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Abstract 

Understanding the origin of plumes within the mantle is one of the fundamental 

problems in Earth Science. The chemical and thermal structure of the plume head, 

on arrival beneath the lithosphere, provide a key to this understanding. The presently 

active Iceland hotspot is both chemically and thermally zoned with a core of 

'Icelandic' mantle surrounded by a thick outer zone of hot N-MORB-source mantle. 

The British Tertiary Igneous Province (BTIP) is ideally located, on the eastern fringe 

of the ancestral Iceland plume head, to study the chemical structure of the plume 

during its initiation phase. The timing of magmatism across the province, coupled 

with temporal changes in magma composition, provides valuable information about 

its structure and therefore its origin. 

Detailed sampling of the lava successions in the BTIP has allowed stratigraphic 

changes in geochemistry to be determined. These changes were then correlated using 

a new set of internally consistent 40Ar/39Ar ages precise enough to determine the age 

and duration of the individual areas in the BTIP. The work presented here shows that 

the duration of volcanic activity in the BTIP can be confined to within the 3 m.y. of 

Chron 26r, (60.92-57.99 Ma, Berggren et a!, 1995). Only the granites in the later 

centres in Antrim and Skye are younger than Chron 26r. The new ages highlight a 

problem in correlating the magnetic stratigraphy of the BTIP to the existing time 

scale. Precise dates of rocks with normal magnetic polarity place them within Chron 

26r, and this paradox can be best resolved by moving the Palaeocene-Eocene 

boundary to an older position by at least 500,000 years and by postulating the 

existence of cryptochrons within 26r. 

Basalts with an 'Icelandic' mantle source are readily distinguished from those with 

an N-MORB-like source by ANb (= 1.74 + log(Nb/Y) -1.92 * log(Zr/Y)). Most of 



the BTIP basaltic magmas had negative ANb, implying an N-MORB-like mantle 

plume source. However, stratigraphic changes within the thicker lava succession of 

Mull, Antrim and Skye suggest that a change from negative to positive \Nb occurred 

simultaneously across the province less than 1 m.y. after the onset of volcanism. 

This change marked the first arrival of 'Icelandic' plume material or plume core 

material into the BTIP. After this time, the mantle source of the basalts alternated, 

with both components of the plume regularly being sampled simultaneously. The 

large proportion of basalts with an N-MORB-like mantle source in the BTIP suggests 

that a large volume of the ancestral plume head comprised hot upper mantle material, 

originating from the thermal boundary layer above the 670 km discontinuity. 
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Chapter 1 

Introduction 

This first chapter briefly introduces the following subjects; 

Large igneous provinces and mantle plumes. 

The North Atlantic Igneous Province and the Iceland plume. 

The main research questions addressed by this thesis. 

The aim of this short chapter is to give an overview of the research that led to this 

study and the research questions addressed within this thesis. The evidence and 

some of the discussion surrounding many of the ideas presented within this short 

introduction can be found in the next chapter. At the end of the chapter there is a 

brief summary of the main aims of this thesis and an outline of each chapter. 

1.1 Large igneous provinces and mantle plumes. 

Large igneous provinces (LIPs) represent the largest localised magmatic events to 

occur in the last few hundred million years. Found throughout Earth's history and 

located worldwide (Figure 1. 1), they include continental flood basalts, volcanic 

passive margins, oceanic plateaus, seamount chains and submarine ridges. Large 

igneous provinces represent major transfers of material from the Earth's interior, 

which are not related to normal sea-floor spreading. There have been at least 11 

distinct volcanic episodes over the last 250 m.y. that each left basalt provinces 

covering more than 105  km3  (Renne and Basu, 1991). A summary of location and 

size the five main large igneous provinces can be found in Table 1.1. 

Plumes are solid-state thermal upwellings within the Earth's mantle. As plumes are 

hotter than the surrounding ambient mantle by up to 270 °C (White and McKenzie, 
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1989) they must originate from one of two thermal boundary layers within the 

mantle, the core-mantle boundary (D") or the 670 km seismic discontinuity. Mantle 

plumes have been supported as the most plausible mechanism for moving the large 

amount of thermal energy that is required during the formation of LIPs. The two 

largest of the provinces, Ontong Java and the early Cretaceous events, are so large 

that they reflect changes in the underlying mantle (Coffin and Eldholm, 1992). It is 

possible that Cretaceous plume activity may be directly linked to the large-scale 

reversals in the geomagnetic dynamo (Larson, 1991). 

Many continental flood basalt provinces are intimately linked to hotspots (presently 

active manifestations of a mantle plume) and continental break-up (Morgan, 1971; 

White and McKenzie, 1989). For example, the Karoo basalts in Africa can be linked 

to the break-up of Africa and Antarctica and the Parana-Entendeka province to the 

split between South America and Africa. In some cases the flood basalts can be 

tracked back to presently active hotspots via aseismic ridges (Morgan, 1971; White 

and McKenzie, 1989; Duncan and Richards, 1991). The continental flood basalts of 

the North Atlantic Igneous Province can be tracked back to the Iceland hotspot via 

the Greenland-Faeroes ridge, and the Deccan traps of India to the island of La 

Reunion via the Chagos Ridge. 

There are three main lines of evidence indicating the involvement of a hotspot or 

mantle plumes in the formation of continental flood basalts (Saunders et al., 1992); 

topographic, thermal and compositional. The linking of continental flood basalts to 

active hotspots via aseismic ridges has already been mentioned and this topographic 

evidence is used for most LIPs. Thermal anomalies are associated with large igneous 

provinces since large volumes of magma erupted in short periods of time require a 

large thermal anomaly. If there is thick lithosphere then high mantle temperatures 

alone may not induce melting. In this case a lowering of pressure associated with 

extension and thinning of the lithosphere would aid melting. Compositional 
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evidence for a plume's involvement comes from both isotopes and trace elements, 

but varies from province to province (Saunders et al., 1992). 

12 The North Atlantic Igneous Province 

With an estimated volume of extrusive rocks of 2 x 106  km3  (Table 1.2; Richards et 

al., 1989) the North Atlantic Igneous Province (NAIP) is one of the larger LIPs 

(Table 1.1). It includes the lavas of Baffin Island, West Greenland and East 

Greenland, the seaward-dipping reflectors associated with rifted margins of 

Greenland and NW Europe, the British Tertiary Igneous Province (BTIP), the 

aseismic Greenland-Faeroes-Iceland ridge, and Iceland itself (Figure 1.2). 

The magmatism associated with the NAIP can be divided into three types, the 

Tertiary activity onshore, the offshore activity along both sides of the continental 

margins and the presently active Iceland hotspot. Most of the offshore activity was 

concentrated along a 100 km rift zone and formed a sequence of seaward-dipping 

reflectors that are between 3 and 6 km thick. These lava flows were formed in 

shallow water or subaerially. The thermal buoyancy of the mantle plume allowed the 

volcanic margins to stay above sea-level after rifting had occurred (White, 1988). 

In general, the North Atlantic is 1 km shallower than other ocean basins of the same 

or similar age. This depth anomaly increases to 2.5 km near Iceland today. Thermal 

buoyancy is supplemented by igneous material, up to 15 km thick in places, accreted 

to the lower crust (White, 1988). Palaeogeographic reconstructions place the centre 

of the thermal anomaly beneath Central Greenland during 60-50 Ma (Lawyer and 

MUller, 1994). White and McKenzie (1989) positioned the centre further to the east, 

close to Kangerlussuaq. Both of these proposed plume centres are shown in Figure 

1.3 and are based on a stationary plume. 

The NAIP is an important study area as the plume is still active beneath Iceland. 

Seismic velocity studies have shown that the plume has a diameter of 150-300 km at 
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300 km depth, and at 125 km depth it is coincident with the surface expression of the 

neovolcanic zone (Figure 1.4; Wolfe et al., 1997). As the hotspot is rising very close 

to the mid-ocean ridge it allows melting to occur partly in the spine! field. It is 

therefore possible to sample melts from shallow depths of melting that are not 

affected by a lithospheric lid (Ellam, 1992). In many oceanic islands the hotspot can 

only be sampled from an isolated point, whereas in the North Atlantic the whole 

thermal anomaly is being sampled because the plume head is dissected by a mid-

ocean ridge. 

Apart from seismic tomography, there is also evidence from the seafloor bathymetry, 

free air gravity anomalies, the major element compositions of basalts found at the 

mid-ocean ridge, and the thickness of the crust in this area, that there is a large 

thermal anomaly centered in Iceland which extends south to 50°N. In contrast, 

isotopic and chemical anomalies in mid-ocean ridge basalts (MORB) only extend 

south to 61°N (Figure 1.5). Basalts from north of 61°N chemically and isotopically 

resemble those found in Iceland. However, south of 61°N the basalts closely 

resemble hot N-MORB mantle except that they are contaminated to some extent by a 

3He/4He anomaly and a higher 87SrI86Sr ratio than found in plume-free Atlantic N-

MORB (Taylor et al., 1997). The zone of hot N-MORB mantle extends as far south 

as the thermal anomaly. This led to the testable suggestion (Fitton et al., 1997) that 

the Iceland plume is chemically zoned with a core of Icelandic mantle surrounded by 

an outer zone of hot N-MORB mantle. 

To test whether this zoning occurred throughout the plume's history, there needs to 

be some way of distinguishing between the two mantle sources. Icelandic basalts are 

generally less depleted in incompatible elements than N-MORB and have their own 

isotopic signature but they are not always easily distinguished from N-MORB. 

Depleted basalts with REE patterns similar to N-MORB occur on Iceland in the axial 

zone (Schilling et al., 1983). Icelandic basalt and N-MORB from the Atlantic have 

overlapping Sr and Nd isotopic ratios (Hémond et al., 1993). Pb isotopes have been 
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used to separate out 'Icelandic' basalts and N-MORB (Thiriwall, 1995) when there 

has been no crustal contamination of the magmas. However, large parts of the North 

Atlantic Igneous Province have been erupted through continental crust, thus 

rendering discrimination of the mantle sources by isotopic analysis impossible. To 

overcome this problem, Fitton et al. (1997) used the distinct way Nb behaves during 

melting and depletion of the upper mantle to distinguish between Icelandic and N-

MORB mantle sources. 

Most element abundances can be modelled using mass balance calculations, where 

primitive mantle is equal to depleted upper mantle plus average continental crust. 

This does not work for Nb in the upper mantle as both crust and N-MORB are 

depleted in Nb with respect to similarly incompatible elements (e.g. La) compared 

with primitive mantle. This means that no mixture of crust and depleted upper mantle 

can account for the Nb concentration in primitive mantle (Fitton et al., 1997). The 

missing Nb is probably stored in subducted ocean crust and recycled via mantle 

plumes (Saunders et al., 1988). This missing Nb explains why N-MORB is more 

depleted in Nb than even the most depleted of Icelandic basalts. This is highlighted 

on Figure 1.6 which is a Nb/Y versus Zr/Y diagram (Fitton et al., 1997). Here, the 

most depleted rocks through to the most enriched (low to high Zr/Y) from Iceland 

plot as a linear array. The most depleted part of the Iceland array is defined by 

picrites from the axial zone, and the high Zr/Y samples are alkali basalts from 

Snaefellsjökull. This range represents the largest through to the smallest melt 

fractions from the Icelandic mantle source. All of the analyses from Iceland fall 

within the two parallel lines marking the limits of the Iceland array. N-MORB plots 

below the lower line because of its lower relative abundance of Nb. Again, large 

melt fractions (anomalously hot upper mantle from the Reykjanes Ridge) have lower 

Zr/Y ratios than small melt fractions from the slow-spreading Southwest Indian 

Ridge. N-MORB and Iceland form parallel arrays on this discrimination diagram 

(Figure 1.6). The Zr/Y versus Nb/Y diagram is insensitive to low pressure fractional 

crystallisation as all of the elements are incompatible in olivine and plagioclase, and 



Chapter 1. Introduction 	 6 

moderately incompatible in augite. All of the variation within the Iceland array is due 

to differences in the degree and depth of partial melting of the mantle source. 

Progressive source depletion is also contained within the two individual, parallel 

arrays. 

The lower boundary line of the Iceland array (Figure 1.6) is used as a reference line 

for a parameter called ANb, where: 

ANb = 1.74 + log(Nb/Y) - 1.92 log (Zr/Y). 

Basalts from Icelandic mantle have positive values of ANb (above the line) and 

basalts from N-MORB mantle have negative ANb (below the line). Contamination 

of N-MORB-like magma with continental crust could never produce magmas that 

plot within the Iceland array as both continental crust and N-MORB have negative 

ANb. 

Fitton et al. (1997) plotted ANb against distance from the plume centre at 58 Ma 

(Figure 1.7) showing that the plume seems to have been compositionally zoned in the 

past, as it is today. The outer parts of the NATP, at 58 Ma, have negative values of 

ANb and the locations nearer to the proposed plume centre have positive values of 

ANb. The volume of this outer zone of hot N-MORB mantle has important 

implications for the depth and origin of the mantle plume (Fitton et al., 1997). This 

is shown schematically in Figure 1.8. A plume originating at D" will spend much of 

its time in the lower mantle and will therefore comprise mostly lower mantle 

material. This plume will have only a thin outer coating of material from the upper 

mantle relative to its total size, and therefore the thermal and chemical anomalies 

will be coupled. In contrast, a plume originating at the 670 km discontinuity will 

derive much more of its plume head from the upper mantle while entraining a core of 

lower mantle material. In this case, the thermal and chemical anomalies will be 
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decoupled as seen in the present day Iceland plume. This will also be true of a plume 

originating at D" but stalling at 670 km. 

The NAIP offers a unique opportunity to study the structure of a mantle plume since 

it is dissected by a mid-ocean ridge allowing the whole plume head to be sampled. 

In addition to this, there is an almost continuous record of activity from the first 

arrival of the plume at -62 Ma (Saunders et al., 1997) to the present day activity in 

Iceland. 

Work from the seaward-dipping reflector sequences drilled during DSDP and ODP 

legs (48, 81, 38, 104, 152 and 163) has shown that chemical zoning of the plume was 

present at the time of continental break-up (Fitton et al., 1997). Break-up of the 

North Atlantic occurred at -56 Ma but magmatism related to the arrival of the 

ancestral plume began at -62 Ma, approximately 6 m.y. earlier. The British Tertiary 

Igneous Province (BTIP) was situated on the eastern margin of the ancestral plume at 

-62 Ma and is therefore an ideal place to study any chemical zoning of the ancestral 

plume during the early part of its development. 

1.3 The aims of this research 

The main aim of this project was to obtain and interpret stratigraphic changes in ANb 

recorded in the rocks of the BTIP with regard to the original and developing structure 

of the ancestral Iceland plume. Detailed sampling of the plateau lava successions by 

Kerr (1993a, b), Williamson and Bell (1994), Wallace (1995) and Emeleus (1997) 

allowed a very detailed study to be made of changes in ANb. Before any changes in 

ANb could be interpreted, it was important to generate a time frame precise enough 

to correlate any such changes. Therefore, the largest part of this study involved 

constraining the age and duration of the individual parts of the BTIP with new high 

precision 40Ar/39Ar radiometric ages. Samples for dating were collected from key 

stratigraphic horizons throughout the BTIP (details can be found in Chapter 4). The 
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new ages were then combined with detailed records of changes in magnetic polarity 

(Chapter 5) and with the well defined stratigraphy of the province to produce an 

absolute reference frame for the geochemical part of this study. 

1.4 Thesis Guide 

Chapter 2 reviews the background literature relevant to this research, from the NAIP 

to a more detailed review of the BTIP. Chapter 3 contains a brief introduction to the 

40Ar/39Ar radiometric dating technique, including sample selection, preparation and 

various methods of analysis. The results of the 40Ar/39Ar analyses are presented in 

Chapter 4, which ends with a summary table of all of the new ages used within this 

thesis. The stratigraphy, palaeomagnetic records and new ages are drawn together in 

Chapter 5. All of the geochemical and ANb data are examined in Chapter 6, using the 

results from the previous chapters. Finally the results are discussed and summarised 

in Chapters 7 and 8. Suggestions for further work can also be found in Chapter 8. 



Chapter 2 

Background to Research 

This chapter is a review of the scientific literature relevant to this study. It is not a 

comprehensive review of all of the literature, but sets the work of this thesis into 

context and introduces the main ideas behind the research prior to this study. It 

begins with a short summary of large igneous provinces (LIPs) and the plume models 

for their formation. This leads onto a more detailed review of research on the North 

Atlantic Igneous Province (NAIP) and the British Tertiary Igneous Province (BTIP). 

Further, more specific, background literature reviews can also be found in the 

chapters that follow. 

2.1 Large Igneous Provinces 

As stated in Chapter 1, large igneous provinces include continental flood basalts, 

volcanic passive margins, ocean plateaus, seamount chains and submarine ridges. A 

comprehensive review of large igneous provinces can be found in Mahoney and 

Coffin (1997). The intimate link between many LIPs and hotspots or mantle plumes 

is well established. The onshore North Atlantic Large Igneous Province, for 

example, can be linked to the presently active Iceland hotspot via aseismic ridges. 

