped 54 

the major interaction with the continental crust.  What little interaction that has taken place (a 55 

maximum of 6% assimilation with fractional crystallization is required) is readily identifiable, 56 

because of the large body of published data on potential crustal end-members.   A number of 57 

the dykes are made of basalt with Mg# in the range 65-75 which also represent some of the 58 

largest melt-fractions generated by the most extensive melting yet recorded in the BPIP.  59 

These data are used to examine temperatures of magmatic equilibration, mantle potential 60 

temperatures and the tectono-magmatic development of the North Atlantic Igneous Province. 61 

The distribution of the regional dyke swarm and its relationship to the  62 

igneous centres and of the BPIP 63 

The Palaeogene dyke swarm of northern Britain qualifies as a giant dyke swarm (Jolly & 64 

Sanderson 1995; MacDonald et al. 2010) and extends from the Outer Isles in the northwest, 65 

into northern England (Fig. 1). The orientation of the dyke swarm indicates NE-SW extension 66 

occurred perpendicular to the evolving NE Atlantic continental margin (Speight et al. 1982; 67 

England, 1988; Jolly & Sanderson 1995; Macdonald et al. 2010). The dykes can be 68 

considered to be the surface expression of linear intrusions emplaced in the lower to middle 69 

crust under the influence of regional extension (England, 1988). Cretaceous to Palaeogene 70 

offshore igneous centres of the BPIP (70-47 Ma; O’Connor et al. 2000) are also distributed 71 

along approximately NW-SE oriented structural lineaments (Fig. 1a) which are oblique to the 72 

NE-SW rifting orientation of the Rockall Trough (Ritchie & Hitchin 1996; Dore et al. 1997; 73 

Archer et al. 2005; Nielsen et al. 2007; Ziska & Varming 2008).  The sub-parallel nature of 74 

the lineaments and the azimuth of the regional dyke swarm of the BPIP (Fig. 1), suggests a 75 

causal relationship between them.   A seismic refraction survey normal to the lineaments 76 

(‘Line A’ in Fig. 1a) reveals crust that is thinned from approximately 25 km to 16 km at three 77 

locations, forming channels in the base of the lower crust sub-parallel to the lineaments. 78 

These channels have been interpreted as continental transform faults formed by dextral shear 79 



(Funck et al. 2008).  A seismic survey sub-parallel to one of the lineaments (‘Line E’ in Fig. 80 

1a) reveals thinning of the crust from c. 32 km on the flanks to c. 20 km in the central area of 81 

the Northern Rockall Basin (Klingelhöfer et al. 2008), and the RAPIDS33 seismic line (Fig. 82 

1a) reveals a similar structure within the Rockall Trough between latitudes 54°N and 56°N 83 

albeit with the Moho at a depth of c. 12 km (Kimbell et al. 2010).  The Rockall Trough was 84 

the site of generation of oceanic crust during the Late Cretaceous and rifting ceased at about 85 

the time of emplacement of the seaward-dipping reflector sequences (SRDS) offshore of 86 

Hatton Bank (Nielsen et al. 2007). Thereafter, north-easterly propagating rifting occurred 87 

from Hatton Bank, along the margin of East Greenland to eventually form the Mid-Atlantic 88 

Ridge (Tate et al. 1999).   The area of the northern Rockall Basin has been interpreted as the 89 

centre of one of a number of interconnected triple junctions formed during continental break-90 

up (Hansen et al. 2009), the regional dyke swarm representing one of the arms of the triple 91 

junction which presumably failed to extend sufficiently to allow the generation of oceanic 92 

crust.  Isotopic age determinations show that the majority of the magmatism in the Hebridean 93 

basins occurred over the period 63-58 Ma (Pearson et al. 1996; Hamilton et al. 1998; Archer 94 

et al. 2005) although biostratigraphical evidence suggests that magmatism may have extended 95 

to 54.5 Ma (Bell & Jolley 1997). The last vestige of magmatic activity in NW Scotland is 96 

represented by an Eocene monchiquite dyke in the Outer Hebrides (45.2±0.2 Ma; Faithfull et 97 

al. 2012). 98 

The Islay-Jura-Gigha dyke swarm 99 

The Islay-Jura-Gigha dyke swarm (IJDS) was emplaced into Precambrian metamorphic rocks. 100 

To the west of the Loch Gruinart Fault (Fig. 1b) the Proterozoic Colonsay-West Islay Terrane 101 

comprises metasedimentary rocks and granitic gneisses (1760 Ma; Marcantonio et al. 1988) 102 

and to the east of the fault the geology is dominated by late Precambrian Dalradian 103 

Supergroup metasedimentary rocks cut by foliated epidiorites of unknown age and affinity 104 



(Muir et al. 1994; McAteer et al. 2010; Fig. 1b).  According to Morton & Taylor (1991), the 105 

Islay terrane is comparable in age and origin to the Rockall terrane.  The IJDS has a dyke 106 

density of < 5 intrusions km-1 and a regional extension of < 3% (see also Speight et al. 1982). 107 

The IJDS is therefore characterized by similar spacing and thicknesses of intrusions to that of 108 

the Mull dyke swarm at c. 50 km along strike from the intrusive centre (Jolly & Sanderson 109 

1995).  The nearest central igneous complex to the IJDS is the offshore Blackstones Bank 110 

complex 60km to the NW of Islay (Fig. 1; K-Ar whole-rock analysis indicates 58.6±1.0 Ma; 111 

Dickin & Durant 2002) and it has been proposed that this may have been the focus for the 112 

IJDS.  However, the only intrusion of any significant volume in IJDS is a minor boss of 113 

leucodolerite and teschenite which itself is the distended head of a dyke (Hole & Morrison 114 

1992).  The azimuths of intrusions within the IJDS (320-345°; Fig. 1b) overlaps with that for 115 

the range of fracture orientations capable of dilating within the regional stress regime 116 

according to the structural model of Jolly & Sanderson (1995).  117 

Geochemistry basalts of the Islay-Jura dyke swarm 118 

The complete dataset of electron microprobe analyses of olivine, plagioclase and 119 

clinopyroxene, along with XRF major and trace element data and key locality information and 120 

analytical techniques are given in the supplementary material. Isotopic composition and major 121 

and trace element data by XRF, INAA and ICP-MS for selected samples are given in Table 1.  122 

The IJDS samples are mostly Hy-normative Si-saturated olivine tholeiites, but a number of 123 

Ne-normative, Si-undersaturated alkali olivine basalts are also represented (Fig. 2).  In Fig. 2a 124 

the majority of the data for the IJDS intrusions with > 8 weight % MgO scatter around the 125 

experimentally determined 0.9±0.15 GPa cotectic for the equilibria olivine + plagioclase + 126 

clinopyroxene + natural basic liquid (Thompson 1982), and overlap with the field defined by 127 

the SMLS and MPLF. A small number of IJDS intrusions plot towards the 1atm cotectic for 128 



alkali olivine basalt magmas, and thus towards Ne-normative compositions (Hole & Morrison 129 

1992). 130 

Fig. 3 shows selected major and trace element data for the IJDS and igneous rocks found in 131 

the lava fields and Outer Isles dyke swarm of the BPIP.  Two lineages for the BPIP lavas are 132 

evident on diagrams of TiO2, TiO2/FeO* and Zr versus Mg#, one of which is a low TiO2, low 133 

TiO2/FeO* and low Zr, tholeiitic suite, which includes the Central Mull Formation (CMF; 134 

Kerr et al. 1999; Kent & Fitton, 2000; Williamson & Bell 2012), the Causeway Tholeiite 135 

Member (CTM) of Antrim (Wallace et al. 1994; Barrat & Nesbitt, 1996) and the Preshal 136 

More tholeiites of Skye (Esson et al. 1972; Font et al. 2008).  The other suite is mildly 137 

alkaline, and exhibits higher TiO2 and Zr concentrations at a given Mg# than the CTM or 138 

CMF, and is exemplified by the Mull Plateau Lava Formation (MPLF) and the Skye Main 139 

Lava Series (SMLS).  The IJDS data overlaps in composition with the BPIP lavas, with 140 

members of both the tholeiitic and mildly alkaline suites being represented.  However, there is 141 

not a distinct separation of the two trends into low- and high-Ti groups, as is the case for the 142 

lava fields of the province. Clinopyroxene phenocrysts in the IJDS intrusions are augite (En30-143 

45Wo40-50Fs14-20) and there is no clear distinction between the tholeiitic and mildly alkaline 144 

suites on the basis of clinopyroxene compositions. Olivine phenocrysts and microphenocrysts 145 

have a compositional range of Fo62-91.4. Details of olivine thermometry will be described 146 

below.  147 

Chondrite-normalized rare earth element (REE) profiles for IJDS are shown in Figure 4. 148 

Three distinct types of REE profile can be distinguished. The first type exhibits LREE-149 

depletion, but with a convex-upwards REE profile ([La/Yb]N = 0.6-1.2; [Sm/Yb]N >1). A 150 

second group of basalts, have LREE-enriched profiles ([La/Yb]N = 1.6-2.5) a with [La/Sm]N 151 

c. 1.0 and [Sm/Yb]N in the range 1.7-2.4.  Finally, a third type of REE profile is flat, to 152 

slightly LREE-depleted ([La/Yb]N = 0.8-1.2; [Sm/Yb]N  1.0-1.5), with absolute abundances of 153 

the REE of 10 to 20 times chondritic abundances.  All analyzed samples of the Islay dykes 154 



have unradiogenic Sr-isotope compositions (0.7031-0.7041). Half of the analyzed samples 155 

plot to the left of the Geochron (206Pb/204Pb ratios <17.5) in Fig. 5, and exhibit a positive 156 

correlation with εNd58, to a minimum of εNd58 -3.1 at 206Pb/204Pb c. 16.6.  This positive 157 

sloping trend includes all the samples with LREE-enriched profiles shown in Fig. 5b.  158 

Samples with convex-upward REE profiles all have 206Pb/204Pb in the range 17.50±0.25 and 159 

therefore plot close to the intersection of the Geochron and NHRL. Samples with 206Pb/204Pb 160 