Four models are summarised below that attempt to account for the formation of LIPs 

(Coffin and Eldholm, 1992; Saunders et al., 1992). These models are not mutually 

exclusive and Models ito 3 are shown schematically in Figure 2.1, after Saunders et 

al. (1992). 
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A plume with a broad head and narrow tail impinging on the base of the 

lithosphere (Campbell and Griffiths, 1990; Griffiths and Campbell, 1990; 

Richards et al., 1989). This type of start up plume, originating from the D' layer, 

may intersect its melting curve at a sufficient depth to allow it to melt extensively 

before any lithospheric extension occurs (Saunders et al., 1992). The plume can 

have a head reaching a diameter of 2000 km when it reaches the surface and a 

temperature of up to 270°C hotter than ambient mantle (ambient mantle = 1270 

±70°C, McKenzie and Bickle, 1988). The impact of the plume on the base of the 

lithosphere triggers rifting, uplift and volcanism. In this model, rifting does not 

necessarily precede volcanism. Rates of surface uplift have been calculated to 

reach a maximum of 20-40 mIMa, and the model predicts that the maximum 

amount of surface uplift (500-1000m) will occur when the plume is at a depth of 

100-200 km, i.e. before melting has occurred (Campbell and Griffiths, 1990). 

A steady-state mantle plume head lying beneath extending lithosphere (White 

and McKenzie, 1989). The plume head slowly incubates and softens the 

overlying lithosphere but only when independently driven extension occurs 

would the underlying mantle adiabatically upwell and cause excessive volcanism. 

This second model requires the build up of heat over a long-term steady state 

plume with a large plume head. In this case, decompression melting occurs as a 

response to extension of the lithosphere (White and McKenzie, 1989). Adiabatic 

upwelling of anomalously hot asthenosphere results in melting as the overlying 

lithosphere is stretched. 

Similar to Model 2, but here the plume head is channeled towards pre-existing 

areas of localised thinning (Storey et al., 1988; Thompson and Gibson, 1991). 

This model and Model 2 are both passive plumes that respond to changes in the 

lithosphere. 

4. Asthenospheric mantle convectively overturns close to the conjugate trailing 
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edges of cold thick lithosphere following continental break-up (e.g. Mutter et al., 

1988). The asthenosphere convects on the scale of lithospheric thickness only 

where the lithosphere is rifting, allowing large volumes of mantle to rise and melt 

via adiabatic decompression. This model is entirely passive and driven by plate 

separation only. Model 4 is not shown on Figure 2.1. 

2.2 The North Atlantic Igneous Province 

Igneous activity in the NAIP can be divided into two main phases of activity 

(Saunders et al., 1997), shown here in Figure 2.2. Phase 1 magmatism, from 62-58 

Ma, predates continental break-up and mainly affected Baffin Island, West 

Greenland, SE Greenland and Britain. Palaeogeographic reconstructions show that 

the magmatism of Phase 1 covered a pre-drift distance of 2000 km (Figure 2.3). 

Phase 2, from 56 Ma, was initiated by continental break-up and is mainly 

concentrated in the active spreading rift zone. 

2.2.1 Phase 1 

Prior to 62 Ma there is no evidence for excess magmatism in the North Atlantic 

region. Magmatism in the actively spreading areas, such as the Labrador Sea and the 

Davis Straits was normal, before -62 Ma (Saunders et al., 1997). Radiometric ages 

for the NAIP show that widespread magmatism began at around 62 Ma (Upton, 

1988; Mussett et al., 1988; Storey et al., 1998; Pearson et al., 1996; Tegner et al., 

1998) and so constrains the onset of excess magmatism associated with the mantle 

plume. This early igneous activity was concentrated in Mesozoic basins that 

provided localised thinspots in the lithosphere (Thompson and Gibson, 1991). Thick 

sequences of continental flood basalts erupted in Greenland, Britain and the Faeroe 

Islands after a period of widespread surface uplift and erosion. Volumetrically the 

continental flood basalts of the NAIP are small compared to the offshore activity of 
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Phase 2, but they are more readily accessible for sampling. 

The majority of the lavas in the NAIP are basaltic, however these lava flows evolve 

when the supply of magma dwindles and in some areas plateau lavas were followed 

by large central volcanoes, as seen in the BTIP (Emeleus and Gyopari, 1992). Many 

of the earliest basalts are high in MgO indicating a hot mantle source (Kent, 1995). 

These high-MgO basalts were erupted across the whole of the plume head. The 

hottest part of the plume is assumed to be directly above the plume stem (Campbell 

and Griffiths, 1990). As the hottest high-MgO magmas occur across the whole 

diameter of the plume head in the NAIP, it is likely that hot mantle was being 

channeled away from the hotter plume core (Chalmers et al., 1995). On the Isle of 

Mull, the high-MgO lavas are also the most contaminated with continental crust 

(Kerr et al., 1995). This is attributed to turbulent magma ascent where the early hot 

lavas travel through the crust, absorbing acidic partial melts of the Lewisian crust. 

The later, more evolved, rocks were not hot enough to absorb significant amounts of 

crustal material (Kerr et al., 1995). 

2.2.1.1 The effect of the lithosphere 

As with most continental flood basalts (CFB), the rocks erupted during Phase 1 show 

varying degrees of crustal contamination. These CFB were mostly erupted through 

lithosphere of Archaean or Proterozoic age. The lithosphere played an important role 

in Phase 1 as a mechanical filter as well as a contaminant. 

Thick lithosphere can restrict the depth at which melting can occur or even prevent it 

altogether. In addition to this, thick lithosphere can act as a density barrier for 

ascending magmas. High-MgO magmas may be limited to the early parts of the 

succession as it is likely that as magma chambers developed in the crust the high-

MgO magmas would fractionate before reaching the surface. 
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One of the best examples in the NAIP of early magmas reaching the surface before 

significant crystal fractionation can be seen in the lava succession at Kangerlussuaq, 

Greenland. Here, the lower basalts have high-MgO contents indicating that they 

ascended through the crust without stalling in magma chambers. Through time, the 

magmas evolved and show strong evidence of high pressure (-0.9 GPa) pyroxene 

fractionation at the base of the crust (Fram and Lesher, 1997). Also in East 

Greenland, the lava succession at Scoresby Sund shows a repeated development of 

Fe-Ti basalts that show evidence of fractionation at 0.35 GPa, consistent with 

fractionation and mixing in magma chambers at upper or mid crustal levels (Larsen 

et al., 1989). 

Evidence for crustal contamination of the flood basalts in the North Atlantic 

Province is best illustrated in the British part of the NAIP (Dickin, 1981; Thompson 

et al., 1982; Thirlwall and Jones, 1983; Kerr et al., 1995). In general, the Skye 

granites are contaminated by amphibolite facies Lewisian crust, whereas the lava 

successions of Mull, Skye and the Small Isles are contaminated with granulite facies 

Lewisian crust. There is also some contamination of the Mull lavas with Moine 

pelite in the SW of the island (Thompson et al., 1986). In Northern Ireland, the 

contaminant of the Antrim sequence is from the underlying Proterozoic crust 

(Wallace et al., 1994). Changes in contamination occurred during the development 

of the Skye plateau lava pile. The contaminant changed from Lewisian granulite to 

amphibolite, indicating a change from lower to upper crustal levels with time 

(Dickin, 1981). This change in lower to upper crustal contamination is also seen in 

East Greenland (Fram and Lesher, 1997) and in the samples drilled during ODP Legs 

152 and 163 (Fitton et al., 1998a, b, in press). 

NAIP basalts tend to show low Th and Rb and high Ba contents as a result of the 

addition of small amounts of Lewisian crust, although the Rb and Ba can be mobile 

during hydrothermal alteration. The addition of Archaean crust to the basalts of Skye 

and Mull can also be shown to dramatically lower the eNd values at constant Zr/Nb, 
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which is relatively unaffected by the addition of crust (Saunders et al., 1997). This 

lowering of sNd can also be seen in the Faeroes, central East Greenland, South East 

Greenland and the dipping reflectors on the Vøring plateau (Phase 2). Samples with 

no visible changes in geochemistry can be shown to have isotopic Pb levels 

indicating crustal contamination (Dickin, 1981). 

Contamination by Lewisian crust of the Mull lava succession is thought to be in the 

order of 3 % (Kerr at al, 1995), and between 8 and 12 % in the Skye lava succession 

(Thompson et al., 1982). As crustal contamination masks the geochemical and 

isotopic differences between N-MORB-like basalts and the basalts produced from 

the Iceland plume it is important to be able to assess the amount of crustal 

contamination. MORB and Icelandic basalt form overlapping arrays in Sr-Nd 

isotopic space (see Figure 2.4), although they form two distinct and parallel arrays on 

a plot of 208Pb/204Pb vs 207Pb/204Pb (Thirlwall, 1995). The addition of crust to 

magmas precludes the use of isotopes when attempting to distinguish between the 

two magma sources found in the Iceland plume. This problem is overcome by using 

ANb, which is insensitive to the addition of crust (Fitton et al., 1997). This is 

because crust has a value of ANb close to 0 (Fitton et al., 1997). The contamination 

of the Mull lava pile and the variation in ANb is discussed in Chambers and Fitton 

(2000) which can be found in the appendix and is discussed further in Chapter 6. 

2.2.1.2 Greenland, Baffin Island and the Faeroe Islands 

Although this study concentrates on the eastern margin of the ancestral plume, the 

western side is briefly reviewed here for comparison. Most of this section is 

summarised from the review in Saunders et al. (1997). 

The lava successions of West Greenland and Baffin Island cover an area of more 

than 55,000 km2  (Clarke and Pedersen, 1976) and in some places are more than 5 km 

thick. Most of the succession comprises high-MgO basalts or picrites. The sequence 
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has been subdivided into the following three formations (from oldest to youngest) by 

Hald and Pedersen (1975): the Vaigat Formation, the Maligât Formation, and the 

Hareøen Formation. The Vaigat Formation is dominated by picrites while the later 

formations are plagioclase- or olivine-phyric basalts. Some contamination of the 

succession by shales and sandstones via assimilation-fractional crystallisation has 

occurred (Pedersen and Pedersen, 1987; Upton, 1988), but most flows had minimal 

interaction with the crust. In the Vaigat Formation some of the first lava flows were 

erupted into shallow water forming pillow basalts and hyaloclastite. 40Ar/39Ar ages 

(Storey et al., 1998) date the reversed polarity lavas of the Vaigat Formation at 60.4 

±0.5 Ma. The lowest lavas of the Vaigat formation, with normal magnetic polarity, 

(Hald, 1977) are as yet undated. 

Magmatism during Phase 1 also occurred in East Greenland where the plateau lavas 

can reach a thickness of 7 km. Between Kangerlussuaq and Scoresby Sund the total 

volume of lava is in the order of 160,000 km3  (Nielsen and Brooks, 1981). The East 

Greenland basalt sequence has been divided into two parts by Larsen et al. (1989); 

the Lower Basalts and the Main Series. The Lower Basalts (lowest 1.5 km) are 

predominantly picrites or high-MgO basalts, while the Main Series comprise mainly 

tholeiitic basalts. 

The lava sequence in Nansen Fjord, East Greenland has been correlated with the 

sequence on the Faeroe Islands by Larsen et al. (1999). Prior to sea-floor spreading, 

the distance between the two areas was approximately 100 km. The Faeroes Lower 

Basalt Formation and the equivalent Nansen Fjord Formation in East Greenland 

(Lower basalts) form the pre-break-up succession overlain by comparable 

sedimentary successions. The Middle and Upper Formations of the Faeroes and the 

Milne Land Formation in East Greenland (lower part of the Main Series) can also be 

correlated. This correlation is made by dividing the two successions into six volcanic 

intervals based on differences in geochemistry and the sedimentary horizons (Larsen 

et al., 1999). The remaining 3-3.5 km of plateau lavas preserved in East Greenland is 
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not present in the Faeroes. The Lower Basalt sequences of East Greenland and the 

Faeroes occurred between 59 and 56 Ma, while the Middle and Upper Series in the 

Faeroes occurred between 56 and 55.5 Ma but between 56 and 54.5 Ma in East 

Greenland (Larsen et al., 1999). 

Stratigraphic changes in La/Sm and Dy/YbN seen in the East Greenland succession 

have been attributed to a cooling of the plume head (Tegner et al., 1998). The lower 

part of the succession shows an increase in the La/Sm ratio indicating a decrease in 

the mean extent of melting. This is coincident with a decrease in Dy/YbN indicating 

a decrease in the mean pressure of melting. These changes are consistent with a 

decrease in temperature of the plume. The upper parts of the succession show La/Sm 

and Dy/YbN both decreasing, implying an increase in the extent of melting and a 

decrease in pressure. This is attributed to a thinning of the lithospheric lid (Tegner et 

al., 1998). 

Although the British Tertiary Igneous Province is also a part of Phase 1 magmatism, 

it is not dealt with here but covered in more detail in Section 2.6. 

2.2.2 Phase 2 

As mentioned earlier, Phase 2 is more significant volumetrically than Phase 1. It 

includes the seaward-dipping reflector sequences (SDRS) along both continental 

margins, the Main Series in central East Greenland, the Greenland-Faeroes Ridge 

and Iceland itself. The volcanism of Phase 2 has been subdivided into two types by 

Coffin and Eldholm (1994). The first type combines all of the lava flows erupted 

along the almost 3000 km long rifted margin. The second type is found in the central 

region, where the continental flood basalts can be linked to activity on Iceland by the 

broad submarine ridge. This ridge provides a record of subaerial volcanism from 

-62 Ma to the present day. 
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The offshore record of Phase 2 has been the target of ODP and DSDP drilling: Legs 

152 and 163 on the SE Greenland margin; Legs 48 and 81 on the Rockall Plateau; 

and Legs 38 and 104 on the Vøring Plateau. The offshore records provide an 

important link to the present-day plume and its structure. 

A complete section through the pre-, syn- and post-break-up succession has been 

sampled during ODP Legs 152 and 163. The results of this work are summarised in 

Fitton et al. (in press). Stratigraphic changes in Sc/Zr and SmJLu suggest a 

shallowing of the top of the mantle melt column (Fitton et al., in press) coupled with 

an increase in the average degree of melting from 4 % to 12 % shown by changes in 

LuJHf, La/Sm and LaITh (Fram et al., 1998). The degrees of melting imply a mantle 

potential temperature -100 °C hotter than ambient. However, during rifting a thick 

sequence of seaward dipping reflectors was produced which locally forms the crust. 

The thickness of the sequence alone suggests a mantle potential temperature -200°C 

hotter than ambient. The large melt fractions that would result from a temperature 

-200°C hotter than ambient is difficult to reconcile with the 4 to 12 % melting 

calculated for the upper series of the SDRS (Fitton et al., in press). These modest 

melt fractions are more comparable with those associated with normal mid-ocean 

ridge spreading. Fram et al. (1998) suggest that upwelling beneath the developing 

rift zone is not passive, but that the melt zone is fed by a plume at a rate faster than 

would occur through plate separation alone. This reduces by half the mantle 

temperature required by just simple passive upwelling, in line with Clift's (1997) 

subsidence calculations that suggest a temperature anomaly of between 50 and 

100°C. 

2.3 Compositional structure of the plume 

The basalts from Iceland, and the ridges associated with it, provide valuable 

information about the underlying plume. The present day plume is compositionally 
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zoned, with an inner zone of Icelandic mantle surrounded by an outer zone of 

anomalously hot mantle that is compositionally the same as the N-MORB source 

(Fitton et al., 1997). 

Trace element ratios using elements that have similar partition coefficients (d values) 

will not vary with fractional crystallisation or partial melting, and so reflect 

underlying source characteristics (Rollinson, 1993). The chemical zonation of the 

present day Iceland plume is seen in the variation of two trace elements, La/Sm, in 

basalt down the Reykjanes Ridge (Figure 2.5). The whole range in La/Sm from the 

Reykjanes Ridge can also be found in Iceland showing that this cannot be used as a 

completely reliable source discriminant. However, ANb gives a much more 

restricted range. Basalts north of 61°N have positive ANb and south of 61°N mostly 

negative ANb (N-MORB source) (Fitton et al., 1997). There is a much sharper 

change in ANb than in La/Sm. 

As indicated above, ANb is a powerful tool in interpreting the chemical structure of 

the ancestral Iceland plume. Available data from the NAIP show that there are 

spatial and temporal changes in ANb. This is best summarised in Figure 2.6 from 

Fitton et al. (1997) where samples are divided into the two phases of Saunders et al. 

(1997). As with the present day plume (blue circles), those samples from near to the 

plume axis have positive ANb (like Iceland) and those from areas away from the 

plume axis have negative ANb (N-MORB source). 

The plume arrived beneath the lithosphere in the North Atlantic at -'62 Ma and 

preliminary studies show that the outer parts of the plume, sampled in Greenland and 

the BTIP, is similar to the N-MORB source (Fitton et al., 1997). This indicates that 

the plume was zoned chemically throughout its history (Figure 2.6). The section 

from pre- to post-break-up seen in the offshore record off SE Greenland (ODP Legs 

152 and 163) illustrates that both parts of the plume were sampled during the early 

history of the ancestral plume. It can be seen that early lavas have both negative and 
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positive ANb, indicating that this part of the N Atlantic was at a comparable position 

with respect to the plume axis then as is the transition at 61°N on the Reykjanes 

Ridge today. The middle part of the succession has negative ANb and the post-

break-up SDRS basalts have positive ANb. This thesis will discuss spatial and 

temporal changes in ANb occurring within the eastern margin of the ancestral plume. 

Detailed sampling of the BT[P has allowed a very comprehensive study of 

stratigraphic changes to be made. 

2.4 The relationship between break-up and the plume - which came 

first? 

Plumes and rifting are often intimately linked with each other. Plumes can occur 

without causing rifting, as seen in Hawaii, and rifting can occur without the presence 

of plumes (White, 1992). However, when they are linked it is not always clear 

which one comes first. Does the rifting predate the onset of plume activity, or does 

the plume cause rifting? This section outlines the information available from the 

NAIP and evaluates which of the plume models discussed earlier (Section 2.1) is the 

most applicable in the North Atlantic. 

2.4.1 Plume driving plate separation 

Depending on the size of the thermal anomaly, the dynamic uplift caused by the 

thermal and dynamic effects of the plume can be as much as 3 km (Campbell and 

Griffiths, 1990; White and McKenzie, 1995). Sedimentary evidence suggests that 

substantial uplift and faulting took place in West and East Greenland prior to the 

onset of volcanism (Dam et al., 1998), resulting in basin-wide unconformities. The 

uplift in West Greenland was probably in the order of several hundred metres. Uplift 

was shortly followed by rapid and major subsidence associated with the extensive 

volcanism. The Campbell and Griffiths (1990) plume model suggests that elevated 
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mantle temperatures could cause uplift of 1 km. Quantifying the amount of uplift in 

Greenland is only possible by considering that up to 1.2 km of material has been 

eroded from the sedimentary sequence. Unlike in the model of Campbell and 

Griffiths (1990), this uplift appears to have been rapid (-P5 m.y.) and not the 

predicted 10-20 m.y. In West Greenland, the total amount of subsidence associated 

with volcanism is approximately 700m, with initial localised subsidence being 

approximately 300m in 2 m.y (Dam et al., 1998). This rate of subsidence is an order 

of magnitude higher than what should be expected for areas with a low 13-factor 

(McKenzie, 1978), suggesting that the thermal effect of the plume was significant. 

The lack of excess magmatism in areas of active rifting at 62 Ma (Saunders etal., 

1997) suggests that the area was not yet under the influence of a mantle plume or that 

the mantle plume was still at depth. Rapid uplift prior to 62 Ma indicates a large and 

sudden response to the thermal upwelling rather than the slow incubation of the 

White and McKenzie (1989) model. Magmatism of Phase 1 (62-58 Ma) seems to be 

a consequence of the arrival of the plume rather than of active thinning (Saunders et 

al., 1997). The first magmatic events were concentrated in localised areas 

(Thompson and Gibson, 1991) where the lithosphere had already been thinned as 

illustrated in Model 3. 

The main pulse of magmatism in Disko, Greenland, and the initiation of sea-floor 

spreading at 57-62 °N were approximately contemporaneous (Chalmers, 1991). This 

area is an ideal place to see if the plume was present during rifting or if it arrived 

after rifting had already begun. 

There are areas in the NAIP that were extending during the Mesozoic (Viking 

graben, Hatton-Rockall basin and the Voting basin) but none of these became true 

ocean basins. These areas are the localised thinspots where the onset of continental 

based magmatism began (Thompson and Gibson, 1991). However, shortly after the 

arrival of the Iceland plume the extension between Greenland and Europe did 
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develop into complete break-up and the formation of oceanic crust. A plume can 

sometimes give a push to an area developing small intra-continental basins so that 

new ocean crust is generated (White and McKenzie, 1989). 

2.4.2 Rifting prior to the plume 

Skogseid et al. (1992), based on work in the Voting margin, propose that the initial 

rifting in the N Atlantic took place without decompressional melting when the plume 

was still 600-700 km beneath the lithosphere. Magmatism occurred when the plume 

impinged on and spread out beneath the lithosphere. Break-up, they suggest, is as a 

result of melt-induced weakening of the lithosphere, while the anomalously thick 

crust at the continent-ocean transition is explained by melt focusing back towards the 

uplifted break-up axis (Skogseid et al., 1992). This sequence of events is summarised 

in Table 2.1. 

Thinning aids the generation of large melt volumes as do high mantle temperatures 

(White, 1992). However, the hotter the underlying asthenosphere the more melt is 

produced (McKenzie and Bickle, 1988). Oceanic crust is usually 6-8 km thick, 

corresponding to a mantle potential temperature of 1280 ±20 °C. If lithosphere is 

stretched to 1/5 its original thickness (3=5) then 2 km of melt will be produced. If 

the asthenosphere is 100 °C hotter than ambient then 10 km of melt will be produced 

for the same value of P. The observed thickness of oceanic crust in the North 

Atlantic is 10-15 km, which corresponds to an asthenosphere 100-150 °C hotter than 

ambient mantle. If the asthenosphere were 200 °C hotter then subsidence would only 

have to be in the order of 0.5 km to generate such large volumes of magma. The 

large volume of lava flows with high MgO requires the presence of some thermal 

anomaly within the mantle, as this minimizes the amount of stretching required to 

generate large amounts of melt. 
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The existence of a thermal anomaly resulting from the presence of a mantle plume is 

now well accepted for the North Atlantic. Its maximum extent appears to have been 

at 55 Ma, prior to complete plate break-up (Saunders et al., 1997). As break-up 

began the plume flowed back into the rift axis producing the large thicknesses of 

seaward dipping reflectors. Magmatism associated with Phase 2 (Saunders et al., 

1997) is almost entirely associated with the active zone of rifting. Mantle convection 

associated with the rifting may also be the cause of the high magma production rates 

seen during the formation of the seaward dipping reflector sequences (3 times that of 

Iceland; Saunders et al., 1997) as discussed in Model 4 (Mutter et al., 1988), Section 

2.1. Rupture induced active upwelling is also the mechanism favored by Tegner et 

al. (1998) to explain a period of high magmatic activity during a time when the 

plume was apparently cooling, as suggested by an increase in La/Sm and a decrease 

in Dy/YbN. 

2.4.3 Summary 

The arrival of the plume at —62 Ma is associated with widespread uplift and 

subsequent magmatic activity, all of which occurs before plate separation. The high 

magmatic activity that occurred during break-up, producing the thick sequences of 

seaward-dipping reflectors erupted subaerially or into shallow water, is likely to be a 

result of both the presence of a thermal anomaly and the active convection of the 

mantle caused by rifting. 

2. 5 Effects of a plume on the lithosphere 

Whether the plume gave the extra push to rifting in the North Atlantic or not, the 

arrival of a plume beneath the lithosphere may have the following important 

consequences, summarised from Saunders et al. (1992): 
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Doming and dynamic uplift of the lithosphere (Courtney and White, 1986). 

Magmatic underplating of the crust causing uplift (Cox, 1989). 

Thermal and mechanical erosion of the lithosphere and incorporation of this 

material into the asthenosphere (Storey et al., 1989; Mahoney et al., 1989, 1991). 

Injection of plume melts into the lithosphere. 

Storage of fossilised plume melts and subsequent remobilisation or tapping 

(Halliday et al., 1988). 

Thermal mobilisation of low temperature melt fractions in the lithosphere 

(McKenzie, 1989). 

2.6 Relative timing within the NAIP 

Before 62 Ma, there is little evidence of excess magmatism in the North Atlantic 

apart from some activity associated with rifting in the Rockall trough (Fitch et al., 

1988). After rapid uplift and erosion at 62 Ma, widespread volcanism occurred 

producing large sequences of plateau basalt in Baffin Island, Greenland, the Faeroe 

Islands and Britain. After break-up at 56 Ma, magmatism was concentrated along 

the rift zone. The development of the rift system is summarised in Figure 2.7. The 

work of Skogseid et al. (1992) suggests that break-up in the Vøring region occurred 

prior to any magmatism, indicating that the plume did not induce break-up. This has 

yet to be confirmed in other areas, such as Disko. The duration of magmatic activity 

in individual parts of the NAIP is still only poorly known; and reliable ages are 

summarised in Table 2.2. The ages cluster into two main pulses of activity. The first 

between 62 and 58 Ma, which relates to the arrival of the plume, and a second at 56 

Ma as a result of break-up. Figure 2.8 summarises the geochronology of the NAIP. 

2.7 The British Tertiary Igneous Province 

The British Tertiary Igneous Province (BTIP) is located on the eastern limit of 

influence of the ancestral Iceland plume and is the main area of study for the present 
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research. Composed of many individual centres of igneous activity (Figure 2.9), most 

of the magmatic activity was concentrated in NW Scotland and Northern Ireland 

during Phase 1 of Saunders et al. (1997). Figure 2.9 only shows the onshore areas of 

the BTIP, there are also large thick successions of basalt and many central complexes 

offshore (Richie and Hitchen, 1996). In addition to the basalts and intrusive 

complexes, thick tuff sequences found offshore (West of Shetland and in the North 

Sea) record igneous activity of the ancestral plume. The thickest of these is the 

Balder tuff which is an important stratigraphic marker horizon, which was probably 

sourced to the west of Rockall (Chapter 6). This study is primarily concerned with 

the onshore BTIP, but some areas of the offshore record have been studied when 

cored material was available from the BGS and BP Amoco. 

2.7.1 Past Research (onshore BTIP) 

There has been an abundance of research on the BTIP since it was first studied in the 

late 19th  century. Giekie (1888) was the first to suggest that the lava pile 

accumulated by successive fissure eruptions, much as it does in Iceland today. Judd 

(1889) then described the central complexes as eroded remains of volcanoes. These 

ideas led to the whole BTIP being mapped in great detail by various workers (Harker 

1904; Harker 1908; Bailey et al., 1924; Tyrrel, 1928; Richey and Thomas, 1930) 

who documented the foci of central complexes migrating with time, cone sheets with 

a common foci, ring dykes and the hybridisation of magmas of different 

compositions. The Mull memoir (Bailey et al., 1924) includes the first description of 

the concept of magma types with distinctive chemistry and the importance of crystal 

differentiation in forming the different magma suites. 

As the BTIP is readily accessible from the mainland, there is an abundance of 

literature covering its origin, age, magnetic polarity and stratigraphy. Instead of 

summarising all of the work on the individual igneous centres, a short summary of 

the main geological features follows. The lava pile and the central complexes will be 
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described and followed by a short section on the presumed age and duration of the 

province (prior to this study). Any other relevant literature will be reviewed in the 

appropriate chapters and directly compared to the results presented within this thesis. 

2.7.1.1 Plateau lava successions 

Even after erosion, thick successions of plateau lavas can be found in the BTIP. This 

includes an aggregate thickness of 1800m in Mull and Morvern, up to 800m in 

Antrim (700m drilled in the Ballymacilroy borehole), smaller thicknesses in Rum 

and the Small Isles and a cumulative thickness of -1200m on Skye. These lava 

sequences usually precede the development of central volcanoes, except in Rum 

where lava successions can be found both before and after the emplacement of the 

Rum central complex. This study is primarily concerned with the stratigraphic 

changes in chemistry within individual plateau lava sequences. The main features of 

each of these plateau lava piles are summarised in the following sections. 

Skye 

Covering an area of 1500 km2  the Skye lava succession has been divided into three 

main types: the Skye Main Lava Series (SMILS), the Fairy Bridge magma type and 

the Preshal More magma type. Further subdivision of the lava pile into groups by 

Williamson (1979) and Williamson and Bell (1994) has allowed detailed mapping to 

be carried out in the west of the island. Palagonite tuffs are common at the base of 

the lava succession, but most of the Skye Main Lava Series consists of slightly 

alkaline to transitional olivine basalts. More evolved flows of benmoreite, hawaiite 

and mugarite occur towards the top of the succession. The Fairy Bridge magma type 

occurs only occasionally, as lava flows towards the top of the succession and as 

dykes. The basalts of the Fairy Bridge magma type have a major element 

composition similar to the SMILS, but with flat REE patterns (Thompson et al., 1980; 

Scarrow, 1992). 
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Finally, the Preshal More magma type can be found as major lava flows at the top of 

the succession, and as dykes and intrusions of the Cuillin centre. The tholeiitic lavas, 

with LREE depleted patterns, fill in the topography created after the erosion of the 

SMLS (Thompson et al., 1980). Most of the Skye lava pile is contaminated by small 

amounts of Lewisian granulite (Thompson et al., 1982). 

Mull and Morvern 

The exposed Mull succession covers an area of 840 km2, not including flows on the 

adjoining mainland of Morvern. Kerr (1993a, 1995) identified three lava types 

within the succession based on geochemistry: the Mull Plateau Group composed of 

tholeiitic or alkali basalts through to hawaiites and making up the majority of the 

lava pile; the Coire Gorm magma type; and the Central Mull tholeiites. The Coire 

Gorm magma type is found only at the top of the Ben More Sequence and comprises 

transitional basalts with flat REE profiles. The Central Mull tholeiites are the 

youngest in the lava succession and have flat to LREE depleted profiles. The Central 

Mull tholeiites are compositionally similar to the Skye Preshal More type. The Mull 

Plateau Group lavas are contaminated slightly with Archaean Lewisian granulites, as 

shown by high Rb/Ba, high Ba/Nb and low eNd, as is the Skye Main Lava Series 

(Kerr, 1995). 

The Small Isles 

The Small Isles include the islands of Rum, Eigg, Muck, Canna and Sanday. As 

mentioned previously, Rum is the only igneous centre to have plateau lava sequences 

erupted both before (Eigg Lava Formation) and after (Canna Lava Formation) the 

formation of the central volcano (Emeleus, 1997). The Eigg Lava Formation 

consists of transitional olivine basalts and some mugearite flows near to the base 

with interbedded tuff horizons (Emeleus et al., 1996). At the top of the succession, 
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which is only 150m thick in places, some hawaiites can be found. In contrast the 

Canna Lava Formation, erupted after the Rum central complex, can be divided into 

four members: Lower Fionchra Member; Upper Fionchra Member; Guirdil Member; 

and the Orval Member (Emeleus, 1997). On the whole, the lavas are more evolved 

than the Eigg Lava Formation and are associated with sedimentary conglomerates. 

The Canna Lava Formation rests unconformably on the eroded remnants of the Rum 

Tertiary volcano. 

Antrim, Northern Ireland 

The lava succession in Antrim, at 3500 km2  covers the largest area considered in this 

study. The sequence has been divided into three formations: Lower, Middle and 

Upper (Wilson and Manning, 1978). The Middle Formation is also known as the 

Interbasaltic Formation and represents a relative quiescence in igneous activity. The 

Interbasaltic Formation includes the basalts of the Causeway Tholeiite Member, 

which is separated from basalts of the Lower and Upper Formations by large laterite 

horizons. In the south the Interbasaltic Formation is represented by obsidians and 

rhyolites. The Lower and Upper Basalts are LREE enriched (Barrat and Nesbitt, 

1996) whereas the Causeway tholeiites are more varied in the amount of LREE 

enrichment, probably due to contamination from Dalradian crust (Wallace et al., 

1994; Barrat and Nesbitt, 1996). The stratigraphy in Antrim varies around the Tow 

Valley fault. To the south, the Interbasaltic Formation is represented by rhyolites 

and pitchstones, whereas to the north the Causeway tholeiites can be found. 

Other areas 

Minor amounts of plateau lavas can be found in Ardnamurchan and Arran. In Arran 

the lavas found within the central complex are metamorphosed to greenschist facies. 

The lava flows are only preserved as a fallen block within the central complex. The 
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lava flows of Ardnamurchan are poorly exposed, and mostly seen in road cuttings. 

2.7.1.2 Central Complexes 

Central volcanoes, now represented by sub-volcanic igneous centres, are found in all 

parts of the BTIP. The multiple crosscutting arcuate intrusions within the central 

complexes, as seen in Mull, provide an accurate chronological record within these 

eroded volcanoes. Details of the order of intrusion is summarised in Emeleus and 

Gyopari (1992) and Thompson (1982). In Skye, Mull and Ardnamurchan these 

arcuate intrusions can be seen to be centred around different foci of activity that 

move through time. Skye has four centres of activity while Mull and Ardnamurchan 

each have three. Figure 2.10 shows the centre of igneous activity in Mull moving 

northwestwards with time (C1-C3). The different centres of activity (C1-C3) include 

both acid and basic rocks, but overall the trend is to more acidic compositions 

(Bailey et al., 1924) with time. The central volcanoes are not the major focus of this 

study but they are important when considering the duration of the BTIP and its 

stratigraphic relationships (Chapters 4 and 5). 

2.7.1.3 Dykes 

Dykes can be seen to intrude the igneous sequences of the BTIP throughout its 

formation, although most dykes represent the final manifestation of igneous activity 

in each area of the BTIP (Emeleus and Gyopari, 1992). These dykes are from the 

regional NW-SE trending dyke swarm and are often the last phase of activity in the 

individual centres. The most impressive exposure of the dykes can be seen on the 

south coast of Arran. The basalt dyke swarms often centre around the central 

complexes indicating that there was localised crustal dilation of up to 25% (Speight 

et al., 1982). 
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2.7.2 Offshore BTIP 

A summary of the offshore BTIP has been given by Richie and Hitchen (1996) who 

divide the offshore activity into seven types based on age, location and structure. 

The seven types are: the Faeroe Plateau lava group; the north Rockall Trough-

Hebrides lavas group; central igneous complexes; Faeroe-Shetland intrusive 

complex; volcaniclastic deposits; the Minch region; and the Wyville-Thompson 

Ridge. 

The volcaniclastic deposits are found commonly in offshore boreholes both West of 

Shetland and in the North Sea. They are used as widespread marker horizons as they 

are good seismic reflectors. Knox and Morton (1988) showed that the volcaniclastic 

deposits were concentrated into two episodes (Phases 1 and 2): nanofossil zones 

NP5-6 (60-57.5 Ma using the time scale of Berggren et al. (1995)) and nanofossil 

zones NP9-13 (56-50 Ma (Berggren et al., 1995)). The Balder tuff, mentioned 

earlier, is found in nanofossil zone NP1O (Figure 2.11). Ti concentration shows that 

the volcaniclastics correlate to the Greenland-Iceland-Faeroes trend and were 

therefore sourced to the west of the British Isles towards the Faeroes and Greenland 

(Knox and Morton, 1988), this is also consistent with the geographical distribution of 

the ash layers. The Subphase 2b ashes (Lower Balder, Figure 2.11) are thought to 

have covered an area of 6,000,000 km2. 