>18.0, are scattered around the NHRL, with Δ7/4 (Hart 1984) in the range -3 to +10.  δ18O has 161 

a limited range of +5.8‰ to +6.2‰ for the eight samples analyzed (Fig. 5a), which also cover 162 

the full range of radiogenic isotope compositions.  The IJDS basalts exhibit clear correlations 163 

between incompatible trace element ratios and isotopic compositions (Fig. 6). Chondrite-164 

normalized La/Sm ratios ([La/Sm]N) and La/Ta ratios exhibit an overall negative correlation 165 

with εNd58, but for  [La/Sm]N <0.8, data are scattered. The correlation between 206Pb/204Pb 166 

and La/Ta ratios is broadly negative, whilst that between 206Pb/204Pb ratios and [La/Sm]N 167 

ratios exhibits a broadly positive correlation for samples with ratios [La/Sm] < 0.8 and a more 168 

scattered distribution for samples with [La/Sm] > 0.8. 169 

Magma-crust interactions 170 

The BPIP is a classic example of the petrological effects of magma-crust interaction and 171 

separating the effects of crustal contamination from those of mantle heterogeneity and melting 172 

processes has proven challenging. Nevertheless, it is necessary to attempt to identify those 173 

igneous rocks that have had their geochemical compositions modified by interaction with the 174 

lithosphere, so that uncontaminated samples can be identified and appropriate petrogenetic 175 

models applied to them to determine melting conditions in the upper-mantle.  Since the rocks 176 

making up the continental crust in this area are of considerable antiquity, they have 177 

characteristically unradiogenic Nd-isotope signatures (εNd58 <-50; Thompson et al. 1986; 178 

Dickin et al. 1987; Fowler et al. 2003) Additionally, because primitive magmas of the BPIP 179 



have low REE abundances, any interaction with crust readily moves magma compositions to 180 

unradiogenic Nd-isotope compositions (e.g. SMLS and MPLF εNd58 as low as -30; 181 

Thompson et al. 1986; Dickin et al. 1987; Thompson & Morrison 1988; Kerr 1995).  None of 182 

the IJDS samples analyzed in this study has εNd58 < -3.0, and the majority have positive 183 

εNd58, and as such none of the basalts can have undergone the same extent of crustal 184 

interaction as that which affected the most contaminated lavas of the major centres of Skye 185 

and Mull.  Pb-isotope compositions of BPIP crustal rocks are more variable than Nd-isotopic 186 

compositions.  The low time-integrated U/Pb ratios of late Archean Lewisian crust means that 187 

basalts that are considered to have interacted with such crust, contain unradiogenic Pb, plot to 188 

the left of the Geochron, and exhibit a positive correlation with between 206Pb/204Pb and εNd58 189 

(e.g. Skye Main Lava Series, Thompson et al. 1980; 1982; 1986; Ellam & Stuart, 2000). 190 

Lewisian granulite facies acid gneisses have considerably higher Pb and Nd abundances 191 

(about 7-10 and 20-50 ppm respectively; Rollinson, 2012) than the most primitive basalts 192 

analyzed here (<1 ppm Pb and c. 8-10 ppm Nd) hence isotopic shifts towards the contaminant 193 

composition occur readily, even for limited amounts of crustal interaction.  Therefore, 194 

combined Sr-, Nd-, Pb- and O-isotope systematics in BPIP lavas make it possible to place 195 

constraints on both the age and the composition of the crust which was involved in the 196 

petrogenesis of individual magmas.  197 

Isotopic constraints on magma-crust interactions 198 

Samples in the current data set with around 10 weight % MgO (Mg# c. 58), exhibit a broad 199 

range of isotopic compositions (εNd58 +8 to -2), and there is no apparent correlation between 200 

Mg# and either 206Pb/204Pb or εNd58. This observation, combined with low values of δ18O 201 

(+5.8‰ to +6.2‰), imply crustal interaction between primitive magmas and crust prior to 202 

crystal fractionation.  203 

Using the composition of magnesian basalt MHJ2.5 (11.1 wt % MgO; Table 1) with εNd58 204 

+7.5 as representative of an uncontaminated parental magma, AFC trajectories for Pb- and 205 



Nd-isotopic mixing, show that less than 5% AFC involving an acid Lewisian granulite is 206 

capable of producing the entire range of Pb- and Nd-isotopic compositions of the basalts with 207 

206Pb/204Pb < 17.5 (Fig. 5).  Sr-isotopes are relatively unaffected because of the unradiogenic 208 

Sr in the granulite contaminant.  Islay basalts with 206Pb/204Pb > 17.5 exhibit a rather 209 

scattered, but overall negative, correlation between 206Pb/204Pb and εNd58, attesting to their 210 

interaction with a crustal component containing radiogenic Pb and unradiogenic Nd.  211 

Supracrustal rocks of the Moine Supergroup and the Proterozoic gneisses of the Rhinns 212 

Complex of Islay, have lithologies within them that have radiogenic Pb compositions, with 213 

206Pb/204Pb ratios up to 20, positive Δ7/4 and δ18O > +8‰ (Morrison et al. 1985; Thompson et 214 

al. 1986; Marcantonio et al. 1988; Dickin & Durant 2002).  As a consequence, basalts that 215 

have interacted with supracrustal metasedimentary rocks exhibit a negative correlation 216 

between 206Pb/204Pb and εNd58, and have Pb-isotopic compositions that plot above the NHRL 217 

and have δ18O > 6  (e.g. Staffa lavas; Morrison et al. 1985).  An AFC mixing trajectory 218 

between MHJ2.5 as a source composition and Moine pelite (Fig. 5b), requires a conservative 219 

amount of AFC (< 4%) to explain the entire Pb-Nd array of the remainder of the Islay basalts.  220 

This limited interaction would cause shifts in δ18O‰ that are within the uncertainty of the 221 

analytical measurements. Modelling of Sr-isotopes for the metasedimentary rocks is more 222 

problematical, because of their large range in 87Sr/86Sr ratios in the potential contaminants.  223 

Nevertheless, Sr-isotope ratios would probably be the least affected by any contamination 224 

process because of the relatively high concentration of Sr in the parent magmas compared to 225 

the contaminant. However, 87Sr/86Sr ratios for these basalts are < 0.7045, which is 226 

considerably lower than that for basalts that contain a significant upper-crustal component 227 

such as the Loch Scridain Sill Complex (87Sr/86Sr up to 0.7105 respectively; Preston et al. 228 

1998).  Furthermore, despite the IJDS crossing two terrane boundaries (Fig. 1) there is no 229 

relationship between geographical location and contamination history of the IJDS basalts. It is 230 

also noticeable that the two contamination trends for the Islay basalts shown in Fig. 5 231 



converge at εNd58 ~+9 and 206Pb/204Pb ~17.50. This Pb-isotopic composition corresponds 232 

with a position close to the intersection between the Geochron and the NHRL representative 233 

of an uncontaminated parental magma. This isotopic composition is similar to that of the 234 

North Atlantic End Member (NAEM) as recognized by Ellam & Stuart (2000). 235 

Integrated isotopic and trace element constraints on magma-crust interactions 236 

Fig. 7 shows La/Ta ratios plotted versus Th/Ta ratios for BPIP mafic igneous rocks. Trace 237 

element end-member compositions for Lewisian and Moine country rocks are clearly 238 

distinguishable from one another in Figure 7 because of the higher La/Ta for a given Th/Ta of 239 

granulite facies Lewisian metamorphic rocks compared to Moine metasedimentary rocks 240 

(Rollinson 2012, Thompson et al. 1986; Preston et al. 1998).  AFC trajectories have been 241 

calculated assuming that DTh ~ DTa ~ 0.01 < DLa ~ 0.02, and the calculated curves have been 242 

contoured for 206Pb/204Pb and εNd58, using the same end-member isotopic compositions as 243 

those shown in Fig. 5.  It is clear from Fig. 7 that the most contaminated IJDS samples require 244 

only a small amount of crustal input to achieve the most extreme trace element and isotopic 245 

characteristics in the suite; a maximum of around 5% AFC interaction with Moine 246 

metasedimentary or equivalent supra-crustal rocks, and a maximum of around 6% AFC 247 

involving Lewisian granulite.  The correlations between Th/Ta and 207Pb/204Pb, La/Ta and 248 

206Pb/204Pb, and also that between εNd58 and [La/Sm]N (Fig. 6), are entirely consistent with 249 

such limited estimates of crustal contamination for the IJDS compared to, for example, lavas 250 

of the SMLS which require up to 20% AFC involving Lewisian granulite.   It is also 251 

noticeable on Figure 7a that IJDS Ne-normative basalts tend to be the least contaminated, 252 

implying that the tholeiitic, Hy-normative characteristics of the majority of the basalts is an 253 

artifact of contamination and not a primary feature of the parental magma.  Dacites from well 254 

163/6-1A, which were considered by Morton et al. (1988) to be dominantly crustal melts, fall 255 

towards the end of the Moine metasedimentary contaminant melting trajectory confirming 256 

this origin. 257 



Contributions from subcontinental lithospheric mantle to magmatism in the BPIP 258 

The role of the subcontinental lithospheric mantle in the petrogenesis of BPIP magmas is 259 

more difficult to establish. However, mantle xenolith suites from Permo-Carboniferous and 260 

younger magmas, suggest that the Caledonian subduction episode in the region of the BPIP 261 

resulted in the generation of subduction-enriched subcontinental mantle which now has La/Ta 262 

and Th/Ta ratios > 20 and >>1 respectively, as well as unradiogenic Nd-isotopic compositions 263 

(εNd58 as low as -22; Menzies & Halliday 1988; Halliday et al. 1993).  Consequently, the 264 

composition of melt derived from subduction-enriched sub-continental lithospheric mantle 265 

and that produced by the interaction between continental crust and an asthenosphere-derived 266 

melt, are difficult to distinguish.  Furthermore, Downes et al. (2007) show that at certain 267 

locations in the southern areas of the BPIP (e.g. Hawk’s Nib, Bute) lower crustal xenoliths 268 

have isotopic and trace element compositions that are indistinguishable from modern 269 

asthenosphere-derived melt, simply because they represent the products of young 270 

replenishments of the lower crust by basaltic magmas during continental underplating, most 271 

likely during Permo-Carboniferous rift-related magmatism (Smedley 1986; Downes et al. 272 

2007).  Nevertheless, it has been argued by a number of authors that the majority of the BPIP 273 

lavas were initially formed by melting of the asthenosphere and subsequently underwent 274 

interaction with the continental crust and/or subduction-enriched sub-continental lithospheric 275 

mantle (Fitton et al. 1997; Chambers & Fitton 2000; Ellam & Stuart 2000). 276 

Crystallization temperatures and mantle potential temperature 277 

On the basis of melting experiments on Skye lavas, which have compositions close to the Di-278 