2.7.3 Relative timing of the BTIP 

A summary of all available age dates for the BTIP prior to this study can be found in 

Table 2.3. These ages, in conjunction with changes in magnetic polarity and 

stratigraphy, were used to generate summary diagrams such as Figure 2.12 from 

Emeleus and Gyopari (1992). Some crosscutting and other stratigraphic relationships 

exist and they are summarised in Table 2.4. Igneous activity in the BTIP began at 62 
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Ma. This age is derived from two sanidine-bearing tuffs interbedded with the Eigg 

Lava Formation giving ages of 62.8 ± 0.6 Ma and 62.4 ±0.6 Ma (Pearson et al., 

1996). The youngest dated event in the BTIP is the emplacement of the Sgurr of Eigg 

pitchstone at 52.1 ±0.5 Ma based on a Rb-Sr isochron (Dickin and Jones, 1983). 

Most of the activity occurred between 59 and 57 Ma (Figure 2.13). Even with this 

number of age dates the duration of the BTIP was poorly constrained. This is 

because many of the ages have either large associated errors, making correlation 

difficult, or inaccurate age determinations. 

Dating of the BTIP by palynology (Jolley, 1997; Bell and Jolley, 1997) has placed 

the Canna Lava Formation, the Skye Main Lava Series and the Lower Formation of 

Antrim at 58.23-57.99 Ma. The Causeway Member, the Mull Plateau Lavas and the 

Talisker group of Skye are apparently much younger at 55 Ma. This 55 Ma age is 

based on a palynological assemblage typical of the Lower Ypresian containing 

Monocolpopollenites tranquilis. This assemblage is common at the Eocene thermal 

maximum occurring at 55 Ma. Ardnamurchan and the sediments between the lower 

and middle series in the Faeroe Islands contain similar assemblages. This age of 55 

Ma for the plateau lava flows of Mull is in direct conflict with accepted 40Ar/39Ar 

ages for Mull (Mussett, 1986). Palynological ages for the BTIP are also shown on 

Figure 2.13. 

As analysis of other large igneous provinces using the 40Ar/39Ar technique continues, 

it is apparent that often existing dates, from either K-Ar or Rb-Sr for example, have 

over-estimated the time taken for these huge continental flood basalt provinces to 

form. The 40Ar/39Ar technique allows the gas in a sample to be progressively 

released at hotter temperatures. If no disturbance of the system by alteration or argon 

loss has occurred then the steps will all have the same 40Ar/39Ar ratio and therefore 

the same age (flat age spectrum). Disturbance to the K-Ar system will be visible in 

the resulting age spectrum plot (apparent age versus total 39Ar released in %). This 

method allows the evaluation of the disturbance to the system, and therefore whether 
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the analytical age is a true reflection of the crystallisation age of the sample. The K-

Ar and Rb-Sr dating methods cannot see through and evaluate this disturbance to the 

system, which is commonly caused by alteration at low temperatures. 

The differences in determined ages between K-Ar and 40Ar/39Ar dating techniques is 

best highlighted in the Karoo succession, where there was no significant weathering 

between flows and no sedimentary sequences. The K-Ar radiometric ages reviewed 

by Fitch and Miller (1984) implied that igneous activity was episodic over a period 

of 40-50 m.y., beginning at 195 Ma but with most of the activity at 175 Ma. In 

addition to the field evidence, the preservation of a palaeomagnetic transition within 

the sequence also suggested much more rapid evolution. New 40Ar/39Ar ages 

presented in Duncan et al. (1997) suggest that the whole of the Karoo Igneous 

Province was emplaced during a short period (1-3 m.y.) around 183 ±1 Ma, where 

these new ages cluster. Possible reasons for the spread in the original K-Ar ages are 

described in the next chapter. This example shows the power of new, internally 

consistent, 40Ar/39Ar ages in constraining and re-defining the duration of large 

igneous provinces. Constraining the timing and duration of the individual parts of 

the BTIP by high precision 40Ar/39Ar dating is a major part of this project. The 

40Ar/39Ar dating technique and its advantages and disadvantages are discussed in the 

next chapter. The results of the 40Ar/39Ar analyses are presented in Chapter 4. 



Chapter 3 

40Ar/39Ar Geochronology 

This chapter details the 40Ar/39Ar dating technique used in this study to generate the 

framework of ages that constrain the timing of geochemical changes in the BTIP 

(Chapter 6). The first section describes the main principles of K-Ar and 40Ar/39Ar 

dating and the second deals with the different types of analysis and the various ways 

of presenting the data. The final section covers the process of sample selection, 

preparation, irradiation and analysis including details regarding the use of flux 

monitors during this work. Included in this chapter are the 'J curve' calculations 

used in the calculation of the final ages. More detailed descriptions of the method 

can be found in McDougall and Harrison (1988), Faure (1986) and Attendorn and 

Bowen (1997). 

3.1 K-Ar radiometric dating 

The 40Ar/39Ar dating technique is a development of the more conventional K-Ar 

dating technique widely used since the 1950's. This section describes the main 

features of conventional K-Ar dating which is based on the natural decay of 40K to 

40  A by electron capture and positron emission. K-Ar dating relies on establishing 

the ratios of the parent to daughter isotopes so as to determine the age since 

crystallisation. However, 40K also decays to 40  Ca with only 11% of the 40K decaying 

to 40Ar. The K-Ar method of dating is widely used in the Earth Sciences due to the 

occurrence of K bearing minerals in a wide variety of rock types. 
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The decay of 40K can be described as follows: 

40K (eXt - 1) = 40Ar + 40Ca 

(3.1) 

Where t is time and X is the total decay constant of K (the sum of the decay constants 

of the two branches of decay). Recommended decay constant values are Xe  =0.581 * 

10' a 1  and X0  =4.962 *10b0  a 1  (Steiger and Jager, 1977), where Xe  is decay to Ar 

and X0 is decay to Ca. Therefore the total decay constant of 40K is 5.543 *10-" a 1 . 

This corresponds to a half-life of: 

T112  = 0.69315.543*10.10 = 1.250 * 	a. 

(3.2) 

The branching ratio (R) is defined as X,/Xp and has a value of 0.117 (Steiger and 

Jager, 1977). The fraction of 40K atoms that decay to 40Ar atoms in a K bearing rock 

can be written as: 

40Ar = Xe/X 40K (eXt  -1). 

(3.3) 

Assuming no 40Ar is present at the time of formation, this equation can be solved for 

t: 

t = 1IX In [40Ar14°K (A/Xe) + 1]. 

(3.4) 

40Ar is usually measured by isotope dilution rare gas mass spectrometry; 40K is 

usually measured by standard chemical techniques such as flame photometry. In 

addition to assuming no initial 40Ar, the assumption must be made that no radiogenic 
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40Ar (or 40K) is lost or gained after formation. The presence of atmospheric Ar must 

also be accounted for. A rise in temperature due to burial, chemical weathering, and 

alteration by aqueous fluids can all induce Ar loss. Volcanic rocks are usually dated 

by K-Ar as they contain phases which retain Ar (Dalrymple and Lanphere, 1969). 

Volcanic rocks containing glass, zeolite minerals, or xenoliths should be avoided, as 

is discussed further in Section 3.3 (sample selection criteria). Devitrified glass will 

have apparent ages lower than the K-Ar age (younger than the real crystallisation 

age), whereas xenoliths can contain excess radiogenic argon resulting in old apparent 

K-Ar ages. The problems of 40Ar loss and excess 40Ar are easier to reconcile in the 

40Ar/39Ar dating method. 

3.2 Principles of 40Ar/9Ar dating 

As well as using the natural decay of K to Ar, the 40Ar/39Ar method of radiometric 

dating also uses the artificial production of 39Ar from 39K (39K(n,p)39Ar), by 

irradiating the sample with fast neutrons in a nuclear reactor, to calculate the final 

age of the sample. 40Ar(rad.y'39Ar(K)  will be written as 40Ar/39Ar for the remainder of 

this thesis. 

The irradiation process also generates interfering isotopes of K, Ca, and Cl for which 

corrections are made, as discussed in Section 3.2.1. The number of atoms of 39K that 

result from the irradiation process can be described as follows: 

39Ar = 39K AT f (E) cY(E) dE 

(3.5) 

Where AT is the irradiation time, () is the neutron flux energy at an energy of E, 

a(E) is the capture cross section of 39K for neutrons with an energy E, and the 

integration is effected over the whole energy spectrum of the neutrons (Merrihue and 

Turner, 1966). 
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After irradiation Eqn. 3.3 / Eqn. 3.5 gives: 

40Ar/39Ar = X/X 40K/39K *1/AT (e"- 1)/ J () () dc. 

To simplify this equation, a new irradiation parameter (J) can be defined: 

= xix, 39K/40K AT S 4(E) (E) dc. 

Which can then be substituted into Equation 3.6: 

40Ar!39Ar = (e"- 1)/J. 

(3.8) 

J can be calculated by irradiating a sample of known age at a known position in the 

reactor, with respect to the unknown samples. This sample is known as the flux 

monitor or standard. The use of flux monitors is discussed in Section 3.2.2 with 

reference to the calibration of ages calculated using different standards. J can be 

calculated from a sample of known age using the following equation: 

J = (eX 1)! 40Ar/39Ar 

(3.9) 

where tm is the age of the flux monitor, and 40Ar/39Ar ratio is the measured ratio. 

The neutron flux applied to the monitor depends on its position in the reactor and the 

duration of irradiation. Flux monitors are placed at regular intervals between the 

unknowns and, once irradiated, the 40Ar/39Ar ratio is measured in a mass 

spectrometer. The J values are then plotted against the position in the holder shown 

in Figure 3.1. J values for the unknowns can then be read directly off the graph. 

(3.6) 

(3.7) 
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Errors in the J values are taken into account during the calculation of the age of the 

unknowns. Since J values for the unknowns can be obtained by interpolation, the 

measured 40Ar/39Ar ratios of the unknowns can be used to calculate the ages. 

Similarly to the conventional age equation (3.4), Equation 3.10 can be rearranged 

into the 40Ar/39Ar age equation: 

t = 1/X in [(40Ar/39Ar) J +1] 

(3.10) 

After the proper atmospheric and reactor corrections have been made, only the 

40Ar/39Ar ratio is needed in the actual age equation: 

t = 1/X In [40Ar (radiogenic)/39Ar (K-derived) +1] 

(3.11) 

40Ar/39Ar ages, like K-Ar ages, are also dependent on there being no 40Ar present at 

the time of formation. The 40Ar/39Ar method does differ from the K-Ar method in 

that all of the measurements are made on a single sample in a rare gas mass 

spectrometer. Thus, the problems of sample inhomogeneity are eliminated and only 

isotopic ratios, rather than absolute quantities, need to be measured. However, the 

main advantage of the 40Ar/39Ar method over the K-Ar method is that the gas can be 

released in a series of steps of increasing temperature, thus allowing the disturbance 

of the K-Ar system to be evaluated. This type of analysis is known as incremental-

heating or step-heating and is evaluated, along with other methods in Section 3.2.4.. 

This introduction to the 40Ar/39Ar dating technique is very simplistic, in reality there 

are many additional factors that have to be considered when producing an 40Ar/39Ar 

age. These additional factors are covered in the next section. 
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3.2.1 Generation of additional interfering isotopes 

As a result of the irradiation process, a number of other isotopes are produced that 

have to be corrected for before final calculation of the age equation (3.11). During 

analysis of a sample, five isotopes of Ar are measured; 40Ar, 39Ar, 38Ar, 37  A and 

36Ar. The measurement of these isotopes allows for the correction of isotopes 

generated by irradiation of K, Ca, and Cl present in the sample. The most important 

corrections arise from the generation of 39Ar from [42Ca(n,a)39Ar] and of 36  A from 

[40Ca(n,na)36ArJ. The measured 36  A is used to correct for atmospheric 40Ar, so if 

36  A generated during irradiation of Ca is not corrected for, there will be an 

overcorrection for the amount of atmospheric 40Ar resulting in low ages. There is no 

measurable 37Ar(atmos.)  and 37  A is made in very small amounts (0.01%) from 39K 

during irradiation, so that production of this isotope can be assumed to be entirely 

generated from [40Ca(n,0C)37Ar]. It can therefore be used to correct for the relative 

amounts of other isotopes produced by Ca, such as [40Ca(n,n(x)36Ar}. 37Ar, however, 

is radioactive and decays to 37Cl with a half life of 35.1 days requiring an additional 

correction be made for 37  A that has decayed since irradiation. (36Ar/37Ar)ca  and 

(39Ar/37Ar)ca  correction factors are normally determined by measuring the production 

rates of these two isotopes in a pure Ca salt (CaF2) after irradiation. Once the 

generation of 36  A by Ca has been accounted for, the 36  A can be used to determine 

the amount of atmospheric 40Ar. In addition to atmospheric 40Ar, a substantial 

amount of neutron-induced "°Ar can be produced from 40K during irradiation. Like 

the Ca correction factors, the correction factor for the reaction 40K(n,p)40Ar, 

(40Ar/39Ar)K, is determined by measuring the ratios of argon in a synthetic Fe-doped 

K-rich glass. The shielding of samples in cadmium reduces this reaction so much 

that the amount of 40Ar produced from 40K during irradiation is statistically 

indistinguishable from 0 (0.1 % ±0.1 %). All of the reactions described above are 

shown in Table 3.1 and correction factors for K and Ca derived isotopes in the USGS 

TRIGA reactor and the Petten RODEO reactor are shown in Table 3.2. 
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Chlorine isotopes (35C1 and 37C1) can also be activated during neutron irradiation 

resulting in 36Cl and 38C1 (see Table 3.1). These two isotopes of Cl then decay 

through 0 emission to 36  A and 38  A respectively. The monitoring of 38  A during 

analysis allows a rough approximation of the amount of decay from Cl to be made. 

Decay is slow, but in a Cl rich sample, after a year the amount of 36  A produced from 

the decay of Cl can be sufficient to yield a sample age that is in error. Decay of 36C1 

to 36  A is much slower as 38C1 has a much shorter half life. Shielding with cadmium 

can also reduce these effects to a minimum. This Cl correction is more significant 

when using monitor minerals containing Cl, such as MMhb (homblende) and 

GA1550 biotite. In this study, only sanidine monitor minerals were used. 

3.2.2 Flux factor - J 

As mentioned earlier, the flux gradient during an individual irradiation is measured 

using a monitor mineral of known age in a known geometric position relative to the 

unknowns. The two loading schemes used in this study are shown in Figure 3.2. For 

furnace incremental-heating analysis the samples are loaded in copper packets and 

the monitor minerals in aluminium packets. These are then loaded into quartz vials 

with the monitors at regularly spaced intervals. Figure 3.3 shows the position of the 

monitor minerals in irradiation EK33, containing samples from the BTIP discussed 

in the next chapter. The flux factor J can be calculated using Equation 3.9 by 

measuring the 40Ar/39Ar ratio of the standard. Equation 3.9 is repeated below: 

J = (em. 1)! 40Ar/39Ar 

(3.9) 

A graph of J versus height can be plotted (Figure 3.4). From this, the J value of the 

unknowns can be interpolated. As the quality of ages calculated by the 40Ar/39Ar 

method relies heavily on the known age of the monitor mineral it is paramount that 

the right standard is used. The mineral should have a uniform 40  A to 40K ratio, in 
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order to minimise errors related to sample inhomogeneity, and should be available in 

sufficient quantity for use over an extended period to provide continuity. 

Inhomogeneity and gas clean-up are a problem for some biotite and hornblende 

monitors and so two sanidine standards were used during this study. They are the 

USGS standard sanidine from the Taylor Creek rhyolite (85003) at an age of 27.92 

Ma and the Fish Canyon tuff sanidine at 27.61 Ma. These ages are reported relative 

to USGS K-Ar biotite standard SB3 at 162.9 Ma, which corresponds to an age of 

514.0 ±1.1 for the MMhb standard (Pringle, 1992b). Intercalibration of standards is 

a major factor when comparing age dates from different 40Ar/39Ar facilities. Renne 

et al. (1998) have published a list of suggested values for widely used standards, 

such as the Mclure Mountain hornblende (MMhb-1). Their suggested calibration age 

of 523.1 Ma for MMhb means that ages for unknowns between 50 and 65 Ma should 

be multiplied by 1.0203 to bring the standard age into line with the age from Renne 

et al. (1998). However, as the 40Ar/39Ar ages presented in this thesis are all 

internally consistent, it is more important to consider how they relate to the 

geomagnetic time scale. As this is the case, a sample of tektite, used to constrain the 

age of the K-T boundary in the geomagnetic timescales, is analysed as an unknown 

in all of the irradiations containing BTIP samples. All of the ages presented in the 

next chapter are relative to the K-T boundary with an age of 64.813 ±0.030 Ma. This 

age is a weighted mean age of multiple analyses from seven separate tektite aliquots 

dated during the course of this study. The age of 64.81 Ma can be compared to the 

65.00 Ma tie point used for the K-T boundary on the currently accepted time scales 

(Berggren et al., 1995; Cande and Kent, 1995), as opposed to 66.13 Ma if the 

standard value of Renne et al. (1998) is used. 

3.2.3 Gas cleanup and blanks 

Section 3.2.1 dealt with the interfering isotopes produced during irradiation, this 

short section deals with the gases that affect the analysis of the sample. Because of 
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the small quantities of argon present in a sample and the presence of 40Ar in the 

atmosphere, analysis must be carried out under ultra high vacuum. It is important 

that the active gases present in a sample (e.g. hydrogen, oxygen, nitrogen) are 

removed prior to analysis to reduce the pressure scattering effects in the mass 

spectrometer and to prevent oxidation of the filament (McDougal and Harrison, 

1988). To achieve this, after heating the gas is exposed to Zr-Al getters for a clean-

up phase. The getters can be cold or warm; for most of the analyses in this study 

there were two warm getters and one cold. In addition to this, a cold finger (dry ice 

and acetone at - -96 °C) was used when analysing biotite or hornblende to trap the 

water in the sample. 

Background levels of 40Ar are measured by closing off the mass spectrometer for the 

same amount of time as the sample would take to be measured. This is known as a 

blank and these are taken at regular intervals during analysis of a sample. When 

using the furnace for incremental-heating the blanks are also carried out at increasing 

temperature intervals. These blank measurements are used to remove background 

levels of gas from the measured 40Ar/39Ar ratio. 

3.2.4 Methods of analysis 

Two main methods of analysis have been used to obtain the 40Ar/39Ar ages presented 

in this thesis: incremental-heating analysis, and laser total-fusion analysis. Both of 

these methods will be described briefly in the following section and the merits of 

each discussed. In this study, biotite, hornblende and sanidine crystals were analysed 

by laser step-heating and laser total-fusion analysis, whereas the whole rock samples 

were analysed by furnace step-heating. 

3.2.4.1 Incremental-heating analysis. 

Also known as step-heating, incremental-heating analysis can be carried out in a 
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furnace or with a defocused laser beam. Furnace incremental-heating is used on 

whole rock samples or on crushed and sieved size fractions that are then loaded into 

copper packets. Laser incremental-heating can be used on single crystals hand 

picked from an individual sample. Incremental-heating analysis involves the release 

of argon and calculation of the 40Ar/39Ar ratio at progressively hotter temperatures. 

If the sample has been closed to argon and potassium since formation, then the 

40Ar/39Ar ratios of each step, and therefore the age, should be constant. However, if 

radiogenic argon has been lost from some sites after cooling then the 40Ar/39Ar ratio 

of the gas released at different temperatures will vary (Faure, 1986). Figure 3.5 is a 

schematic diagram showing the behaviour of the 40Ar/39Ar ratio in a closed system 

and in a system that has been open since it cooled through the blocking temperature. 

At low temperatures in an open system, the gas released has a low 40Ar/39Ar ratio as 

the argon from these less retentive sites has already been lost. At higher 

temperatures, the 40Ar/39Ar ratio may reach a plateau which corresponds to the age of 

the sample. The incremental-heating technique allows samples that have suffered 

minor amounts of argon loss to be dated, and is widely used for metamorphic rocks 

and altered samples (Pringle, 1993). 

In this study, incremental-heating analysis is used to evaluate crystallisation ages of 

altered samples. Many rocks in the BTIP have suffered low-grade hydrothermal 

alteration and incremental-heating allows us to see through a finite amount of 

alteration. Generally, alteration products contain a much higher amount of 

atmospheric argon than un-altered rocks due to the replacement of high temperature 

phases by low-temperature hydrated minerals rich in atmospheric argon (McDougall 

and Harrison, 1988). The fractionation of 36Ar  trapped in clay minerals can occur 

more efficiently during the pump-down processes than fractionation of 40Ar. This 

means that the 40Ar/36Ar ratio in the sample is greater than in unfractionated 

atmospheric argon. When argon is then extracted from the sample and analysed a 

correction is made assuming a normal atmospheric argon ratio (295.5 ±0.5). If 

fractionation has occurred, the calculated age will be too old. The presence of clay 
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minerals also causes a change in the 40Ar/39Ar ratio. Low temperature phases can be 

altered to clay minerals, zeolites and calcite during hydrothermal alteration common 

in the BTIP. Seidemann (1977) recognised this problem in K-Ar dating, stating that 

because of the loss of radiogenic argon from the alteration products and the addition 

of potassium by submarine weathering, measured ages are commonly too young. 

Even in 40Ar/39Ar dating, during irradiation and before extraction of the argon during 

analysis, significant loss of 39Ar can occur from these alteration products. However, 

argon released at high temperatures should still reflect the original crystallisation age 

of the sample. This loss is due to the poor retention of argon in these alteration 

products and takes place by recoil. The most significant effect of alteration is the 

loss of 40Ar(rad.)  when the crystallisation phase undergoes alteration and 

recrystallisation. 

3.2.4.2 Total-fusion analysis 

Laser total-fusion, in contrast to the incremental-heating technique, releases the gas 

within a sample in one step. Here the sample, consisting of either a single crystal or 

a few crystals, is heated until all of the argon is released and often the crystal melts 

or fuses. The total 40Ar/39Ar ratio of the gas released is then analysed in the same 

way as a single step in the incremental heating process. Laser total-fusion is often 

used on monitor minerals that are known not to have suffered alteration. It is usual 

to step-heat samples (one crystal or many crystals using a CO2  laser) before then 

analysing a larger set by laser total-fusion. 

Laser total-fusion of the samples in this study took approximately 25 minutes per 

sample. A YAG or CO2  laser was applied for up to 5 minutes to fuse the sample, 

followed by 5 or 10 minutes clean-up to the getters and then a further 10 minutes of 

analysis time, during which the extraction line is pumped to clean it. This time is 

comparable to one step in the incremental heating method. This quick analysis time 

is useful as it allows many crystals of one sample to be analysed in a reasonable time. 
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It is often used to identify whether a particular sample contained xenocrysts. 

However, the age is a total-fusion age and is therefore an average age for the total-

gas released. This method of analysis is only used when a sample is shown to have 

an undisturbed age spectrum (via the incremental-heating method). Some of the 

biotite and hornblende mineral separates to be analysed by total-fusion were first 

degassed at —700°C (first red glow) to release argon in the low temperature alteration 

phases. The crystal was then fused in the following step. These two incremental-

heating experiments are labelled as degas and total-fusion experiments in the next 

chapter. Analysis of multiple grains of a sample reduces the likelyhood of 

xenocrystic contamination. 

Errors are reported as one standard deviation or to the 67% confidence level unless 

otherwise stated. All errors reported for the calculation of individual age 

measurements are estimates of the standard deviation of analytical precision. Errors 

derived by use of the relevant age equations include uncertainties in mass 

discrimination, K and Ca correction factors and the half life of 37Ar. An estimate in 

the error of J is also included, and does vary based on the reproducibility of the J 

curve for that particular position within the sample holder, 

3.2.5 Presentation of the results 

There are two main ways to present data from 40Ar/39Ar analysis: age spectrum 

diagrams and isochron plots. This section will describe the main features of each 

plot and the advantages and disadvantages of the respective diagrams. 

3.2.5.1 Age spectrum diagrams 

The most popular way to present incremental heating experiments is on a plateau 

diagram, or age spectrum plot, where the total cumulative 39Ar released in percent is 

the X axis and the apparent age is the Y axis. An age spectrum from the BTIP can be 
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seen in Figure 3.6, where the age is not disturbed by argon loss and with a flat 

plateau age that corresponds to the crystallisation age of the sample. Figure 3.6 

shows a disturbed age spectrum in a sample from the BTIP, where Ar has been lost 

from the low temperature steps resulting in apparent old ages. The 40Ar/39Ar ratio, 

and therefore the age, does reach a plateau at high temperatures (high 39Ar cum %) 

corresponds to the original age of the sample. Early steps in the BTIP experiments 

are disturbed due to relatively low temperature alteration of the sample possibly by 

hydrothermal processes. The degree of alteration depends on whether the sample 

ever reaches a plateau. Criteria for accepting an age as a real estimate of the 

crystallisation age are discussed in Section 3.2.9. In contrast to the K-Ar method, the 

incremental-heating of samples allows the determination of an age that approximates 

to the original cooling age of the sample even after disturbance of the K-Ar system. 

The apparent age is calculated as a weighted mean, where each age step is weighted 

by the inverse of its variance. This allows data with different errors to be combined 

without the poorer data having a disproportionate effect on the result. Variance of a 

weighted mean age is = l/E(l/c 12) where a12 is an estimate of the variance of 

individual increments in age (Taylor, 1982). 

3.2.5.2 Isochron plots/argon-isotope correlation diagrams. 

Both K-Ar dating and 40Ar/39Ar dating require that the measured amount of 40Ar is 

corrected for atmospheric argon contamination. This correction is based on the 

assumption that the contaminant is atmospheric in composition and that the 

atmospheric 40Ar/36Ar ratio is 295.5. If the 40Ar/36Ar ratio of the inherited argon is 

greater than 295.5 then an apparent excess of radiogenic 40Ar will result. If the 

40Ar/36Ar ratio of the inherited argon is less than 295.5 then there will be an apparent 

deficiency in radiogenic 40Ar (Faure, 1986) which is then attributed to partial loss of 

40Ar. This problem may be avoided by use of the isotope correlation diagram 

suggested by Merrihue and Turner (1966), where the 40Ar/36Ar ratio is the Y axis and 
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the 39Ar/36Ar ratio is plotted on the X axis (Figure 3.7). The resulting isochron will 

have a slope which is the 40Ar/39Ar ratio and is related to the age of the sample. The 

intercept on the Y axis (40Ar/36Ar) should be the ratio of the contaminant, or the non-

radiogenic component. In many cases the intercept does not significantly vary from 

the values of 40Ar/ 36Ar(air)  in the atmosphere (295.5). Isochron calculations for both 

40ArI 36Ar(a jr)  vs 39Ar/36Ar and 36Ar/40Ar vs 39Ar/40Ar correlation diagrams use the 

York 2 least-squares cubic fit with correlated errors (York, 1969), and are 

mathematically equivalent if the proper correlation coefficient is used (Dalrymple et 

al., 1988). 

3.2.6 Review of Excess Ar 

The distinction between inherited and excess argon made by Lanphere and 

Dalrymple (1976) is used in this study. Excess argon is incorporated into the rock or 

minerals by processes other than in-situ decay of 40K, whereas inherited argon 

originates within the mineral grains by decay of 40K prior to the rock-forming event. 

Saddle-shaped age spectra in igneous rocks have been attributed to this phenomenon 

(Figure 3.8). Although a saddle-shaped spectrum can indicate the presence of excess 

argon, the age cannot be obtained from the plateau in such diagrams. If excess argon 

can be distributed uniformly throughout the sample the age spectrum technique 

cannot distinguish between inherited 40Ar and that formed by decay after 

crystallisation. However, the isochron plot shows the presence of excess argon by 

having a Y axis intercept higher than the atmospheric ratio (Figure 3.8). 

3.2.7 Effects of Alteration 

The 40Ar/39Ar age spectra, in both single grain and whole rock samples, may be 

disturbed because of the presence of minerals that lose radiogenic argon even at low 

temperatures or are younger than the primary minerals, or both (Faure, 1986). These 

minerals may be the result of thermal metamorphism or low temperature alteration. 



Chapter 3. 40Ar/39Ar Geochronology 	 46 

It is often difficult to separate these minerals from the primary ones. The presence of 

unretentive minerals in irradiated samples accounts for why low dates are often 

obtained for low-temperature fractions of gas released during incremental-heating. 

Lasers can sometimes be used to analyse only the unaltered parts of samples, 

however this was not possible with the relatively fine-grained and low potassium 

whole rock samples analysed here. In this study, the samples were leached in HCl 

prior to irradiation so as to remove some of the low temperature alteration products. 

More details about the sample selection and preparation methods used here can be 

found in Section 3.3. 

3.2.8 Loss of 39Ar by recoil. 

Loss by recoil, as mentioned in Section 3.2.4.1, is a significant problem in 40Ar/39Ar 

dating. In this section, the effects of loss by argon recoil on the age spectrum and 

isochron diagrams are considered. Recoil results from the loss or relocation of the 

39Ar. This occurs as a result of the recoil of the nucleus of 39K caused by the 

emission of a proton during the (n,p) reaction. If the 39Ar lost from the irradiated 

sample is greater than the 40  A loss over geological time, then its 40Ar/39Ar ratio is 

increased, and so the total-release date would be older than its real geologic age. The 

loss of 39Ar from a K-rich mineral occurs from a surface layer on the grain that is 

about 0.08 j.tm thick (Turner and Cadogan, 1975). The effect of recoil is therefore 

dependent on the grain size of the sample. Fine-grained samples, or those where the 

K-phase is highly fractured, will lose a higher proportion of its 39Ar by recoil than 

coarser grained samples. The main argon loss process in igneous rocks is still the 

primary argon loss during alteration and recrystallisation, occurring up to several 

hundred degrees C. 

The effect of recoil on the age spectra is shown in Figure 3.9. The 40Ar/39Ar ratio is 

elevated in the gas released at low temperatures. The magnitude of this effect should 

be inversely proportional to the size of the K-bearing minerals (Faure, 1986). The 
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effect of recoil may be masked at low temperatures by the loss of radiogenic 40  A 

from grain boundaries by diffusion since crystallisation. 

The 39Ar lost from the K-bearing phase by recoil during irradiation may be 

embedded in other phases present in the sample, such as pyroxenes which are usually 

more retentive of argon than K feldspar or mica. This means that at higher 

temperatures the argon released may have low 40Ar/39Ar ratios as the more retentive 

pyroxenes release the argon trapped in their structure during irradiation. This effect 

was considered to have caused a decrease in the 40Ar/39Ar ratio of some lunar 

samples at high temperatures (Turner and Cadogan, 1975). If the redistribution of 

the argon is internal then the total gas age is the best estimate of the age of the 

sample. If recoil has resulted in 39Ar loss, the age will plot above the true isochron. 

If 40Ar loss is greater than 39Ar loss, or if the implanted 39Ar is greater than 39Ar 

recoil loss, then the step will plot below the isochron. 

3.2.9 Criteria used to evaluate the acceptance of an 40Ar/39Ar age 

The 40Ar/39Ar age dates presented in the next chapter are only accepted as estimates 

of the true crystallisation age of a sample (single crystal or whole rock) if they meet 

the rigorous criteria of Singer and Pringle (1996) and Pringle (1992a) listed below. 

A well defined high temperature age spectrum plateau is formed by at least three 

concordant, contiguous steps representing at least 50% of the 39Ar released. 

Concordance of the plateau steps is tested using the MSWD. This is a F-ratio 

statistic with n-i degrees of freedom. 

2. A well defined isochron exists for the plateau points. The York 2 fit variance 

statistic, (York, 1969) SUMS/N-2 must be small at the 95 % confidence level. 

3. The plateau and isochron ages are concordant to the 95% confidence level. 
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4. The isochron 40Ar/36Ar intercept is not significantly different from the 

atmospheric composition of 295.5 at the 95% confidence level. 

All experiments carried out as part of this study are presented in the next chapter. 

Any ages that failed any of these criteria are shown in the results table in italics. All 

ages are calculated using both age spectrum and isochron analysis. 

3.2.10 When to use an age spectrum or isochron plot 

A number of factors must be considered when choosing either the age spectrum or 

isochron age. Figure 3.10 is a flow chart which summarises the decision making 

process using the four criteria described above. The age spectrum is used if there is a 

concordant plateau and the isochron age corresponds to the apparent plateau age. 

The only time an isochron age is used in this scenario is if the MSWD is significantly 

larger than the SUMS/N-2. These two statistical tests evaluate the concordance of 

the data. If there is not a concordant plateau then the flow chart leads through a list 

of questions. If the plateau forms a 'u' shape, excess argon is the most likely cause 

and so the isochron age should be used as the age spectrum age may be too old. 

Excess argon is also usually the reason why isochron plots have high non- 

atmospheric intercepts, but the isochron is still usually the best estimate of the age of 

the sample as it takes into account the non-atmospheric component. The age plateau 

assumes that the isochron intercept is at the atmospheric ratio of 295.5. 

Argon loss is the most common feature in altered samples and commonly results in 

young ages for the low temperature steps. If loss is not significant (i.e. the plateau 

still contains 50% of the 39Ar released) then the plateau age is used. If loss is more 

significant, then the isochron age should be used. If the loss is a result of argon 

recoil (stepwise decreasing pattern), then the isochron age should be used unless a 

pseudo plateau is reached at middle temperatures. If the isochron is concordant, 

implying that redistribution of the argon was internal, then the total gas age is the 

best estimate of the age of the sample. 
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The age of the samples dated using the 40Ar/39Ar technique in this study have been 

evaluated using the criteria detailed in the previous section and the flow chart shown 

in Figure 3.10. 

3.3 Sample selection and preparation methodology. 

When selecting samples for 40Ar/39Ar dating, it is important to consider where the 

potassium resides in the sample, and to what extent those phases are altered. Bulk 

chemistry is also important, as tholeiitic basalts can be altered with respect to the K-

Ar system before any visible alteration products are apparent (Pringle, 1993). In 

more alkaline basalts, the K may be more firmly held in the rock reducing the 

disturbance to the K-Ar system. The following categories are taken from Pringle 

(1992a) and have been used to grade and then select the samples that were dated by 

40Ar/39Ar technique during the course of this work. 