Ol divide in Fig. 2, Thompson (1974, 1982) defined fractionation paths for basalts from the 279 

SMLS at atmospheric pressure and 0.9±0.15 GPa, equivalent to a depth of ~30 km. Figure 2 280 

shows that when the compositions of the IJDS basalts are projected on to the same diagram, 281 

they fall between the two cotectics, implying crystallisation and fractionation occurred at 282 



depths shallower than 30 km. In addition the maximum pressure at which olivine is a liquidus 283 

phase is limited by a point on the liquidus of melting experiments on Skye lavas where four 284 

phases (ol+cpx+opx+liq) coexist at ~1.6 GPa (Thompson 1974).  For BPIP basalts it is 285 

therefore possible to use the phase equilibria of Thompson (1974, 1982) and olivine 286 

geothermometry (e.g. Putirka et al. 2007) to constraint P-T conditions of olivine equilibration 287 

in olivine-bearing basalts where the Fo content of the olivine is known. 288 

Mantle potential temperature (TP) expresses the mantle temperature projected along the 289 

solid-state adiabat to surface pressure. Crystallization temperature estimates must therefore 290 

always be lower than those of mantle potential temperature because of down-liquidus cooling 291 

of the melt during its rise into crustal magma chambers. There are a number of different 292 

methods that may be used to derive potential temperature (e.g. Falloon et al. 2007; Herzberg 293 

et al. 2007; Herzberg & Asimow 2008; Putirka et al. 2007) some requiring knowledge of 294 

variables that are difficult to accurately determine (e.g., degree of melting and pressure of 295 

melt formation). Putirka et al. (2007) have shown that if estimates of temperature and 296 

pressure of olivine equilibration can be can be made, then these can be used to back-calculate 297 

along the adiabatic temperature gradient to yield estimates of mantle potential temperature. 298 

The model of Herzberg & Asimow (2008) uses major element compositions of primitive 299 

magmas to make TP estimates without the need for  knowledge of olivine compositions.  Both 300 

of these models have been applied to a selection of basalts from the NIAP of appropriate 301 

composition and mineralogy, as well as to ocean ridge basalts (ORB) from the Sequeiros 302 

Fracture, which are used here as an independent control on ambient mantle TP  (Herzberg & 303 

Asimow 2008; Coogan et al. 2013).   304 

Crystallization temperature estimates 305 

For olivine geothermometry, an estimate of the pressure at which olivine crystallised is a 306 

requirement of models because kD[Fe-Mg] for olivine and liquid is pressure dependent. The 307 

algorithm of Ulmer (1989) has been used to calculate kD[Fe-Mg] = 0.325 at 0.9 GPa and kD[Fe-Mg] 308 



0.335 at 1.6 GPa.    Five of the IJDS samples satisfy olivine-liquid equilibrium tests using two 309 

different calculation methods (Beattie 1993; Putirka et al. 2007) which also produce 310 

comparable results (Fig. 8a). Crystallization temperatures for IJDS samples are in the range 311 

1298-1398°C at 0.9 GPa and 1325-1415°C at 1.6 GPa, and for lavas from the MPLF (Kerr, 312 

1995, 1998; Kerr et al. 1999; Sobolev et al. 2007; Peate et al. 2012), crystallization 313 

temperatures are in the range 1341-1400°C at 1.6 GPa and 1320-1379°C at 0.9 GPa (Fig. 8a 314 

and Table 2).  Overall, BPIP lavas exhibit a predictable positive correlation between Mg# and 315 

olivine crystallization temperature, approaching a maximum of 1400°C at Mg# = 75, 316 

indicating the maximum liquidus temperature of BPIP basalts (Fig. 8a).  Also shown in Fig. 317 

8a are olivine crystallization temperature estimates for Siquieros Fracture Zone ocean ridge 318 

basalts (Perfitt et al. 1996) and West Greenland picrites (Dale et al. 2008; Starkey et al. 319 

2009).  For the BPIP samples, crystallization temperatures are up to 100°C hotter than those 320 

for Siquieros ORB, but are overall cooler, by up to 100°C, than for West Greenland picrites at 321 

comparable pressures.   322 

Mantle potential temperature estimates 323 

Firstly, the method of Putirka et al. (2007) has been applied to calculate TP from the olivine 324 

equilibration P-T estimates discussed above, and the results are given in Table 2. For BPIP 325 

magmas, estimates are from TP = 1449-1530 °C and Siquieros Fracture Zone ORB yield TP = 326 

1400-1433. Picrites from West Greenland (Dale et al. 2008; Starkey et al. 2009) yield 1560 to 327 

1650°C using the same method (Fig. 8). 328 

Herzberg et al. (2007) show that for primitive basalts that have crystallized only olivine 329 

(that is they fall on olivine control lines on diagrams of FeO and CaO versus MgO) 330 

incremental addition or subtraction of equilibrium olivine to the measured bulk-rock 331 

composition allows the generation of a suite of potential parental melt compositions. 332 

Comparison of these with primary melt compositions determined from forward models of 333 



peridotite melting, allows the possible temperature of melting to be estimated.  Critical to both 334 

these approaches, is that basalts must have crystallized olivine alone and not augite.  Because 335 

of the polybaric fractional crystallization that characterizes the BPIP basalts (e.g. Thompson 336 

et al. 1980), augite is a common fractionating phase within the crust, as evidenced from the 337 

positive correlation between Mg# and CaO for Mg# up to about 65 (Fig. 3).   Based on MgO 338 

– FeO – CaO covariation, three samples from the IJDS and four samples from the MPLF 339 

(Kerr et al. 1999) are appropriate for this modelling approach, and the results of the two 340 

models are given in Table 3 and illustrated in Figure 8b.   Primitive melts generated by the 341 

model of Herzberg & Asimow (2008)  have 15.3-18.0 weight % MgO and represent melt 342 

fractions of 0.11-0.19 (Table 3).  TP estimates are 1491-1530°C for accumulated melt 343 

fractions. The calculation routine is successful in that it produced no evidence for augite 344 

fractionation or accumulation.  Siqueiros Fracture Zone ORB (Fig. 8b) suggest ambient 345 

mantle TP of 1332-1400°C. Thus for an individual model, the IJDS and MPLF basalts require 346 

maximum TP = ambient +100°C.   347 

Further estimates of TP can be derived directly from the MgO content of melt inclusions 348 

trapped in olivine phenocrysts in lavas, without the necessity for complex fractionation 349 

corrections to generate a primitive melt composition (Keiding et al. 2011; Herzberg, 2011).   350 

Peate et al. (2012) argued that melt inclusions in olivine phenocrysts in primitive MLPF lavas 351 

BM8 and BM16, were formed prior to contamination of the magma with Lewisian crust and 352 

these inclusions have a maximum of 13.9 weight % MgO. According to the method of 353 

Keiding et al. (2011), if these inclusions can be considered to be near-primary melts, then the 354 

maximum TP would need to be close to 1430°C (Fig. 8b). The highest TP estimate for the 355 

MPLF melt inclusions is therefore approximately 70ºC lower than the TP estimates for IJDS 356 

and MPLF basalts generated by the Herzberg & Asimow (2008) model (Fig. 8b, Table 3).  A 357 

number of workers have recognized that there are significant disparities between absolute 358 

values of TP derived from the various basalt geothermometers available (e.g. Falloon et al. 359 



2007; Herzberg 2011; Keiding et al. 2011; Coogan et al. 2014).  However from these 360 

discussions, a consensus emerges that for a given model, the differences between TP for ORB 361 

picrites (representing average ambient mantle) and plume-related ocean island basalts is 362 

relatively consistent at around +100ºC for modern Iceland and around +200ºC for modern 363 

Hawaii (Fig. 8b). It is therefore proposed that the maximum TP required to generate the MPLF 364 

lavas and the most mafic IJDS basalts shown in Table 3, was ambient TP +100 to +150°C. 365 

Herzberg & Gazel (2009) derive TP for picrites from Greenland that overlap with those for the 366 

MPLF and IJDS samples (Fig. 8b), but also extend to higher TP (West Greenland TP = 1537-367 

1561ºC; East Greenland TP = 1476-1647ºC). Scarrow & Cox (1995) derived TP estimates of 368 

1390-1510°C for a range of SMLS lavas, although these estimates were based on primitive 369 

basalt picrite composition with a uniform 15 weight % MgO. 370 

Constraints from trace elements on the depth of melt generation 371 

REE fractionation and depth and extent of melting 372 

It is well-established that garnet has kD for the HREE >>1, but kD for the LREE <1 (e.g. 373 

McKenzie & O’Nions 1995; Pertermann et al. 2004; Hunt et al. 2012), and melting in the 374 

presence of garnet causes significant relative LREE and HREE fractionation. In Figure 9, 375 

[La/Yb]N can be used as a proxy for extent of melting because this ratio increases with 376 

decreasing extents of melting. [Tb/Yb]N is sensitive to depth and thus pressure of melting, 377 

with [Tb/Yb]N increasing with increasing pressure of melt segregation and or source 378 

enrichment (Hunt et al. 2012).  Plotted in Fig. 9 are trajectories for the melting of ORB-379 

source mantle with garnet or spinel on the peridotite solidus. Mid-Atlantic Ridge ORB-source 380 

mantle has been used in this model because trace element systematics suggest that Iceland 381 

plume mantle did not become involved in magmagenesis in the BPIP until after the 382 

emplacement of the major lava fields and igneous centres (Chambers & Fitton 2000), and the 383 

majority of BPIP magmas are consistent with derivation from ORB-source asthenosphere 384 



(Fitton et al. 1997).   The starting composition for the ORB-source melting trajectory is taken 385 

from a low [La/Yb]N and [Tb/Yb]N ratio MAR basalt (0.29 and 0.99 respectively; sample 386 

DAR0080-012A-002 of Murton et al. 2002) which it has been assumed represents 20% 387 

melting of spinel lherzolite.  The MAR source has then been subjected to non-modal melting 388 

with garnet-present dry melting being initiated at 3.8 GPa, equivalent to TP c. 1500°C. The 389 

eutectic first-melt composition at 3.8 GPa has been estimated from those given in Weng & 390 