Excellent (E): Sample meets the usual selection criteria for conventional K-Ar dating 

of whole rock samples. No visible signs of alteration, holocrystalline 

groundmass, potassium evenly distributed within more than one crystal phase 

(rather than concentrated in very fine-grained groundmass phases and/or 

phenocryst rims), etc. 

Good (G): Sample has only limited signs of alteration, principally confined to non-

potassium-bearing phases such as olivine, less than 5% groundmass clay, and 

less than 1% glass. 

Fair (F): Sample has 5-15% clay and other alteration products, including less than 

5% glass in the groundmass. 

Marginal (M): Sample has up to 25% groundmass clay and glass, must have 

originally have been more potassic than typical tholeiitic basalts. 
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Glass in basaltic samples is avoided because glass is prone to losing radiogenic 40Ar 

and when it is devitrified the glass can give a plateau age that is younger than the 

crystallisation age of the sample (Fleck et al., 1977). Examples of a glass giving a 

meaningful and undisturbed age and a glass giving a false age can be found in 

Chapter 4. 

3.3.1 Selection of samples from the BTIP. 

40Ar/39Ar techniques are used in this study to constrain the timing of magmatism in 

the individual igneous centres of the BTIP with one comprehensive and internally 

consistent set of ages. Additional ages would be used, wherever possible, to pinpoint 

the timing of stratigraphic changes in ANb. Initially, samples from the base, middle 

and top of plateau lava successions were studied using thin sections and graded 

according to the scheme of Pringle (1992a). In addition, samples from the end of 

igneous activity in each centre were selected, as well as any suitable sample with 

normal magnetic polarity. If a normal polarity event can be dated, then it would also 

constrain the reversals before and after it. A total of 100 samples were selected, 

prepared and irradiated for 40Ar/39Ar analysis. Not all of the samples were measured, 

but some were held in reserve in case some of the 'better' samples did not yield 

meaningful geologic ages. Tuff, obsidian and rhyolite samples containing sanidine 

were used, as were biotite and hornblende crystals from gabbros and granites, 

however the majority of the BTIP samples were prepared whole rock samples from 

the lava and dyke successions. As stated ealier, biotite, hornblende and sanidine 

crystals were analysed by laser incremental-heating and laser total-fusion analysis, 

whereas the whole rock samples were analysed by furnace incremental-heating. 

After grading the whole rock samples, the freshest from each of the various 

stratigraphic positions were selected. These samples were then sorted according to 

the type of sample to be analysed. If a sample was fresh and was graded 

Excellent/Good using the classification scheme of Pringle (1992a), then a whole rock 
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mini-core was analysed. However, many of the BT]P samples were only graded 

Good/Fair or Fair/Good indicating a small but significant amount of alteration and 

glass. 

After analysis of the first batch of samples, a subset of analysed samples were 

examined using the scanning electron microscope (SEM) in Edinburgh. Samples 

that yielded good concordant ages, as well as those that yielded discordant ages, were 

scanned for K and other elements (Figures 3.11 and 3.12). Samples that were dated 

successfully hold the K within the main crystal phases, however the samples that do 

not yield concordant ages have more K located at the grain boundaries. These latter 

relatively K-rich phases are most likely fine scale alteration products that are not 

visible using an optical microscope. This method of element scanning using the 

SEM was used to select samples for the remaining irradiations. 

3.3.2 Sample preparation 

Whole rock samples suitable for whole rock analysis were prepared by drilling a 5 

mm diameter 1-2 mm thick mini-cores weighing 100-150 mg, depending upon the K-

content. After cleaning ultrasonically in acetone, the cores were labelled and loaded 

directly into quartz vials. 

Whole rock samples with more alteration (good to fair) were crushed and sieved for 

acid cleaning. For most samples, the 250-500 tm fraction was used. For finer 

grained samples, or those with significantly more alteration, the 106-250 .tm fraction 

was chosen. In addition to this, felsic concentrates (non-magnetic using a Franz 

magnetic separator) were used from the 106-250 j.m fraction. 

As discussed in Section 3.2.7, glass and fine grained alteration products can affect 

the quality of the final 40Ar/39Ar age. The grain sizes used here are still greater than 

that where recoil becomes significant. Acid leaching is more effective at smaller 
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grain sizes, due to the larger surface area relative to volume. All of the size fractions 

were leached in warm (-50°C) 6M HC1 for 20 minutes on a magnetic stirrer to help 

remove low temperature alteration products. The samples were then rinsed in de-

ionised water, placed in an ultrasonic bath for 15 minutes, rinsed again, and dried. 

The cleaned samples were then loaded into copper packets and weighed before being 

loaded into quartz vials. 

Mineral separates were prepared by crushing and sieving into an appropriate size 

fraction (>1 mm, 500jtm-1 mm, 250-500j.im, 106-250pm and <106pm). The 

samples were then washed until clean in de-ionised water. To aid the hand-picking 

process, each sample was passed through a magnetic separator to concentrate the 

biotite, hornblende or sanidine. Sanidine from two Muck Tuffs (see appendix for 

details), the Sgurr of Eigg pitchstone and the Loch Ba ring dyke, Mull, were then 

leached in 6M HC1 as with the whole rock samples. The Muck tuff samples and the 

Loch Ba ring dyke sample were also leached in 1M BF to remove any last remaining 

oxidised groundmass. For the Muck tuff samples, heavy liquids were used to remove 

any quartz in the sample. Each mineral separate was then hand-picked to select only 

the freshest crystals which were then loaded into copper pans or copper packets 

ready for irradiation (Figure 3.13). 

3.4 Calculation of J and irradiation conditions 

The next section summarises the irradiation conditions and the final calculation of 

the J curves. There were four different irradiations of samples from the BTIP over 

three years. Each irradiation was selected, prepared and loaded at SUERC, East 

Kilbride. Each irradiation is discussed in detail, including the calculation of the 

neutron flux monitor (J) curves. 
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3.4.1 Irradiation EK29 

A total of 20 samples from Muck, Mull and Antrim were selected for this irradiation 

sent in 1997 to the Cd-lined CLICIT facility at the Oregon State University TRIGA 

reactor, USA. The samples were irradiated for eight hours and the sample canister 

was flipped during irradiation to reduce the vertical gradient in J. Subsequent 

analysis of the sanidine monitors by laser total-fusion using a YAG laser generated 

the J curve shown in Figure 3.14. A sample list can be found in Appendix B. 

All of the samples included in this irradiation were leached, loaded into copper 

packets and stacked then into quartz vials with monitor minerals at 20 mm intervals, 

apart form the Muck sanidines. These samples were loaded into 8 mm Al packets 

and loaded into a 12 mm quartz vial so that more of the sample could be irradiated. 

After irradiation, the Muck sanidine samples were unloaded from the packets and 

hand-picked into copper pans for laser total-fusion analysis, whereas all of the other 

samples were loaded into the glass Christmas tree for furnace incremental-heating 

analysis during the Spring of 1998. 

3.4.2 Irradiation EK33 

Containing 65 samples, EK33 was the largest of the irradiations sent as part of this 

study. This irradiation was sent to the CLICIT facility of the Oregon State TRIGA 

reactor. At the halfway point in the irradiation the sample canister was flipped to 

minimise the vertical gradient in J. The samples were irradiated for a total of 16 

hours in January 1999. Irradiation EK33 contained samples from Rum, Skye, Eigg, 

Muck and Antrim. A full sample list can be found in Appendix B. Samples from 

vials A and C of this irradiation have been analysed as part of this study and the J 

curve used to calculated the ages is shown in Figure 3.15. All the samples were 

analysed using the furnace except the J curve monitor minerals which were analysed 

using a CO2  laser. 
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3.2.3 Irradiation EK35 

This irradiation consisted of stacked copper pans loaded with hand-picked individual 

mineral grains from granite, obsidian, pitchstone and rhyolite samples from Antrim, 

Eigg and Skye. These crystals were then analysed using a CO2  laser for both 

incremental-heating and total-fusion analysis between January and July 1999. A full 

sample list can be found in Appendix B. EK35 was irradiated for three hours in the 

new poolside Cd-lined RODEO facility at the 45 MW EU commission Hi-flux 

reactor at Petten, The Netherlands. The Petten facility rotates the sample canister 

during irradiation so as to reduce the horizontal flux gradient. Subsequent analysis 

of the sanidine monitor minerals should have resulted in a small variation in J from 

the outer ring of monitor minerals into the centre, due to the small variation in 

horizontal flux gradient across the 3 cm diameter pan. However, using the outer ring 

of monitor minerals a gradient across the copper pan was found (Figure 3.16). This 

indicates that either the sample canister was tilted during irradiation or the facility 

did not rotate. This gradient in J was found to significantly affect the results of the 

unknowns. Figure 3.17 also shows that there is a significant change in J values from 

the outer ring to the centre hole. This can be attributed to shielding of the centre hole 

by the surrounding copper. In three dimensions this effect can be seen as a 

parabaloid. The tilting of this parabaloid is due to the non-rotation or tilting of the 

sample canister (Figure 3.18). The next irradiation (EK37) also showed this gradient 

from centre hole and the outer ring of monitor minerals, but it was not as 

significantly tilted. Because of this we attribute the tilting to non-rotation of the 

samples during irradiation, but the parabaloid to shielding effects of the copper pans. 

Usually calculation of the J value for the pan would be achieved by averaging the 

values from the outer ring of monitor minerals and maybe some from the centre hole. 

The shielding effects of the copper means that this outer ring of monitors (sample 

positions a-h) were shielded less than the samples and so using an average J for the 

pan is not satisfactory. Titling of the pans or non-rotation is a less significant 
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problem. 

The tilting effect is not consistent in direction from pan to pan, this is highly 

improbable because the pans were connected together by wire during irradiation. 

Thus it is presumed that the facility did rotate intermittently during irradiation, 

causing this inconstancy in tilt direction. Using a J value based on the two nearest 

monitor minerals did not resolve differences in age for the same sample, for example 

the K-T tektite in pan A. It was decided that the most consistent way to estimate J 

values for the unknowns was to correct for tilt by assuming rotation. This means that 

the only variable in J is then from the shielding effects of the copper pan resulting in 

the parabaloid shape (Figure 3.18). This correction for tilt was made by using the 

intercept on a plane regressed through the outer ring of (a-h) standards. The point of 

interception is also the average value and so making the value of J the value for the 

outer pan made the plane flat (Figure 3.19). The centre hole data was then added to 

the plot and the parabaloid re-regressed through the data (Figure 3.20). The 

regression through the standards data (parabaloid regression) gives an equation 

which can be solved for X and Y co-ordinates in the pan. This means that every 

sample in the pan has its own J value, which accounts for the shielding effect. This 

method of calculating J values, and therefore the age of the unknowns, appeared to 

reduce discrepancy in ages of different grains of the same sample. Because of the tilt 

in the J curve parabola a larger error in J was added into the calculation of the final 

age (0.5 % versus 0.2-0.3 %, as used in the other irradiations). 

3.4.4 Irradiation EK37 

This irradiation contained stratigraphically important samples from the BTTP that 

were positioned in the centre holes (hole 18) of the copper pans and alternated with 

monitor minerals. Additional samples from Eigg and Muck were included, as were 

crystals from a basal Mull tuff and some of the freshest looking crystals from the 

Loch Ba ring dyke. As the samples were positioned in the centre hole of the pan, the 
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J curve was calculated using Figure 3.21 where a straight line was drawn between the 

standards above and below the pan containing the sample. EK37 was irradiated at 

the Petten RODEO facility for six hours and analysed in East Kilbride by laser total-

fusion during June 1999. As mentioned in the previous section, EK37 also showed 

evidence of shielding by the copper pans as the outer standards have higher J values 

than those in the centre pan. This irradiation did not show the tilting of the 

parabaloid seen in EK35. 

3.5 Experiment Numbers 

Experiment numbers are used in the next chapter. Table 3.3 shows how the 

experiment number denotes the year of analysis and the type of experiment. Map 1 

is an original Map 215 rare-gas mass spectrometer, which has been upgraded by the 

addition of an adjustable slit and ESF (electrostatic filter). Map 2 is a MAP 215-50 

rare gas mass spectrometer. Temperatures during laser incremental-heating and 

furnace incremental-heating are presented as percentage power. The percentage 

power values on the furnace experiments can be converted to temperature using the 

following equation: 

Temperature °C = 674.91 *ln(power).  1238.3 

(3.12) 

3.6 Summary 

This chapter has introduced the main components of 40Ar/39Ar dating; further details 

of the technique can be found in McDougall and Harrison (1988) and Faure (1986). 

Recent re-dating of many large igneous provinces (LIPs) show that they are very 

short lived in duration (e.g. Marsh et al., 1997). Existing age determinations for the 

BTIP and other LIPs cannot often resolve such short periods of time. This is either 

because of a lack of samples suitable for dating or a wide range in the quality and 
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techniques used in the existing data set. The 40Ar/39Ar dating technique, by both 

incremental-heating and laser total-fusion, offers the best way of constraining the age 

and duration of the BTIP as it enables a view through the minor amounts of 

hydrothermal alteration seen in these rocks. Leaching of the samples prior to 

irradiation should also improve the quality of the ages produced in this study. 



Chapter 4 

40Ar/39Ar Geochronology: Results from the British Tertiary 

All of the new 40Ar/39Ar ages obtained as part of this work are presented in this 

chapter. The results are discussed by geographic location rather than by irradiation or 

analytical order. At the end of each section there is a summary of the main ages for 

that particular igneous centre. As discussed in Chapter 2, existing 40Ar/39Ar ages for 

the BTIP have not been able to constrain the timing and duration of each igneous 

centre. The new ages presented in this chapter add a total of 36 new internally 

consistent 40Ar/39Ar ages for the BTIP to the existing data set based on analysis of 

over 55 different samples. In the past, samples from the BTIP have proved 

problematic to date due to varying degrees of hydrothermal alteration (Mussett, 

1986). Some stratigraphically significant samples that have been successfully dated 

by other workers are repeated here to make this consistent data set as comprehensive 

as possible. This chapter ends with a summary table of the 40Ar/39Ar ages that will be 

used in the remainder of this thesis. 

This geochronological study of the BTIP aims to constrain the duration of 

magmatism in each igneous centre. The formation of all of the igneous centres in the 

BTIP follow a basic pattern: (1) fissure-fed plateau lavas flow over the existing 

landscape, often forming thick plateau lava successions, (2) these lava flows then 

give way to the formation of central complexes, and (3) finally the whole area is cut 

by crosscutting dykes. The geochemical part of this study uses only the mafic rocks 

of the BTIP, which occur intermittently throughout the formation of each centre as 

either lava flows, cone sheets, ring dykes or dykes from the regional swarm. Some 

of these mafic rocks were found to be too altered to date by the 40Ar/39Ar technique, 

and so biotite and hornblende crystals were analysed from the granites and 
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granoph yres that stratigraphically constrain the mafic sequences. 

Each section in this chapter briefly describes the stratigraphy of the area, with 

reference to sample selection, and then presents and discusses each 40Ar/39Ar age. 

Full details of each experiment can be found in Appendix B. Errors for each age are 

presented as 1, or the 67% confidence level, unless otherwise stated. In contrast, 

each age spectrum plots the apparent age ± 2 against cumulative 39Ar%. Each 

40Ar/39Ar age is accepted fully only if it fulfils the criteria discussed in the previous 

chapter and summarised again below. 

A well defined high temperature age spectrum plateau is formed by at least three 

concordant, contiguous steps representing at least 50% of the 39  A released. 

A well defined isochron exists for the plateau points. 

The plateau and isochron ages are concordant 

The isochron 40Ar/36Ar intercept is not significantly different from the 

atmospheric composition. 

Ages that failed any of these criteria are shown in the appropriate results table in 

italics. The flow chart used to evaluate the age-spectrum and isochron plots is 

included again here as Figure 4.1. Arrows are used on the age spectrum plots to 

indicate the steps included in the apparent age plateau. Open circles on an isochron 

plot indicate which steps were not on the apparent age plateau and therefore not 

included in the isochron calculation. 

4.1 The Small Isles 

The Small Isles comprise the islands of Rum, Muck, Eigg, Canna and Sanday. The 
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Tertiary succession of the Small Isles can be simplified into four main stages; (1) the 

plateau lavas of the Eigg Lava Formation, (2) the development of the Rum central 

complex, (3) uplift and erosion of the central complex, and (4) the plateau lavas of 

the Canna Lava Formation. Basalt samples older and younger than the Rum central 

complex were selected for dating. The granites on Rum are mostly hydrothermally 

altered, but two did contain biotite and homblende that was fresh enough after hand 

picking for the 40Ar/39Ar technique. The Eigg Lava Formation, found in Muck, Eigg 

and SW Rum, can be best dated using an interbedded sanidine bearing tuff described 

in Emeleus et al. (1996). Sanidines from two of these tuffs were dated by Pearson et 

al. (1996) giving 40Ar/39Ar ages of 62.8 ± 0.6 Ma and 62.4 ± 0.6 Ma. These two 

tuffs were resampled and re-dated as part of this study. The results and the 

implications of these ages can be found in Chambers and Pringle (submitted a). All 

of the results presented here for the Small Isles can be found in Table 4.1 and the 

location of the samples is shown in Figure 4.2. 