Presnall (2001), with a composition of 18% olivine, 50% clinopyroxene and 32% 391 

orthopyroxene. Partition coefficients for trace elements in garnet and clinopyroxene were 392 

taken from the compilation in Pertermann et al. (2004), and the remainder from McKenzie & 393 

O’Nions (1995).   In addition, trajectories for the melting of primitive mantle with garnet or 394 

spinel on the peridotite solidus are taken from Hunt et al. (2012) and are shown for 395 

comparison, along with data for picritic basalts from West Greenland (Fig 9b).  Estimates of 396 

the extent of melting from trace elements are strongly model-dependent, and are particularly 397 

sensitive to the initial concentration of a trace element (C0) in the source material.  However, 398 

the overall topology of the melting curves does not vary significantly for minor variations in 399 

C0. Estimates of F (extent of melting) from Fig. 9 must therefore be treated with due caution. 400 

REE fractionation in NAIP basalts 401 

It is clear from Figs. 4 & 6, that the IJDS basalts which exhibit LREE-enrichment ([La/Sm]N 402 

>0.85; [La/Yb]N >1.8), do so because of interaction with continental crust. Consequently such 403 

samples have been omitted from Fig. 9a. The remaining samples all have εNd58 ≥3, 404 

206Pb/204Pb in the range 17.4-18.2, 207Pb/204Pb in the range 15.4-15.5, and form a field 405 

extending from the NHRL-Geochron intersection to higher 206Pb/204Pb and 207Pb/204Pb ratios 406 

slightly above the NHRL (Fig. 5). 407 

The Hy-normative IJDS basalts with flat REE profiles ([La/Yb]N = 0.5-1.4 and [Tb/Yb]N = 408 

1.1-1.2) fall close to the spinel-bearing peridotite melting trajectories, but closer to that for 1-409 

8% melting of ORB-source mantle than for that of melting of primitive mantle. In addition, 410 



the Herzberg & Asimow (2008) model indicates that sample MHI2.10 which has a flat REE 411 

profile (Fig. 4) was generated in equilibrium with a spinel lherzolite residue (Table 3), and 412 

represents a melt fraction of 0.18.  Two samples with convex-upwards REE profiles (MHI9.3 413 

and MHI9.7; [La/Yb]N c. 0.7 and [Tb/Yb]N c. 0.4) are displaced to higher [Tb/Yb]N ratios for 414 

a given [La/Yb]N ratio than those with flat REE profiles, suggesting that they were formed by 415 

moderate extents of melting (up to 10%) of ORB-source mantle with garnet on the solidus. 416 

According to the Herzberg & Asimow (2008) model, MHI9.7 was generated in equilibrium 417 

with a harzburgite residue and represents a melt fraction of 0.19.  The remainder of the data 418 

for the IJDS basalts fall between the spinel and garnet melting trajectories, implying that they 419 

were derived by melting in the region of the spinel-garnet transition of the upper mantle.  420 

Data for the Preshal More tholeiites and late stage cone-sheets of Skye (Esson et al. 1975; 421 

Bell et al. 1994; Font et al. 2008), and the most incompatible trace element depleted lava 422 

from the Causeway Tholeiite Member of Antrim (sample AM11 of Barrat & Nesbitt 1996) 423 

also fall close to the spinel-only melting trajectory. Conversely, SMLS lavas with [Tb/Yb]N > 424 

1.8 require limited extents of melting, perhaps <5%, with garnet on the dry peridotite solidus. 425 

The remaining BPIP basalts, including the MPLF, occupy the space between the garnet and 426 

spinel melting curves suggesting melt generation in the region of the garnet-spinel transition 427 

of the upper-mantle (Fig. 9b).  The Herzberg & Asimow (2008) model indicates that at least 428 

some MPLF lavas were generated in equilibrium with a garnet-lherzolite residue (Table 3) 429 

and represent melt fractions between 0.10 and 0.15, although REE data are not available for 430 

the MPLF samples shown in Table 3.  Picrites from Baffin Island (Dale et al. 2008) have 431 

compositions that are consistent with melting with spinel on the dry peridotite solidus (Fig. 432 

9b).  Most of the Disko Island picrites (Lightfoot et al. 1997; Larsen & Pedersen 2000) 433 

apparently require melting with garnet ± spinel on the peridotite solidus or are derived from a 434 

more enriched, higher [Tb/Yb]N and [La/Yb]N ratio mantle source than the BPIP basalts.  435 

Pressure-temperature conditions during mantle melting. 436 



Since garnet alone is on the dry solidus only for TP ≥1430°C (Fig. 10), then to achieve any 437 

melting solely in the garnet stability field of the mantle requires temperatures in excess of 438 

this.  Major element modelling of the IJDS and MPLF basalts (Table 3) suggests maximum 439 

TP of c. 1530°C.  At this temperature, the maximum amount of melting in the presence of 440 

garnet alone would be around 10%, assuming melt generation at a rate of approximately 10% 441 

GPa-1 (Fig. 10).  Melt fractions representing more than 10% melting would be formed initially 442 

with both spinel and garnet on the solidus in the pressure range 3.1-2.9 GPa, and latterly with 443 

spinel alone on the solidus for < 2.9 GPa (Fig. 10).   IJDS basalts with convex-upwards REE 444 

profiles, which require melting in the presence of garnet±spinel on the dry solidus, are 445 

therefore consistent with melting of upper mantle with TP c. 1500°C (Table 3) as long as 446 

decompression to a pressure lower than that for the garnet-spinel transition was prevented. If 447 

TP was c. 1450°C, the maximum melt fraction that could be produced with garnet alone on the 448 

solidus would be reduced to approximately one quarter of that for 1530°C.  Isotopically 449 

depleted members of the SMLS which have [Tb/Yb]N >1.9 require limited extents of  melting 450 

in equilibrium with a garnet-bearing source. This would therefore be achievable at TP c. 451 

1450°C again assuming decompression to a pressure lower than that for garnet-only melting 452 

was prevented. The most extensive (>10%), spinel-present melting, required by the IJDS 453 

basalts and other BPIP basalts with flat REE profiles, would only be achievable if 454 

decompression into the spinel-only stability field of the upper-mantle was permitted, and may 455 

require TP >1500°C. 456 

Crustal thickness and melt migration 457 

The seismic refraction profiles in Fig. 1 show that in the region of the Northern Rockall Basin 458 

the Moho decreases in depth from c. 30km to c. 16 km.  If it is assumed that shallowing of the 459 

Moho is proportional to local thinning of the lithosphere, then extension in the Northern 460 

Rockall Basin would have thinned the base of the lithosphere from 75 to about 60 km, the 461 



former of which is the lithospheric thickness estimate of Kerr et al. (1999) for the lithosphere 462 

beneath the MPLF.  This thinning would have allowed a maximum extent of melting of c. 463 

23% for TP 1530ºC (Fig. 9), with c. 11% of melting taking place in the presence of spinel 464 

alone. This would result in the production of melts with a spinel lherzolite dominated, flat 465 

REE profile, which is in agreement with both the major and trace element models presented 466 

above (Table 3; Fig. 8).  For the estimated pre-stretching thickness of the lithosphere beneath 467 

the region (c. 75 km), and for TP = 1530°C, a maximum of approximately 18% melting would 468 

be possible, with 9% of the melting occurring in the presence of spinel alone. Consequently, 469 

beneath a 75km thickness of lithosphere, convex-upward or LREE-enriched REE profiles 470 

might be expected.  Variations in LREE-enrichment seen in basalts in the region, may thus be 471 

the result of melt generation beneath regions of different lithospheric thickness, which has 472 

also been proposed by other workers (e.g. Thompson 1982; Scarrow & Cox, 1995; Kerr et al. 473 

1999; Scarrow et al. 2000). 474 

However, there is no evidence of significant crustal attenuation in the region of the IJDS.  475 

It would be expected that the basalts emplaced into the thickest, least stretched lithosphere 476 

would record the highest pressures of melt segregation and thus have the most marked garnet 477 

melting signature. This is not the case.  As well as basalts of the IJDS, a significant proportion 478 

of the intrusions in the Outer Isles dyke swarm, the cone sheets of Skye and Antrim plateau 479 

basalts, represent large melt fractions emplaced outside the areas of maximum crustal 480 

stretching (Kent & Fitton 2000).  It seems likely therefore, that the precursor magmas of these 481 

large melt-fractions were generated in an area of significant crustal stretching (e.g. northern 482 

Rockall Basin), and that dilated fractures facilitated lateral magma transport to the southeast, 483 

and subsequent emplacement of the magmas and their crystallization at shallow crustal levels.  484 

Evidence for the transport of BPIP magmas over distances exceeding 600 km has been 485 

documented by Macdonald et al. (2010), with individual dykes of MPLF-type magmas being 486 

traced into the southern North Sea. Therefore, there is a structural framework that can 487 



adequately account for the distribution of large melt-fractions in the regional dyke swarms 488 

and the onshore and offshore magmatic centres of the BPIP, without the need for significant 489 

crustal stretching precisely at the positions of their emplacement.  490 

The TP estimates from melt inclusions within the MPLF (Fig. 8) are 1290-1440°C, and the 491 

whole-rock geochemistry of these samples show that they are LREE-enriched. Two of these 492 

samples have εNd58 2.0-2.4 and [La/Yb]N and [Tb/Yb]N of 2.8 and 1.8 respectively (Peate et 493 

al. 2012) suggesting [La/Yb]N has not been significantly increased as a result of crustal 494 

interaction. Consequently, according to Fig. 9, these samples require generation with garnet 495 

on the dry peridotite solidus.  Lavas of the SMLS, like the MPLF, are characterized by mildly 496 

alkaline LREE-enriched compositions (Figs 3 & 8). Fig. 10 shows that for TP = 1440°C and a 497 

lithospheric thickness of 75 km, the melting interval is limited to the range 3.1-2.3 GPa with a 498 

maximum extent of melting of c. 8%, with ≤2% melt being generated with garnet alone on the 499 

dry peridotite solidus. TP estimates from melt inclusions made herein (1290-1440ºC), and the 500 

TP estimates of Scarrow & Cox (1995) for SMLS lavas (1390-1510º) suggest that at least 501 

some SMLS and MPLF lavas were generated at TP ≤ 1450ºC. Localized variations in TP, be 502 

they spatial or temporal, cannot therefore be ruled out as a potential influence on the 503 

geochemical composition of BPIP basalts. 504 

Discussion 505 

Magma-crust interactions and magmatic plumbing. 506 

Fowler et al. (2004) proposed an Energy-Constrained Recharge, Assimilation and Fractional 507 

Crystallization (EC-RAFC) model for the contamination history of the SMLS, and proposed a 508 

magma transport system in which magma batches are stored initially at lower-crustal levels, 509 

where they undergo EC-RAFC evolution.  The EC-RAFC models used as a starting 510 

composition a mafic magma with a liquidus temperature of 1400°C, and required up to 6 511 

episodes of magma recharge, with an overall temperature drop of c. 130°C during 512 



contamination (Fowler et al. 2004). The model was capable of producing the entire range of 513 

Pb- and Sr-isotopic compositions i.e 206Pb/204Pb = 17.25-14.50 and 87Sr/86Sr58 = 0.7030-514 

0.7040 for the SMLS. In general, Fowler et al. (2004) noted that lower-crustal granulite is the 515 

contaminant for early-formed magmas and upper-crustal metasedimentary rocks act as the 516 

contaminant for many of the late-stage magmas.  It is interesting to note that the basalts 517 

shown in Fig. 7, which show evidence of interaction with a metasedimentary contaminant, 518 

(e.g. Causeway Tholeiite Member and Staffa Lava Formation), are of the tholeiitic lineage 519 

(Fig. 3), were all emplaced as ponded lava flows into fault controlled basins (Lyle, 2000; 520 

Williamson & Bell 2012), and all exhibit evidence of evolution along the 1atm cotectic in Fig. 521 

2.  It has not been possible to make any estimates, directly, for TP of these magmas, largely 522 

because of their extreme contamination history, but the implication here is that these basalts 523 

were emplaced during a period of extensional tectonism.  This contrasts with the majority of 524 

the SMLS and MPLF lavas which are mildly alkaline (Fig. 3) and require predominantly 525 

lower-crustal contaminant with material such as Lewisian granulite facies metamorphic rocks 526 

(Fig. 7).  Consequently, it seems that within the Hebridean basins, periods of localized 527 

extensional tectonics exercised a significant control on magmatic plumbing, which in turn 528 

influenced the contamination history of individual batches of magma. 529 

The thermal influence of the Iceland Plume on magmatism in the BPIP 530 

The picrites of West Greenland, which are considered to be synchronous with the earlier 531 

periods  of magmatism in the BPIP (c. 58-60 Ma; Pearson et al. 1996; Hamilton et al. 1998), 532 

require TP of up to 1581ºC, which is more than 50ºC higher than that for the highest TP BPIP 533 

magmas calculated by the same methods (Fig. 8). In the case of West Greenland, such 534 

temperatures could have been achieved if melting took place over a plume-head with TP = 535 

1570°C located beneath West Greenland at c. 60 Ma.  This is consistent with the proposed 536 

positions of the proto-Iceland plume at that time (e.g. Lawver & Müller 1994; Fitton et al. 537 

1997).  In addition, the high 3He/4He of West Greenland basalts, requires a contribution from 538 



plume mantle to these mafic magmas (e.g. Dale et al. 2009; Stuart et al. 2000). However, for 539 

a plume head of 1000km diameter, the BPIP would be outside the influence of the thermal 540 

anomaly at c. 60 Ma (Fig. 1).  Alternative plume positions, such as those proposed by 541 

Mihalffy et al. (2007), place the plume-head further to the east at 60 Ma, and in this case, the 542 

BPIP would be narrowly within the influence of a 1000 km diameter plume head (Fig. 1). 543 

Howell et al. (2014) showed that for ambient TP = 1338°C, and a proto-Iceland plume with TP 544 

= 1488°C (ambient +150°C), a thermal anomaly of  ≥ 55°C (1393°C) would extend to 1000 545 

km from the plume head position.  If the plume was hotter, at TP = 1550°C,  then it may have 546 

been possible to produce a thermal anomaly of  ambient mantle +100ºC (absolute TP of 547 

1538ºC) 1000 km from the plume centre, assuming the plume position of Mihalffy et al. 548 

(2007).  Like the West Greenland picrites, some BPIP magmas have anomalously high 549 

3He/4He, which also suggests a plume influence on magmatism (Stuart et al. 2000).  550 

Consequently, a mantle plume-head with TP ≥ 1550°C located beneath central Greenland, 551 

with a diameter of influence of c. 1000 km, could satisfy the temperature conditions for both 552 

the West Greenland picrites and BPIP magmas described here, and also provide a source for 553 

high 3He/4He.  If the required thermal anomaly was indeed located beneath West or central 554 

Greenland at 58-60 Ma, then the reasons as to why magmatism should be concentrated on the 555 

very periphery of the plume i.e. in the BPIP, will now be examined. 556 

Tectonic controls on the distribution of magmatism in the NAIP. 557 

Nielsen et al. (2007) argued that an abrupt change from contractional intra-plate deformation 558 

to stress-relaxation in the adjacent European continent produced sufficient pre-rupture 559 

tectonic stress to precipitate continental break-up in the North Atlantic, without the need to 560 

invoke a thermal mantle plume as a driving mechanism. The data presented herein, along with 561 

those of Herzberg & Gazel (2009), do not support a solely passive rifting model for 562 

magmatism in the NAIP.  Nevertheless, the apparent geometry of the main igneous regions of 563 

the BPIP shows similarities with trends of the embryonic stages of continental rifting regimes, 564 



consisting of numerous interconnected triple junctions (Archer et al. 2005; Hansen et al. 565 

2009).  It is one of these triple junctions which has at its focus the Northern Rockall Basin, the 566 

south-easterly arm of the triple junction being parallel to the regional dyke swarm (Fig. 1a); 567 

the triple junction also coincides with a region of localized, Early Palaeogene transient uplift 568 

(Hansen et al. 2009).  In addition, the CTM and SLF appear to be related to syn-magmatic 569 

normal faulting and graben formation (Lyle 2000; Williamson & Bell, 2012) illustrating the 570 

importance of extensional tectonism in the region. 571 

The present-day depth to the Moho beneath Baffin Bay is c. 12 km (Fig. 11) and beneath 572 

the Rockall Trough c. 18 km (Artemieva & Thybo 2013). Separating these two areas of 573 

stretched lithosphere is the Archean craton of Greenland with a present-day depth to the 574 

Moho of around 40 km.  Reconstructing the depth to the Moho at pre-Chron 24 time, (Fig. 11) 575 

before extension along the East Greenland margin took place, reveals two thinned areas of 576 

lithosphere, one beneath the Rockall Trough and the other the Labrador Sea, separated by the 577 

Greenland keel of lithosphere. Inevitably, magmatism would be concentrated in areas of 578 

thinnest lithosphere, and so at c. 62-58 Ma, the magmatic foci were along the opening 579 

Labrador trough in the West, and the Rockall Trough, through the Faroe-Shetland Basin, 580 

terminating in the Vøring Basin to the northeast.  The small, but clearly identifiable, offshore 581 

igneous centres along the lineament from the Rockall Trough to the Vøring Basin (e.g. Archer 582 

et al. 2005; Jolley & Bell 2002a, b) encourages the hypothesis that these represent rift-flank 583 

volcanoes formed during initial rifting.  The mildly alkaline magmatism that characterizes the 584 

SMLS and MPLF, which in most cases requires melt-derivation from a garnet-bearing source 585 

(Fig.8; Table 3), and frequently involves interaction with lower-crustal granulite facies 586 

metamorphic rocks, suggests that these volcanic systems developed above lithosphere of c. 75 587 

km thickness (Kerr et al. 1999), and therefore on the flanks of the rift that formed during the 588 

plate reorganizations described by Neilsen et al. (2007). The larger melt-fractions 589 

characterizing the IJDS, the CTM and the Preshal More basalts, all of which require a spinel-590 



bearing source (Fig. 8), would have formed at the rift centre with lateral migration of melt 591 

occurring along conjugate fractures (Jolly & Sanderson 1995) to generate the existing 592 

regional dyke swarm.  In addition, it is possible that the SMLS and MPLF lavas were 593 

generated at TP c. 1450°C, approximately 70°C lower than TP for the tholeiitic rocks of the 594 

IJDS. 595 

Whether magmatism in the Hebridean Basins would have occurred if the extensional 596 

tectonism driven by plate-boundary forces had not taken place requires further investigation.   597 

But, with a plume head at TP ≥ 1550°C beneath Greenland, the Atlantic could have opened 598 

along the line of what is now the Labrador Sea.  It seems reasonable to suggest that rifting 599 

failed in West Greenland because plate-boundary forces transferred stresses to the East, and 600 

allowed magmatism to occur in the developing Rockall Trough and the basins to its northeast, 601 

albeit at lower TP (≤1520°C).  Subsequent migration of the plume-head to the East, beneath an 602 

already weakened lithosphere accompanied opening of the Atlantic Ocean at its present 603 

position.  604 

Conclusions 605 

Intrusions from the regional dyke swarm of the southwest of the BPIP exhibit variations in 606 

isotopic compositions that can be readily explained by ≤ 6% assimilation with fractional 607 

crystallization of Archean Lewisian granulite, or Proterozoic Moine and Dalradian 608 

metasedimentary rocks.  A significant number of intrusions have εNd58 in the range 3.0 to 9.3 609 

and plot close to the NHRL-geochron intersection in terms of Pb-isotope compositions. These 610 

represent some of the least contaminated magmas in the BPIP, and consequently preserve the 611 

isotopic and trace element characteristics of the mantle source-region from which they were 612 

derived, which was very close to that of the source of modern ORB from the Mid Atlantic 613 

Ridge.  614 



Large melt-fractions, generated in the spinel stability field of the upper-mantle, occur in 615 

areas of limited crustal stretching suggesting that migration of melt from areas of more 616 

significant crustal attenuation occurred.  The lava fields of Skye and Mull require limited 617 

extents of melting with garnet ± spinel on the dry peridotite solidus. This is likely to be a 618 

consequence of thicker lithosphere beneath these locations than elsewhere in the region. 619 

Forward modelling of major element compositions show that the highest temperature, 620 

largest melt fractions, in the BPIP were generated from upper-mantle with a TP ≥1520°C.  621 

Data for melt inclusions in olivine from mildly alkaline MPLF lavas suggest TP of 1300-622 

1460°C which is within the range for ambient upper mantle. By comparison, synchronous 623 

picrite lavas at Baffin Island and Disko Island require higher TP, of ≥1550°C and 624 

consequently represent the surface expression of the proto-Iceland plume head. 625 