4.1.2 Muck and Eigg (The Eigg Lava Formation) 

The lava flows found on Eigg and Muck have suffered low-grade alteration like the 

majority of the BTIP (Mussett, 1986). However, towards the base of the succession 

in Muck, sanidine-bearing tuff horizons can be found interbedded with the lava 

flows. Two of these tuffs were sampled (MT2 and MT3) and the sanidine separated 

for single crystal laser total-fusion and incremental-heating analysis. Initial analysis 

of these two samples by laser total-fusion gave isochron ages of 60.63 ±0.17 Ma and 

60.47 ±0.18 Ma respectively, and later repeats gave ages of 60.92 ±0.4 Ma and 60.52 

±0.22 Ma (Figure 4.3). Further samples of the two tuffs were analysed by laser 

incremental-heating to check for any alteration, as the isochron ages for these 

experiments were significantly younger than the Pearson et al. (1996) ages. All 

experiments reached concordant age spectra and isochrons, so these step-heating 

experiments have been combined to give weighted mean ages of 60.60 ±0.11 Ma for 

MT2 and 60.42 ±0.09 Ma for MT3 (Figure 4.4), which lends further weight to the 
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earlier isochron ages. A further 13 sanidines from MT2 were analysed by degassing 

and laser total-fusion giving an isochron age of 60.48 ±0.2 Ma. A combination of all 

of these incremental-heating and total-fusion experiments on 42 crystals from Muck 

Tuff 2 and 31 crystals from Muck Tuff 3 yielded weighted mean ages of 60.65 ±0.07 

Ma and 60.44 ±0.07 Ma respectively. All of these experiments are detailed in Table 

4.1. 

Two plateau lava samples from Muck and Eigg were analysed by whole rock furnace 

incremental-heating. Sample T752 is a lava from Muck, and sample T908 is a lava 

from Eigg (Dagley and Mussett, 1986). Sample T752 gave a discordant age 

spectrum, and the isochron plot showed the presence of excess argon (non 

atmospheric 40Ar/ 36Ar(a jr)  intercept), therefore the isochron age of 59.12 ±2.41 Ma 

(Figure 4.5a) can be used as the best age estimate for this sample. This age is not 

distinguishable from the two Muck tuff ages, which occur at lower stratigraphic 

levels. Sample T908, from Eigg, forms a plateau containing 64.90% of the total 39Ar 

released, with low temperature steps showing the characteristic young ages 

associated with argon loss (Figure 4.5b). The plateau age of 59.78 ±0.25 Ma for 

T908 is used as a best age estimate for the lava flows on Eigg. This age for the Eigg 

lavas is reinforced by the new age for the Sgurr of Eigg pitchstone (Chambers and 

Pringle, submitted a) and discussed in the next section. A dyke from Camas Mor, 

Muck, (MKD1) was analysed and gave an apparent pseudo-plateau age of 66.04 

±0.83 Ma. This age is old due to excess argon (high 40Ar/ 36Ar(ajr)  intercept) in the 

sample and the age spectrum shows the characteristic saddle shape associated with 

excess argon. The isochron age of 58.58 ±1.59 Ma (Figure 4.5c) is used as an 

estimate of the real crystallisation age for this sample. 

4.1.2 The Sgurr of Eigg Pitchstone 

Eight sanidines from the Sgurr of Eigg pitchstone were analysed by single crystal 

laser incremental-heating. All eight have concordant age spectra and isochron plots 
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(four examples shown in Figure 4.6). A further 17 sanidines were analysed by single 

crystal laser degassing and total-fusion (16 of 17 used). Averaging the results from 

all 24 sanidine crystals gives a weighted mean age of 58.72 ±0.07 Ma with an 

MSWD of 1.72. Details of all of these experiments can be found in Table 4.1. 

The glass groundmass from the Sgurr of Eigg pitchstone was also analysed and gave 

anomalously young ages compared to the sanidine (Figure 4.7). Age spectra for the 

two glass samples did not reach apparent age plateaus and both isochrons had 

geologically unreasonable intercepts. The total fusion ages of 46.05 ±0.17 Ma 

(experiment 1615066) and 48.36 ± 0.18 Ma (experiment 1c9f5079) provide the best 

estimate of the age of this sample. The significantly younger weighted mean age of 

47.15 ±0.12 Ma for the glass, when compared to the sanidine, could represent the 

devitrification age of the sample. 

4.1.3 The Rum Central Complex 

Biotite and hornblende from two granites in Rum (SR475 and SR539) were analysed 

by laser incremental-heating and laser total-fusion as part of this study. Two 

separate hornblende crystals from sample SR539 were step-heated using the CO2  

laser, which produced the two decreasing apparent age spectra associated with argon 

recoil shown in Figure 4.8. The apparent plateau age of 61.32 ±0.4 Ma of 

experiment 1c9f51 19 (Figure 4.8) does contain 50.35% of the 39Ar released, but the 

true age of the sample may only be represented by the last step on the plateau. The 

second sample (1c915 120) reached an apparent age plateau at 60.80 ±0.53 Ma 

containing only 44.88% of the 39Ar released. A series of degassing steps and total-

fusion experiments on additional biotites from SR539 yielded a discordant plateau 

and isochron, neither of which gave meaningful ages. The two hornblende 

incremental-heating ages can be combined to give a weighted mean age of 61.13 

±0.32 Ma. 
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The other western granite, SR475, was analysed by the degassing and total-fusion 

method. Two biotites gave a weighted mean age of 60.01 ±0.45 Ma (Figure 4.9). 

This age is preferred to the weighted mean age of SR539, as the weighted mean age 

and the isochron for SR475 cannot be distinguished and both are concordant (low 

MSWD and SUMS/N-2). This is in direct contrast to the step-heating experiments 

on hornblende from SR539, where the plateau and isochron ages are significantly 

different. 

4.1.4 Canna Lava Formation 

Two more samples from the Small Isles were dated by furnace incremental-heating, 

SR252 from Canna, and SR215 from Orval in Rum. Both of these samples are lava 

flows that formed after the formation and erosion of the Rum central complex. 

SR252 formed an apparent age plateau (Figure 4.10), containing 83.81% of the 39Ar 

released, at an age of 59.98 ±0.24 Ma, which cannot be distinguished from the 

isochron age. 

The age spectrum for sample SR215 shows a saddle shaped age spectrum (Figure 

4.10) indicative of excess argon, but also had an atmospheric intercept on the 

isochron (323.10 ± 133.36). The apparent age plateau contains 54.47% of the total 

39 Ar released at an age of 60.54 ±0.21 Ma. The plateau age cannot be distinguished 

from the isochron age, but the isochron age takes into account the possible presence 

of excess argon, and so the isochron age of 60.28 ±0.82 Ma is used for this sample. 

4.1.5 Summary for the Small Isles 

Analysis of the two sanidine-bearing tuffs from Muck allows accurate dating of the 

early part of the Eigg Lava Formation. Weighted mean ages of 60.65 ±0.07 Ma 

(MT2) and 60.44 ±0.07 Ma (MT3) are the oldest ages obtained for the Eigg Lava 

Formation. Two lava flows strati graphically above the tuffs dated by furnace 

incremental-heating have ages of 58.78 ±0.25 Ma (T908, Eigg) and 59.12 ± 2.41 Ma 
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(T752, Muck). The Muck age is a best estimate due to the presence of excess argon 

in the sample. The final flow in Eigg, the Sgurr of Eigg pitchstone, had a weighted 

mean sanidine age of 58.72 ±0.07 Ma and a weighted mean glass age of 47.14 ±0.12 

Ma. The Sgurr of Eigg pitchstone flowed over an eroded surface of lava flows 

(Emeleus and Gyopari, 1992) and so the earlier flows of the Eigg Lava Formation 

formed rapidly at around 60.5 Ma with the pitchstone occurring 1.93 ±0.1 m.y. later, 

after a period of erosion. 

The Rum central complex is dated via a biotite age for the western granite (SR475) 

of 60.01 ±0.45 Ma. The subsequent Canna Lava Formation was constrained by the 

dating of two lava flows. One, SR215 gave an isochron age of 60.28 ±0.82 Ma, and 

the second, SR252, gave a plateau age of 59.98 ±0.24 Ma. A weighted mean age for 

these two lava flows of 60.00 ±0.23 with an MSWD of 2.9 can be used. This 

weighted mean age for the Canna Lava Formation cannot be distinguished from the 

age for the Rum central complex. 

The oldest age for the Small Isles is from sample MT2 (60.65 ±0.07 Ma) and the 

youngest (not including the Sgurr of Eigg at 58.72 ±0.07 Ma) is sample SR252 at 

59.98 ±0.24 Ma. The duration of formation of the Small Isles is therefore 0.67 ±0.25 

m.y. This is a very short time to produce the lava formations, the central complex 

and erosion of the central complex before subsequent plateau lava formation. This 

will be discussed further in the next chapter. The Sgurr of Eigg pitchstone was 

extruded later after erosion of the existing Eigg Lava Formation at 58.72 ±0.07 Ma. 

4.2 Skye 

Skye is the largest of all of the individual igneous centres in the BTIP, comprising a 

thick plateau lava succession and four central complexes. The four central 

complexes in stratigraphic order are the Cuillins Centre, the Strath na Creitheach 
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Centre, the Western Redhills and the Eastern Redhills. A more detailed discussion of 

the stratigraphy of Skye can be found in Chapter 5. Figure 4.11 is a simplified 

geological map showing the location of the four centres and the lavas, dykes and 

granites sampled in this work. 

Since the geochemical focus of this project is concerned with the extensive plateau 

lava succession, the majority of the samples for 40Ar/39Ar dating were selected from 

here. Few samples from the plateau lava succession in Skye had yielded meaningful 

ages before (Dagley et al., 1990), so the biotites and hornblendes from the granites 

were dated as well as the basalts as they were likely to give reliable ages. The 

following section presents the 40Ar/39Ar ages for the plateau lava succession, the 

cross cutting dykes and granites from Skye. The results from Skye are summarised 

in Table 4.2. 

4.2.1 Plateau lava succession 

Five samples from the plateau lava succession in Skye were selected as being 

suitable for 40Ar/39Ar dating. They were all from approximately two thirds up the 

lava pile where the majority of lava flows are hawaiites and mugearites. This meant 

that they were higher in K (high-K plagioclase and K- feldspar in groundmass), 

which is an added advantage in 40Ar/39Ar dating. Williamson and Bell (1994) 

collected three of these samples (SK numbers), and the author collected the other 

two, from Bracadale in Skye (SB numbers). Exact flow by flow correlation cannot 

be made between these sets of samples, other than they occur at approximately the 

same stratigraphic level within the lava sequence. Additional samples from lower 

down in the stratigraphy were irradiated but are not yet analysed. Dykes that cross-

cut the SB samples (SD numbers) have also been collected and analysed. 

Sample SK137 is stratigraphically the lowest of three samples collected by 

Williamson and Bell (1994), and gave an apparent plateau age of 61.33 ±0.88 Ma 
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with the plateau containing 65.85% of the 39Ar released (Figure 4.12a). The plateau 

age is indistinguishable from the isochron age, and so the plateau age is used for this 

sample. 

Two flows above SK137 is sample SK139 which gave a plateau age of 60.31 ±0.28 

Ma containing 79.41% of the 39Ar released. The plateau and isochron ages are 

indistinguishable from each other, and therefore the plateau age is used (Figure 

4.12b). Sample SK167 is below the Preshal More lava flow in Talisker Bay. The 

SK167 age spectrum shows the characteristic step pattern from argon recoil, but a 

pseudo-plateau is reached containing 77.25% of the total 39Ar released, at an age of 

60.45 ±0.21 Ma (Figure 4.12c). 

SB3, from Bracadale in Skye, yielded an age spectrum which reaches a plateau in the 

middle temperature range that contains 77.53% of the 39Ar released. This 

corresponds to plateau age of 59.41 ±0.20 Ma for this sample (Figure 4.13). Sample 

SB 10, also from Bracadale, reaches an apparent age plateau containing 43.61% of 

the 39Ar released at an age of 60.41 ± 0.20 Ma (Figure 4.13). As the pseudo-plateau 

contains less than 50% of the total 39Ar released, the isochron age of 60.27 ± 0.38 Ma 

is used for this sample. All of the lava flows from Skye have been combined to give 

a weighted mean age of 59.83 ±0.12 Ma with an MSWD of 2.9. 

4.2.2 Dykes 

Two dykes that crosscut the plateau lava succession were sampled in a road cutting 

to the north of Loch Eynort. The first dyke, SD3, shows the decreasing apparent age 

spectrum associated with argon recoil, but a middle temperature plateau gives an age 

of 59.33 ±0.28 Ma containing 59.83% of the 39  Ar released. This age is 

indistinguishable from the 59.69 ±0.13 Ma isochron age for this sample. The second 

dyke, SDI, also shows the characteristic age spectrum for a sample with argon recoil, 
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reflected in the decreasing stepwise pattern of both the K/Ca and the apparent age. 

The middle temperature pseudo-plateau containing 62.15% of the 39Ar gives an age 

of 59.14 ±0.20 Ma. The age spectra for these experiments are shown in Figure 4.14. 

The two dyke ages have been combined to give a weighted mean age of 59.20 ±0.16 

Ma with an MSWD of 0.3. 

4.2.3 Granites 

Six granites from Skye contained biotite or homblende grains that were suitable for 

single crystal 40Ar/39Ar dating. From oldest to youngest these granites are, the Rudha 

Stac granite, the Glamaig granite, the Loch Ainort granite, the Marsco granite, the 

Glas Bheinn Mhor granite and the Beinn an Dubhaich granite. These granites will be 

discussed in turn from oldest to youngest. 

4.2.3.1 Rudha Stac Granite 

A single riebeckite was analysed in a three step laser incremental-heating experiment 

and the resulting age spectrum is shown in Figure 4.15. The first step was degassing 

the low temperature alteration and the remaining two steps formed an apparent age 

plateau containing 72.41% of the 39  A released, at an age of 57.97 ±0.68 Ma. The 

isochron age was 58.12 ±2.23 Ma which is not distinguishable from the plateau age. 

As the incremental-heating experiment showed most of the alteration could be 

eliminated by heating the crystal to first red colour or -730°C, so the remaining 

crystals were analysed by degassing to -730°C followed by a total-fusion step. Eight 

crystals were heated to first red and the gas analysed as the first step in Figure 4.15. 

The remaining steps are individual crystal total-fusions. This gives a weighted mean 

age of 57.09 ±0.34 Ma and an isochron age of 56.46 ±0.53 Ma. A weighted mean 

age, combining both experiments, for this granite is 57.51 ±0.21 Ma with an MSWD 

of 0.51. 
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4.2.3.2 Glamaig Granite 

A single arfvedsonite crystal was analysed by step-heating and reached a plateau at 

60.54 ±0.65 Ma containing 62.36 % of the 39  A released. The isochron was 

concordant and not distinguishable from the plateau age. In addition to step-heating, 

six crystals were analysed by the degassing and total-fusion method. This resulted in 

an old age for both the age spectrum and the isochron plots and also high MSWD 

and SUMS/N-2 values indicating disturbance to the system. This is probably due to 

the degassing step not removing the alteration in every crystal. Slight amounts of 

excess argon can also be seen in these samples (40Ar/ 36Ar(ajr)  intercept of 359.37 

±29.62). The best age of the granite is taken as the single crystal incremental-heating 

age of 60.54 ±0.65 Ma (Figure 4.16). 

4.2.3.3 Loch Ainort Granite 

This is the most important of the granite samples as it has reversed magnetic polarity, 

and its significance is discussed in detail in the next chapter. Eight biotite crystals 

were analysed by laser incremental-heating with mixed results. Four age spectra 

are shown in Figure 4.17, all reaching apparent age plateaus containing more than 

50% of the total 39Ar released. All four had isochron ages that were 

indistinguishable from the plateau ages. This includes, lc9l5l10, which has a low, 

but not significant atmospheric intercept. Another four biotite crystals were analysed 

and gave disturbed age spectra and isochrons. Only one sample had a low MSWD 

value of 3.37 (lc915 114), but gave an age older than the plateau lavas. This sample is 

eliminated on stratigraphic grounds. The best estimate of the age of the Loch Ainort 

granite is given by a weighted mean age for all four concordant age spectra, 

corresponding to an age of 58.58 ±0.13 Ma with an MSWD of 2.04. 
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4.2.3.4 Marsco Granite 

Nine hornblende crystals were analysed by the degassing and total-fusion method. 

These fusions have been combined to give a weighted mean age and the isochron 

plot shown in Figure 4.18. The weighted mean age of 56.40 ±0.29 Ma is consistent 

with the 56.34 ±0.39 Ma isochron age, and so the weighted mean age is used for this 

granite. 

4.2.3.5 Glas Bheinn Mor Granite 

One crystal of hornblende was analysed by incremental-heating to check for 

alteration. The first two low temperature steps yielded 45% of the total 39Ar, while 

the remaining step gave an age of 53.87 ±0.76 Ma. Another five crystals were 

analysed by degassing and fusion and give a combined weighted mean age of 55.88 

±0.51 Ma (Figure 4.19). These two experiments can be combined to give a weighted 

mean age for this sample of 55.26 ±0.42 Ma with an MSWD of 4.82. 

4.2.3.6 Beinn an Dubhaich Granite 

Seven biotite crystals were analysed from this sample using the degassing and total-

fusion method. A weighted mean age using 7 of 9 total fusions is 55.44 ± 0.22 Ma 

(Figure 4.20). This weighted mean age is consistent with the isochron age for these 

crystals and so the weighted mean age is used. 