The main control on melting and the regional distribution of magmatism in the BPIP 626 

appears to be tectonic.  Plate boundary forces resulted in rifting along the Rockall Trough and 627 

in the basins to its northeast, allowing melting on the periphery of the plume centred beneath 628 

West Greenland. The emplacement of large melt fractions into developing grabens, allowed 629 

magma storage and AFC to occur at shallow crustal levels, and in some cases, at close to 1 630 

atm. Localized spatial and or temporal variations in TP within the BPIP during the period 63-631 

58 Ma cannot be ruled out as a mechanism for contributing to its magmatic diversity. 632 
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Figure Captions. 955 

Figure 1 a) Map of the continental shelf West of the British  Isles.  Position of offshore igneous centres 956 

and dyke swarms from Speight et al. (1982), England (1988), Ritchie & Hitchen (1996),  Dore et al. 957 

(1997), Jolly & Sanderson (1998), Archer et al. (2005) and Kent & Fitton (2000). Seismic refraction 958 

profiles from Corfield et al. (1999), Klingerhöfel et al. (2005) and Funck et al. (2008), the profile lines 959 

being indicated on the map. Abbreviations for igneous centres; LB, Lousy Bank; BBB, Bill Bailey 960 

Bank; FBC, Faroe Bank Centre; FCK, Faroe Centre Knoll; D, Darwin; S, Sigmundur; RB, Rosemary 961 

Bank.  b) Distribution and azimuth of regional dyke swarms of the BPIP. Stippled areas are 962 

sedimentary basins, and the Islay-Instrahul-Rockall Terrane is shown. The rose diagram shows the 963 

azimuths of the intrusions sampled in this study, and those from Jolly & Sanderson (1998) for the Mull 964 

dyke swarm.  965 

Figure 2. a) Normative Di, Hy, Ol and Ne in IJDS basalts with 8-12 weight % MgO.  The cotectic 966 

curves at 1 atmosphere and 0.9±0.15 GPa (anhydrous) are for the equilibria olivine + plagioclase + 967 

clinopyroxene + natural basic liquid.  Solid line arrows mark the directions of falling temperature on 968 

these cotectics. Filled circles, IJDS basalts; open circles, Causeway tholeiites (Lyle & Preston 1993); 969 

filled squares, Loch Scridain Sill Complex (Preston et al. 1998); open squares, Skye cone sheets (Bell 970 

et al. 1994); filled triangles, Skye picrites (Bell & Williamson 1994); open diamonds, Staffa Lava 971 

Formation, Ardtun, Mull (this study); filled diamonds, staffa Lava Formation, Ulva Ferry (this study). 972 

Crosses are the data points used to construct the 0.9±0.15 GPa cotectic. After Thompson (1982) and 973 

Hole & Morrison (1992) and b) normative compositions of Central Mull Tholeiite formation dykes 974 

from the Outer Isles Dyke Swarm (Kent & Fitton, 2000). The pecked arrow illustrates the effect of 975 

addition of equilibrium olivine in 0.5% increments, up to a maximum of 20%, to basalt MHI2.10. 976 

Figure 3. Major and trace element variations for the Islay-Jura dyke swarm (left-hand diagrams) and 977 

BPIP lavas (right-hand diagrams).  For the IJDS, filled symbols are for Hy-normative Si-saturated 978 

compositions, and open symbols are for Ne-normative Si-undersaturated compositions (see Fig. 2). 979 

Filled diamonds, Mull Plateau Lava Formation (MPLF) of Ben More (Kerr et al. 1999); open circles, 980 

Coire Gorm Formation (CGF) of Ben More (Kerr et al. 1999); open triangles, Causeway Tholeiite 981 

Member (CTM), Antrim (Wallace et al. 1994; Barrat & Nesbit 1996); filled triangles, Staffa Lava 982 

Formation (SLF) this study, and  Morrison et al. (1985). In the left-hand panel, the pecked line is the 983 

trend for the MPLF and the solid line that for the CTM and SLF.  The inflexion on the pecked line in 984 

the CaO versus Mg# diagram represents the beginning of augite fractionation with decreasing Mg# for 985 

the MPLF.  The pecked arrow on the IJDS diagrams is as for Fig. 2. 986 

Figure 4. a) to c) REE profiles for Islay dykes. Normalizing values from Sun & McDonough (1988).   987 

Figures in square brackets are εNd58 and 206Pb/204Pb ratios, respectively, for the preceding sample 988 

number.  989 



Figure 5. a) 207Pb/204Pb, b) εNd58 and c) δ18O‰ versus 206Pb/204Pb. Mixing lines are for AFC 990 

involving a mantle source with 206Pb/204Pb = 17.5, 0.2 ppm Pb, εNd58 +10 and 2 ppm Nd with; 1) 991 

Lewisian granulite facies acid gneiss (Rollinson 2012), with 206Pb/204Pb = 14.5 and 7 ppm Pb; εNd58 -992 

50 with 50 ppm Nd. 2) average Dalradian pelite (Morrison et al. 1985), with 206Pb/204Pb = 19.5 and 7 993 

ppm Pb; εNd58 -20 with 30 ppm Nd. Bulk partition coefficients are assumed to be 0.01 for both Nd and 994 

Pb, and the ratio of assimilated rock to crystal cumulate formation is assumed to be 0.3. Numbered 995 

data points are 1% mixing. Northern Hemisphere Reference Line (NHRL) from Hart (1988). Filled 996 

triangles are Cnoc Rhaonastil dolerites from Hole & Morrison (1992) and Dickin & Durant (2002).  In 997 

c) open triangles are lavas from the Staffa Lava Formation (Thompson et al 1986). 998 

Figure 6. 206Pb/204Pb and εNd58 plotted versus [La/Sm]N and La/Ta ratios for IJDS basalts.  Symbols as 999 

for Fig. 3. 1000 

Figure 7. a) La/Ta versus Th/Ta for Islay dykes and other BPIP basalts with symbols as for Fig. 3. 1001 

AFC trajectories, with % crystallization, have the following parameters; Lewisian granulite 1002 

composition, Th=1.0 ppm; La=65ppm; Ta=0.03ppm based on data in Rollinson (2012) and Thompson 1003 

et al. (1984). Moine metasedimentary rock composition is based on average composition from 1004 

Thompson et al. (1986); Th=13ppm; La=55ppm; Ta=0.8 ppm. The source composition is derived 1005 

from GIG3.1 (Table 1), assuming this basalt underwent 30% olivine fractionation prior to 1006 

emplacement; Th=0.05ppm; La=0.8ppm; Ta=0.05ppm. Bulk distribution coefficients were assumed to 1007 

be 0.01 for all elements, and the ratio of assimilated rock to crystal cumulate was assumed to be 0.3. b) 1008 

the same mixing lines as a), but indexed for 206Pb/204Pb ratios and  εNd58 (italics).  Star in circle, most 1009 

isotopically ‘contaminated’ Staffa lava from Morrison et al. (1985). Filled star, sample MHI5.3; open 1010 

star, sample GIG5.5.  Fields for the most isotopically ‘contaminated’ SMLS lavas, and CTM lavas are 1011 

also shown, and the shaded area represents the composition of SMLS and Preshal More lavas which 1012 

carry no evidence of isotopic contamination with crust.   Data sources;  Causeway Tholeiite Member, 1013 

Wallace et al. (1994); SMLS lavas; Thompson et al. (1980, 1982, 1986); Moorbath & Thompson 1014 

(1980); Dickin et al. (1987); Font et al. (2008). 1015 

Figure 8. a) Olivine–whole-rock equilibration temperatures versus Mg# for BPIP basalts, Baffin Island 1016 

and Disko Island picrites and Siqueiros ORB. Calculated using the method of Putirka (2008). The 1017 

pecked horizontal lines are the ranges of TP for MPLF melt inclusions shown in b), and the lines 1018 

terminating in dots represent the maximum TP for melt inclusions in olivine from that sample. b) 1019 

Mantle potential temperatures (TP) versus Mg# calculated from MgO content of melt inclusions within 1020 

olivine phenocrysts in MPLF lavas (Peate et al. 2012).  TP was calculated assuming that the inclusions 1021 

are near primary melts and therefore applying the formula TP = 1463+12.75 x MgO-(2924/MgO) from 1022 

Herzberg et al. (2007).  TP and primary magma Mg-number calculations on whole-rocks for the IJDS, 1023 

MPLF, west and east Greenland picrites are results of the model of Herzberg & Asmiow (2008) in this 1024 

study, and from Herzberg & Gazel (2009).  Lines terminating with squares are ranges of TP calculated 1025 

from olivine equilibration temperatures (Putirka et al. 2007) given in Table 2, and from Scarrow & 1026 



Cox for the SMLS.  Lines terminating in dots are TP ranges for average ambient mantle, the Iceland 1027 

plume at 58 Ma (Icld), and modern Hawaii taken from Herzberg & Asimow (2008). Other data 1028 

sources; Baffin Island, Starkey et al. (2009), Herzberg & Gazel (2009); Siqueiros ORB, Perfit et al. 1029 

(1996) and Coogan et al. (2014); MPLF lavas, Peate et al. (2012), Sobolev et al. (2007), Kerr (1998) 1030 

and Kerr et al. (1999). 1031 

Figure 9. a) Plot of [Tb/Yb]N versus [La/Yb]N for BPIP basalts.  All samples plotted have εNd58 in the 1032 

range 3.0-9.0.  Filled dots, IJDS Hy-normative basalts; open dots, IJDS Ne-normative basalts; filled 1033 

diamonds SMLS lavas (Thompson et al. 1980; 1982; 1986); open diamonds, MPLF lavas (Kerr et al. 1034 

1995; 1999); open squares, Skye Cone Sheets (Bell et al. 1994); star-in-circles, Rosemary Bank 1035 

(Morton et al. 1995); open triangles, 163/6-1A basalts (Morton et al. 1988); filled triangles, Antrim 1036 

basalts (Barrat & Nesbitt 1996; Wallace et al. 1994); stars, Preshal More tholeiites of Skye (Esson et 1037 

al. 1975; Font et al. 2008). b) the same axes for Baffin Island picrites (Dale et al. 2008) and Disko 1038 

Island picrites (Lightfoot et al. 1997; Larsen & Pedersen 2000). On both diagrams, solid lines with 1039 

crosses are melting trajectories with % melting shown in b), for garnet and spinel lherzolite for a 1040 

starting composition representing the source of ‘non-plume’ MAR basalts (Murton et al. 2002).  1041 

Pecked lines are for melting of primitive mantle modified after Hunt et al. (2012). 1042 

Figure 10. P-T diagram illustrating the region of melting for IJDS basalts. The dry solidus is taken 1043 

from Hirschman (2000) and garnet-in and spinel-out contours from McKenzie & Bickle (1988).  1044 

Melting is assumed to take place at 10% GPa-1. The line at 2.3 GPa is the base of the mechanical 1045 

boundary layer for normal thickness lithosphere of the BPIP as suggested by Kerr et al. (1999).  1046 

Estimates of TP for ‘ambient’ north Atlantic mantle and the Iceland plume are indicated by names of 1047 

authors along adiabats. The thick line with dots is the likely extent of a melt column beneath 1048 

lithosphere of normal thickness beneath the BPIP for TP = 1530°C.  The shaded triangle is the stability 1049 

field for olivine + liquid for basalt 66018 (Thompson 1974). The two parallel horizontal lines at 1050 

0.9±0.15 GPa, represent the range of base-of-the-crust fractionation pressures suggested by Thompson 1051 

(1974) for SMLS lavas. Note that this pressure is within the olivine stability field for 66018. 1052 

Figure 11. a) Depth to the Moho at latitude 62°N at present-day (Artemieva & Thybo 2013) and b) 1053 

before Chron 24 (c. 58Ma). The arrow on the lower figure gives the plume positions of Lawver & 1054 

Müller (1994) at the times labelled.  1055 

 1056 
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Table 1. 
Sample # MHI12.2 MHI9.3 MHI9.7 MHI7.2 MHJ2.5 MHI6.6 GIG4.5 MHI2.6
SiO2 46.13 45.85 46.90 47.47 44.46 46.34 45.59 46.68
TiO2 2.20 0.92 0.93 1.99 1.7 1.02 1.63 1.05 
Al2O3 16.95 11.33 12.88 18.40 15.5 13.75 16.17 17.63 
Fe2O3T 14.79 11.13 10.86 13.88 14.55 14.39 14.39 12.28
MnO 0.18 0.16 0.18 0.21 0.23 0.19 0.17 0.16 
MgO 6.24 17.80 15.20 4.84 11.18 10.43 8.98 9.06 
CaO 8.90 10.33 10.62 9.33 8.34 9.10 8.70 10.58
Na2O 3.42 1.60 1.67 2.82 2.86 3.71 3.12 2.32 
K2O 0.22 0.05 0.05 0.18 0.76 0.02 0.19 0.14 
P2O5 0.23 0.07 0.06 0.19 0.20 0.22 0.13 0.13
Total 99.26 99.25 99.36 99.3 99.78 99.18 99.06 100.04 
LOI 4.48 1.86 2.30 4.03 4.86 1.51 4.92 2.70 
Trace elements in ppm 
Cr 36 1319 900.3 36 229 342 124 35 
Ni 64 641 602 73 311 307 232 151 
Co 53.1 70.3 65.9 49.8 64.3 62.7 60 56.2
Cs nd   0.76 0.94 0.24 0.89  
Rb 2 0.8 0.92 2 5.29 4.42 2 2 
Sr 392 138 133 510 488 226 329 176
Ba 36 44 54.2 42 42.7 100 85 16 
Hf 4.05 1.3 1.22 3.38 3.03 2.8 2.88 1.68 
Zr 187.5 44 43.6 131 112 100.3 107 67.1 
Nb 2.4 0.4 0.4 2.8 2.3 2.2 2.1 0.9 
Ta 0.23 0.03 0.025 0.21 0.15 0.14 0.15 0.07 
Y 35.7 16 16.6 24.4 23 19.5 25 24.5 
Sc  37 37.1 24.4 28.9 27.1   
Pb  0.7 0.26  1 1.72   
U  0.01 0.01  0.06 0.06   
Th 0.4 0.05 0.05 0.36 0.23 0.25 0.3 0.3 
La 5.3 1.5 1.4 6.6 3.61 5.42 3.7 2.5 
Ce 15 4.5 4.41 19.3 11.33 14.05 10.3 5.7 
Pr  0.9 0.85  2.16 2.35   
Nd 15.4 4.8 4.75 17.2 11.66 12.65 11.6 6.5 
Sm 5.32 1.9 1.88 4.65 4.04 3.68 3.85 2.34 
Eu 2.04 0.75 0.75 1.77 1.49 1.38 1.49 0.96 
Gd  2.44 2.51  4.63 4.06   
Tb 1.15 0.45 0.46 0.85 0.79 0.65 0.87 0.66 
Dy  2.93 2.9  4.77 3.75   
Ho  0.59 0.59  0.93 0.75   
Er  1.63 1.61  2.46 2.05   
Tm  0.23 0.24  0.36 0.29   
Yb 3.25 1.47 1.46 2.2 2.6 1.9 2.5 2.5 
Lu 0.52 0.23 0.21 0.34 0.31 0.29 0.39 0.39 
87Sr/86Sr58 0.703943 0.703853 0.703761 0.704315 0.703939 0.703638 0.704308 0.704023 
2 se ±0.000015 ±0.000017 ±0.000017 ±0.000017 ±0.000017 ±0.000015 ±0.000018 ±0.000017
143Nd/144Nd58 0.512867 0.512815 0.512854 0.512723 0.512947 0.512639 0.513013 0.512840 
2 se ±0.000035 ±0.000007 ±0.000009 ±0.000013 ±0.000008 ±0.000009 ±0.000011 ±0.000006 
εNd58 5.8 4.8 5.6 3.0 9.3 1.4 8.7 5.3 
206Pb/204Pb 17.859 17.361 17.290 17.271 17.712 17.017   
2 se ±0.015 ±0.006 ±0.008 ±0.008 ±0.008 ±0.008  
207Pb/204Pb 15.474 15.426 15.406 15.398 15.404 15.353   
2 se ±0.009 ±0.007 ±0.007 ±0.008 ±0.008 ±0.00  
208Pb/204Pb 37.634 37.006 36.923 37.114 37.471 36.459   
2 se ±0.016 ±0.013 ±0.019 ±0.008 ±0.019 ±0.017  
δ18O‰     5.9 6.4   
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Table 1 cont. 
Sample # MHI14.4 GIG5.5 MHJ2.10 MHI2.2 MHI5.3 MHI8.8 MHJ2.13 GIG3.1
SiO2 46.68 47.60 47.52 47.05 46.78 46.64 46.62 45.1
TiO2 1.32 1.36 1.27 1.20 1.10 1.53 0.82 1.49 
Al2O3 16.11 18.16 15.26 17.26 15.67 16.19 13.43 16.13 
Fe2O3T 12.23 13.38 12.57 13.14 12.56 15.25 11.86 14.21
MnO 0.18 0.22 0.17 0.16 0.18 0.23 0.18 0.18 
MgO 9.93 7.43 10.36 8.79 11.04 6.27 16.16 8.86 
CaO 8.56 8.01 10.59 10.5 9.90 8.40 8.65 9.85
Na2O 2.92 2.58 2.09 2.27 2.54 4.63 1.74 3.29 
K2O 0.30 0.14 0.28 0.16 0.31 0.12 0.12 0.10 
P2O5 0.14 0.18 0.15 0.18 0.15 0.13 0.31 0.13
Total 98.37 99.07 100.27 100.71 100.24 99.22 99.89 99.34 
LOI 1.57 4.59 2.31 1.82 1.87 1.94 3.73 0.45 
Trace elements in ppm 
Cr 602.3 27 578 36 467 22 1544 83 
Ni 387.3 52 336 123 290 72 502 195 
Co 60.9 51.9 59.8 56.4 59.9 47.8 69.2 62.3
Cs 0.29 0.89 0.62  0.56 0.75   
Rb 4.45 2 3.23 2 4 2 3.25 2.12 
Sr 336.8 429 289 186 233 378 174 305
Ba 166.4 140 66.5 79 69 226 2036.2 33.4 
Hf 2.32 2.49 2.12 1.97 2.1 3.21 1.63 2.42 
Zr 82.4 109 76.6 78.8 90 127 59.9 88 
Nb 1.5 2.4 1.4 1.3 2.1 3.1 1.2 2.2 
Ta 0.09 0.12 0.08 0.11 0.14 0.28 0.09 0.14 
Y 22.3 24.6 23 26.9 22 30.5 18 23 
Sc 35.4 31.1 36.1  33.8  33 35.1 
Pb 4.12  1.01    0.94 0.74 
U 0.05  0.07    0.07 0.05 
Th 0.13 0.3 0.27 0.3 0.65 0.46 0.27 0.16 
La 4.61 6.6 3.33 2.9 4.2 5.1 3.51 2.95 
Ce 12.1 15.7 9.03 7.4 10.3 14 8.47 8.61 
Pr 2.05  1.56    1.41 1.59 
Nd 11.09 12.9 8.49 7.1 9 12.3 7.69 8.66 
Sm 3.28 3.83 2.92 2.74 2.82 4 2.52 3.15 
Eu 1.25 1.39 1.13 1.11 1.1 1.61 1.13 1.22 
Gd 3.94  3.71    3.21 3.88 
Tb 0.7 0.77 0.67 0.73 0.58 0.92 0.55 0.68 
Dy 4.25  4.27    3.64 4.25 
Ho 0.89  0.91    0.77 0.88 
Er 2.33  2.44    2.15 2.37 
Tm 0.34  0.37    0.32 0.34 
Yb 2.03 2.57 2.17 2.76 2.11 3.11 1.99 2.04 
Lu 0.31 0.39 0.35 0.43 0.34 0.48 0.3 0.3 
87Sr/86Sr58 0.704129 0.704450 0.704314 0.703968 0.704826 0.703234 0.704308 0.703375 
2 se ±0.000020 ±0.000015 ±0.000023 ±0.000018 ±0.000016 ±0.000014 ±0.000018 ±0.000018 
143Nd/144Nd58 0.512555 0.512408 0.512703 0.512828 0.512700 0.5129601 0.512566 0.513009 
2 se ±0.000012 ±0.000013 ±0.000010 ±0.000008 ±0.000006 ±0.000011 ±0.000012 ±0.000010 
εNd58 -0.2 -3.1 2.6 5.8 2.6 7.7 0.0 8.6 
206Pb/204Pb 16.723 16.612 17.739 17.853 18.389 18.157 17.180 17.703 
2 se ±0.006 ±0.013 ±0.007 ±0.005 ±0.005 ±0.010 ±0.011 ±0.012
207Pb/204Pb 15.341 15.262 15.455 15.478 15.548 15.463 15.426 15.424 
2 se ±0.006 ±0.017 ±0.008 ±0.005 ±0.006 ±0.009 ±0.020 ±0.013
208Pb/204Pb 36.324 36.223 37.586 37.622 38.170 37.862 37.006 37.543 
2 se ±0.016 ±0.034 ±0.026 ±0.013 ±0.013 ±0.017 ±0.036 ±0.006
δ18O‰ 5.8 6.0 5.7   6.1  5.8 
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Table 1 cont. 
Sample # MHI6.2 MHJ3.3 MHI6.3 MHJ3.9 MHI 2.11 MHI4.1 MHI4.10 MHI2.10
SiO2 46.02 46.58 47.94 46.95 45.77 47.77 47.66 47.71
TiO2 1.07 1.29 0.97 0.98 0.89 1.10 0.92 0.80 
Al2O3 15.08 14.83 16.47 16.47 16.77 18.59 18.58 16.08 
Fe2O3T 12.25 11.23 10.69 11.37 12.33 12.39 11.46 11.29
MnO 0.17 0.06 0.17 0.16 0.18 0.19 0.18 0.17 
MgO 11.43 13.65 8.08 11.31 12.01 7.48 10.19 10.92 
CaO 9.45 9.09 12.05 11.19 8.24 9.29 9.11 11.68
Na2O 2.72 2.51 1.65 1.49 2.41 2.59 2.63 1.86 
K2O 0.09 0.36 0.23 0.31 0.34 0.03 0.02 0.07 
P2O5 0.10 0.16 0.07 0.12 0.11 0.09 0.09 0.12
Total 98.38 99.76 98.33 100.35 99.05 99.53 100.82 100.72 
LOI 0.73 2.71 4.63 2.58 1.42 1.30 0.90 2.00 
Trace elements in ppm 
Cr 424 799.3 295 270 433 49 320 566 
Ni 318 457.2 152 290 317 158 272 287 
Co 66.8 64.6 44.7 54.2 56.8 53.3 55.9 56.5
Cs 0.43 0.54 0.37 0.75     
Rb 3.07 2.98 2 4.76 1.39 2 2 1.87 
Sr 238 235.5 170 226 131 182 293 108
Ba 51.5 176.7 58 169 126.1 20  36.5 
Hf 1.96 1.84 1.77 1.57 1.66 1.8 1.47 1.16 
Zr 71.2 69.7 74 56 62.9 66 48 38.6 
Nb 1.7 1.6 2 1.4 2 2 1.6 1.1 
Ta 0.11 0.09 0.12 0.08 0.11 0.1 0.09 0.06 
Y 21 24.5 26.5 22 22.5 26 17.9 20.9 
Sc 34 30.7 44.9 37.4 30.9 32.8 28.2 41 
Pb 0.92 1.05  1.27 0.54   0.53 
U 0.09 0.05  0.04 0.04   0.09 
Th 0.31 0.14 0.91 0.16 0.13  0.2 0.17 
La 3.27 4.3 5.4 4 3.01 2.9 2.7 1.94 
Ce 8.88 10.68 10.4 9.5 7.91 6.8 6.7 4.85 
Pr 1.52 1.78  1.5 1.32   0.8 
Nd 8.27 9.64 8.1 8.18 7.23 7.4 6.2 4.5 
Sm 2.59 2.81 2.69 2.5 2.51 2.68 2.16 1.73 
Eu 1.01 1.04 1.02 1.03 1 1.1 0.9 0.69 
Gd 3.18 3.28  3.27 3.23   2.44 
Tb 0.57 0.53 0.69 0.62 0.6 0.72 0.53 0.48 
Dy 3.52 3.21  3.9 3.93   3.17 
Ho 0.75 0.63  0.87 0.83   0.69 
Er 2.02 1.71  2.38 2.33   1.99 
Tm 0.31 0.25  0.37 0.35   0.31 
Yb 1.93 1.53 2.64 2.24 2.23 2.68 2 1.86 
Lu 0.28 0.22 0.43 0.36 0.34 0.44 0.31 0.31 
87Sr/86Sr58 0.704207 0.703834  0.704260 0.703440 0.703440  0.704504 
2 se ±0.000014 ±0.000018  ±0.000017 ±0.000015 ±0.000017  ±0.000017 
143Nd/144Nd58  0.512532  0.512485 0.512798 0.512962  0.512707 
2 se  ±0.000010  ±0.000010 ±0.000014 ±0.000011  ±0.000010 
εNd58  -0.5  -1.6 4.5 7.7  2.7 
206Pb/204Pb 18.206 16.773  16.634 17.257 18.195  18.313 
2 se ±0.012 ±0.005  ±0.007 ±0.006 ±0.008  ±0.010 
207Pb/204Pb 15.494 15.361  15.332 15.412 15.491  15.514 
2 se ±0.010 ±0.005  ±0.008 ±0.007 ±0.008  ±0.020 
208Pb/204Pb 37.493 36.154  16.154 36.864 37.998  38.203 
2 se ±0.021 ±0.017  ±0.017 ±0.016 ±0.019  ±0.031 
δ18O‰ 5.8   5.8  6.2  6.0 
 



 

Sample Location Mg# 
liquid 

Olivine 
Fo 

Beattie 
T°C at 0.9 

GPa  

Putirka  
T°C at 0.9 

GPa 

Putirka  Putirka 
T°C at 1.6 

GPa
TP 0.9 at 

GPa 
MHI9.7 IJDS 73.5 89.8 1398 1393 1415 1530
MHJ3.3 IJDS 70.6 87.2 1397 1385 1395 1522
MHI6.2 IJDS 64.9 84.6 1344 1338 1358 1475
MHI14.10 IJDS 63.8 85.0 1298 1312 1325 1449
MHI6.6 IJDS 58.9 83.6 1326 1326 1350 1463
BCH-24 MPLF 69.6 88.5 1381 1372 1393 1509
BCH-27 MPLF 69.5 87.1 1380 1375 1396 1512
BR-6 MPLF 69.5 86.7 1384 1379 1400 1516
BHL-15 MPLF 68.5 87.6 1361 1356 1385 1493
BM16 MPLF 67.6 86.7 1371 1363 1385 1500
BCH-33 MPLF 66.8 86.8 1366 1356 1379 1493
BR-5 MPLF 65.9 85.4 1363 1356 1377 1493
BHL-34 MPLF 65.9 85.6 1352 1349 1379 1486
AM-7a MPLF 65.4 85.5 1380 1372 1372 1509
BCH-14 MPLF 65.2 85.2 1360 1365 1377 1502
BB-22 MPLF 64.5 85.6 1360 1351 1372 1488
BHI-18 MPLF 61.6 83.6 1327 1320 1341 1457
BM8 MPLF 64.5 87.8 1345 1329 1350 1466
660181 SMLS 61.8 84.3 1345 1332 1358 1495 
660182 SMLS 61.8 83.3 - - 1358
2384-11 Siqueiros FZ3 69.4 88.2 1300 1296 - 1433 
125-25-020/006 Siqueiros FZ3 68.9 89.7 1272 1268 - 1405 
2384-1 Siqueiros FZ3 68.8 89.3 1265 1263 - 1400 

Table 2. Olivine-whole-rock equilibrium temperatures for BPIP basalts and Siquieros Fracture Zone ORB. 
IJDS, MPLF & SMLS samples calculated at 0.9 and 1.6 GPa.  Skye basalt #66018 was the subject of high-
pressure melting experiments (Thompson 1974); 1Olivine phenocryst in natural lava; 2Olivine which 
crystallized at 10 kbar during melting experiment. 3Siqueiros FZ samples calculated at 0.8 GPa (Perfit et al. 
1996; Putirka et al. 2007). 

 



 

 
 MHI9.7  MHI2.10 MHI9.5 BM11-2 BM29B BHL26 BHL21
        IJDS           IJDS        IJDS MPLF MPLF MPLF MPLF

SiO2 47.57 46.72 46.91 46.13 45.90 45.99 45.84
TiO2 0.92 0.69 0.85 0.62 0.70 0.70 0.88
Al2O3 12.80 13.68 15.33 12.84 13.05 13.06 12.34
Fe2O3 0.64 0.96 0.58 0.31 0.35 0.35 0.43
FeO 9.22 9.41 9.00 10.17 10.23 10.19 10.38
MnO 0.18 0.17 0.00 0.17 0.16 0.18 0.23
MgO 16.30 16.65 15.32 18.02 17.77 17.59 18.45
CaO 10.55 9.96 9.91 9.77 10.19 10.19 9.95
Na2O 1.66 1.58 1.98 1.20 1.50 1.65 1.39
K2O 0.10 0.06 0.06 0.72 0.08 0.06 0.03
P2O5 0.06 0.10 0.05 0.05 0.08 0.06 0.07
Fe2+/ΣFe 0.94 0.96 0.93 0.96 0.96 0.96 0.95
% olivine 2.5 16.7 19.8 26.7 24.5 21.4 25.9
kD 0.318 0.315 0.314 0.310 0.310 0.310 0.310
Fo 90.8 90.9 90.6 91.4 90.9 90.8 91.1
F 0.19 0.18 0.12 0.15 0.11 0.10 0.15
TP °C [AFM] 1491 1499 1450 1530 1525 1500 1530
Residue Harz Sp Lh Sp Lh Gt Lh Gt Lh Gt Lh Gt Lh

Table 3. Results of the modelling of IJDS and MPLF (Kerr et al. 1999) mafic basalts. The 
Fe2+/ΣFe is based on a constant Fe2O3/TiO2 ratio of 0.50 in the modelled composition (Herzberg 
& Asimow 2008). However, FeO and Fe2O3 determinations on BPIP basalts with Mg# c. 70, 
suggest more oxidizing conditions may exists, giving a range of Fe2+/ΣFe = 0.94-0.96 (Thompson 
1974; Thompson et al. 1972). For the the Fe2+/ΣFe ratios given the table, samples used in the 
models exhibit no evidence of augite fractionation or accumulation.  Abbreviations; Harz, 
harzburgite residue; Sp Lh, spinel lherzolite residue; Gt Lh, garnet lherzolite residue.  
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