4.2.4 Summary of Skye 

The plateau lava succession of Skye is dated via five samples from the middle and 

upper parts of the succession. The oldest age for a lava flow is 61.33 ±0.88 Ma 

(sample 5K137), and the youngest age is 59.41 ±0.2 Ma (Sample SB3). The results 
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from the Skye lavas have been combined to give a weighted mean age of 59.83 ±0.12 

Ma with an MSWD of 2.9. The flows of the younger Talisker Group and base of the 

succession have not been dated as yet, but were irradiated. A weighted mean age for 

the crosscutting dykes of 59.20 ±0.16 Ma reinforces the combined weighted mean 

age of the lava pile. 

The Cuillins Centre has not been dated, but six granites from the remaining three 

igneous centres have been. The results can be seen in Table 4.2. The Rudha Stac 

granite is stratigraphically the oldest of the six, and has a weighted mean age of 

57.27 ±0.30 Ma. The Glamaig granite, from the Western Redhills Centre, is 

constrained using an isochron age of 60.54 ±0.65 Ma. The Glamaig granite can be 

seen to cut the younger Strath na Creitheach Centre, to which the Rudha Stac granite 

belongs. As this is the case, the age of 57.27 ±0.30 Ma for the Rudha Stac granite is 

eliminated on stratigraphic grounds. 

The stratigraphically important Loch Ainort granite has a weighted mean age of 

58.58 ±0.13 Ma based on four biotite incremental-heating experiments. The younger 

Marsco granite has a weighted mean age of 56.40 ±0.29 Ma from degassing and 

fusing experiments on nine crystals and the even younger Glas Beinn More granite 

has a weighted mean age of 55.26 ±0.42 Ma. The youngest granite dated, the Beinn 

an Dubhaich granite, has a weighted mean age of 55.44 ±0.22 Ma. The 40Ar/39Ar 

ages for these six granites are stratigraphically in order, apart from the Rudha Stac 

granite. From the oldest to youngest 40Ar/39Ar age in Skye, igneous activity spanned 

a duration of 4.60 ±0.25 m.y. A summary of the 40Ar/39Ar results for Skye can be 

found in Table 4.2 and complete analyses can be found in Appendix B. 

43 Mull 

Mull is the second largest of the igneous centres and a detailed igneous chronology 
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can be found in Chapter 5. In summary, a central volcanic complex of crosscutting 

arcuate intrusions superseded the plateau lava succession. The focus of igneous 

activity in the central volcano can be seen to be centred around three foci, called 

Centres 1-3. Dykes from the regional swarm can be seen to crosscut the last 

intrusion of the central complex, the Loch Ba ring dyke. The sample localities are 

indicated on a simplified geological map of Mull (Figure 4.21), which also shows the 

location of the three centres of igneous activity. 

Over 400 thin sections from the plateau basalt succession loaned by A Kerr were 

used to select suitable samples for 40Ar/39Ar dating. Additional samples collected by 

the author were also studied. In total, thirteen samples were dated from the Isle of 

Mull and the results are shown in Table 4.3. Of these thirteen, eight met the 

acceptance criteria discussed in the previous chapter. The results of these eight 

experiments can also be found in Chambers and Pringle (submitted b) and are only 

summarised here, as are the 5 experiments that did not yield acceptable ages. 

4.3.1 Plateau Lava Succession 

Sample B  is a basal lava flow that preserved McCulloch's tree in the west of Mull. 

This lava flow is thought to be one of the earliest manifestations of magmatism in the 

island as it sits above a sedimentary sequence (Bell and Jolley, 1997). The age 

spectrum for this sample (Figure 4.22a) shows the classic stepped profile of a sample 

in which 39Ar has been redistributed by recoil. Fortunately, a sufficient plateau is 

achieved and an age of 60.56 ±0.29 Ma is taken as an estimate of the crystallisation 

age for this sample. Samples Ti and T3 from the Tobermory section in the lava pile 

were also analysed by the 40Ar/39Ar technique. Unfortunately, sample Ti was being 

analysed during problems with the furnace and a large proportion of the gas was 

released in one early step (Figure 4.22b). This experiment fails the acceptance 

criteria as most of the gas was released in one step and the remainder of the steps do 

not form a plateau. The total gas age can be used as an indicator of the maximum 
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age of the sample at 61.36 ±0.20 Ma. Sample T3 has a saddle shaped plateau 

indicating possible excess Ar (Figure 4.22c), which may be due to the early lava 

flows containing xenocrysts from older and undegassed rocks. The increase in the 

apparent age during the high temperature steps reflects the increase in the trapped 

component of the gas released. The old age during the low temperature steps is due 

to either excess argon or recoil. The isochron at 57.10 ±3.32 Ma can be used as the 

best estimate of the age of this sample, as the non-atmospheric intercept (400.70 

±82.61) indicates excess argon. Neither of the Tobermory samples are accepted using 

the criteria of Pringle (1992a) and Singer and Pringle (1996), but the B  age of 60.56 

±0.29 Ma is accepted and can be used. Sample BB6 is six flows up in the Beinn 

Beudie stratigraphic succession of Kerr (1993). This lava showed excess Ar 

(isochron intercept of 550.56 ±40.22) and reached a plateau age of 62.26 ±0.43 Ma 

which provides a maximum estimate of the age. The isochron age can be taken as a 

minimum estimate of the crystallisation age at 58.88 ±0.70 Ma (Figure 4.23a). Ages 

for B 1 and BB6 have not been combined to give a weighted mean age because they 

do not occur at the same stratigraphic levels when the geochemical correlation 

scheme of Kerr (1995) is used. 

Samples BM64 and BM67 are the highest lavas in the plateau succession that met the 

selection criteria (Chapter 3). They are also evolved in composition, which means 

that they have increased K contents. BM64 is three lava flows below BM67, and 

located at approximately 700 m in the Ben More succession. BM64 gave a plateau 

age of 58.19 ±0.26 Ma and an isochron age of 58.08 ±0.36 Ma, while BM67 gave a 

plateau age of 58.66 ±0.25 Ma and an isochron age of 58.18 ±0.34 Ma. Age spectra 

and isochron plots for these two samples are shown in Figure 4.23b, c. The ages are 

significantly different and so a weighted mean age of 58.38 ±0.19 (MSWD 1.45) for 

these two samples provides the best age constraint on the middle part of the 

succession. 
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4.3.2 Lava flows in the Central Complex 

Samples S017 and S033 are samples with normal magnetic polarity measured by 

Dagley et al. (1987). Dating of these samples will allow direct correlation with the 

palaeomagnetic time scale in Chapter 5. Both samples are pillow lavas from Centre 

1, thought to have formed in a caldera lake. The isochron for sample S017 (Figure 

4.24) shows excess Ar (40Ar /36Ar ratio of 315.51 ±6.22) with an age of 59.66 ±0.64 

Ma. The saddle shaped plateau also gives a maximum age estimate of 61.54 ±0.24 

Ma. The higher temperature steps have a much higher trapped component, reflected 

in the age and the lower K/Ca ratio. Sample S033 (Figure 4.24) reached a plateau 

containing 51.69% of the 39  A released at an age of 59.81 ±0.30 Ma. This plateau age 

and the S017 isochron age provide a weighted mean age of 59.05 ±0.27 Ma for the 

Centre 1 lavas. 

4.3.3 Central Complex 

The last intrusion of Centre 3, the Loch Ba ring dyke, formed during a large caldera 

collapse and contains sanidine phenocrysts in a glassy matrix. Mussett (1986) dated 

this rock and obtained an acceptable plateau age of 56.5 ±1.0 Ma for a whole rock 

sample. In an attempt to improve on this age, the sanidine and matrix were separated 

and both the sanidine concentrate and a leached groundmass split were analysed. 

Sample LB  (sanidine) gave a plateau age of 58.48 ±0.18 Ma while the groundmass 

sample (LB2) gave a plateau age of 56.6 ±0.21 Ma (Figure 4.25). This difference 

between the sanidine age and the groundmass age can be reconciled by looking at 

each sample under the scanning electron microscope. The groundmass sample is 

composed mostly of quartz and porous feldspar (Figure 4.26). The sanidine 

concentrate, however, is primary sanidine which has been slightly altered, hence the 

slightly discordant plateau. The younger apparent groundmass age is attributed to 

argon loss most likely from the alteration of the feldspars. 
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This conclusion is confirmed by the ages from the dykes that cross cut the Loch Ba 

ring dyke. Two dykes (MD1 and MID2) were analysed by40Ar/39Ar. Sample MD2 

was split into two and one half was analysed as a leached whole rock sample, and the 

other half as a felsic concentrate (MD3). MID  gave a concordant plateau age of 

58.07 ±0.23 Ma containing 66.77% of the total 39Ar released. Sample MD2 gave a 

plateau age of 58.33 ±0.27 Ma and shows the decreasing age spectra associated with 

argon recoil effects. Sample MD3 gave an age of 58.04 ±0.20 Ma with 73.46% of 

the 39Ar released in the plateau. A weighted mean age of 58.12 ±0.13 Ma with an 

MSWD of 0.42 is based on all three plateau ages for the crosscutting dykes. All three 

age spectra are shown in Figure 4.27(a-c). 

4.3.4 Summary for Mull 

The 40Ar/39Ar ages for the rocks from Mull have also been presented in Chambers 

and Pringle (submitted b) where the implications of these new ages are discussed. 

The next chapter also contains this discussion. In summary, the formation of the 

plateau lava succession can be constrained using sample B  (60.56 ±0.29 Ma) and 

the Centre 1 lavas (59.05 ±0.27 Ma), which equates to a duration of 1.51 ±0.40 m.y. 

The central complex of Mull took from the lava flows in Centre 1 (59.05 ±0.27 Ma) 

to the Loch Ba ring dyke (58.48 ±0.18), which was a period of 0.57 ±0.32 m.y. The 

whole of the Mull Tertiary succession formed in 2.44 ±0.32 m.y. 

The BM samples have been combined to give a weighted mean age of 58.38 ±0.19 

Ma, whereas the Centre 1 lava flows have a weighted mean age of 59.05 ±0.27 Ma, 

but are strati graphical ly younger. The high MSWD values associated with the BM 

analyses and the stratigraphic evidence suggests that this weighted mean age may be 

too young. This age may be an alteration age associated with the later central 

volcano. Samples B I, BM64 and BM67 have been analysed for 6 180  at SUERC, 

East Kilbride (C. Taylor, pers. comm.) to see if any significant hydrothermal 
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alteration of the samples has occurred. Basalts and gabbros should have a 6180  of 

between +5.5 and +7.4 O/ (Faure, 1986). Sample B 1 has a 6180  of 7.9 after leaching 

and 8.3 before leaching. In contrast, sample BM64 had a 6180  of 5.5 and BM67 of 

4.1. This progressive decrease in the value of 6180  suggests that the samples were 

being progressively more affected by hydrothermal processes (6180  meteoric water = 

negative; Faure, 1986). This alteration of the samples can explain the discordance of 

the results. It is interesting to note that the leaching process changes the value of 

6180 Before leaching BM67 had a 6180  value of 3, but after leaching this was 

increased to 4.1. The same pattern can be seen with BM64. The weighted mean age 

for the BM samples should be treated with caution in light of the amount of 

hydrothermal alteration suggested by these results. 

The SO samples from within the caldera were not analysed for 180  but the isochron 

plots are more concordant and have been combined to give a weighted mean age of 

59.05 ±0.27 Ma. These samples do not appear to be as altered as the BM samples. 

Zeolite studies (Walker, 1971) suggest that 1.2 km has been removed from the 

plateau lava succession. As this is the case, then the BM flows would have been at 

depth while the SO samples were erupting in a caldera lake. This makes it more 

likely that the BM samples would be affected by a hydrothermal circulation system. 

As the BM samples have high MSWD values, the total fusion ages of —59.5 Ma 

could be used. Total fusion ages give an indication of the maximum age of the 

samples, and in this case they fit with known stratigraphic relationships. 

4.4 Northern Ireland 

The Antrim basalt sequence was divided by Wilson and Manning (1978) into three 

Formations; Lower, Middle and Upper. The Middle Formation is also referred to as 

the Interbasaltic Formation, which is also split into three as shown below: 
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Upper Basalt Formation 

Interbasaltic Formation 	- Ballylagan Member 

- Causeway Tholeiite Member 

- Port na Spaniagh Member 

Lower Basalt Formation 

The Causeway tholeiites are separated by two laterite horizons, which represent a 

quiescence in igneous activity. To the north of the Tow Valley Fault, the 

Interbasaltic Formation is represented by the Causeway tholeiites and to the south by 

rhyolites and obsidians. 

The central complexes (Mourne Mountains, Slieve Gullion and Carlingford) 

associated with the plateau basalt sequence in Antrim are unusual in the fact that they 

do not crosscut the basalts (Figure 4.28). As a result there are no stratigraphic 

relationships to aid the determination of their relative ages. 

As part of her PhD, J. Wallace (Wallace, 1995) selected four suitable plateau lava 

samples for 40Ar/39Ar whole rock dating. These samples were the freshest and also 

some of the most geochemically important in the province. However the samples 

were never dated. After discussion with J. Wallace, it was decided that the four 

samples should be dated as part of this study. They were all ready for sample 

preparation and could be sent for irradiation immediately. J. Wallace selected 

samples for dating when she was unsure of whether they were Upper or Lower 

Basalts. It was hoped that 40Ar/39Ar ages would solve this problem. Often in 

Northern Ireland the presence of large weathered horizons or laterites is taken to be 

the Interbasaltic Formation and basalts mapped on this basis. However, many thick 

weathered horizons exist between individual basalt flows that are not the 

Interbasaltic Formation. The 40Ar/39Ar results for these four samples selected by J 

Wallace can be seen in Table 4.4 (as can the rest of the results from Ireland and 

Antrim) and are discussed in the following section. 
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4.4.1 Causeway tholeiites 

Sample A2 is from the Causeway tholeiites and shows the decreasing apparent age 

plateau which is a characteristic feature of argon recoil. The high temperature steps 

are not used in the plateau calculation, however the pseudo-plateau contains 84.80% 

of the total 39Ar released with an age of 60.35 ±0.74 Ma (Figure 4.29). The total gas 

age of 61.41 ±0.20 can be used as a maximum estimate of the crystallisation age of 

this sample as the high MSWD (242.95) shows that the system is disturbed. This 

basalt should occur between the Upper and Lower Basalts and so stratigraphic 

relationships can help in determining whether the total gas age is a true reflection of 

the crystallisation age. 

Sample PN1136, also grouped by J. Wallace (1995) into the Causeway tholeiites, gave 

a concordant plateau and isochron. The plateau age of 61.21 ±0.35 Ma is taken as 

the crystallisation age for this sample (Figure 4.29). 

4.4.2 Upper Basalts 

Sample BVAO, from the Upper Basalt sequence, reached a plateau containing 

67.56% of the total 39Ar released, indicating an apparent age of 60.26 ±0.20 Ma. 

Sample BVA3, also an Upper Basalt, gave a concordant plateau age of 60.38 ±0.23 

Ma with 83.58% of the 39Ar released in the plateau. The isochron for this sample 

showed slight excess argon in the intercept on the 40Ar/36Ar axis, 313.26 ±6.84 and 

so the plateau age may be slightly old. The age spectra are shown in Figure 4.30. As 

BVAO and BVA3 are the same lava flow, the plateau age for BVA3 can be used, as it 

is indistinguishable from the age for BVAO. 

As the results from the four samples already dated did not solve the problem of the 

age of Upper and Lower Basalts, another suite of samples from Antrim were 

irradiated. This time basalts from quarries in Northern Ireland of known stratigraphic 
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position were sampled. In addition to this, samples from the Tardree rhyolite and 

Sandy Braes obsidian were analysed (donated by I. Meighan). The obsidian and 

rhyolite correlate to the Causeway tholeiites found to the north of the Tow Valley 

Fault. The obsidian and rhyolite ages will be discussed next as they provide an 

accurate mid-point for the basalt succession. 

4.4.3 Interbasaltic Formation 

Glass and sanidine were separated from the Sandy Braes obsidian. Unfortunately the 

glass in the Tardree rhyolite was too altered and could not be dated. The sanidine 

from the rhyolite sample could be dated. 

Individual sanidine crystals and glass samples were hand-picked from the crushed 

size fractions of the Sandy Braes obsidian and loaded into copper pans for irradiation 

(EK35). Individual sanidine crystals and glass samples were step-heated using a 

CO2  laser and details of all of the experiments can be found in Table 4.4. A total of 

six sanidines were step-heated, as were two of the glass samples. Four of the step-

heating experiments are shown in Figure 4.31 as individual plateau diagrams. The 

low temperature alteration still present in the sanidines can be seen as disturbance to 

the age spectra during the early low temperature steps. A weighted mean age for the 

six sanidine experiments is 60.16 ±0.09 Ma with an MSWD of 2.04. Age spectra for 

the glass experiments are shown in Figure 4.32. In experiment 1c915059 (one of the 

glass samples) the low temperature step released much of the total 39Ar; this is due to 

the alteration of the glass, which results in a large release at relatively low 

temperatures. The remainder of the gas released forms a plateau with 49.79 % of the 

total 39Ar released giving an age of 59.22 ±0.21 Ma. The second glass sample gave a 

disturbed plateau with a high MSWD of 18.48 and a plateau age of 59.62 ±0.26 Ma. 

This shows that the glass is slightly altered but that the plateau ages from the glass 

samples are within error of the sanidine age. 
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The Tardree rhyolite contained sanidine that was fresh enough to date, but 

unfortunately the glass has devitrified and altered and so was unsuitable for dating. 

Six crystals of sanidine were analysed by laser incremental-heating and all gave 

concordant plateau and isochron ages detailed in Table 4.4 and shown in Figure 4.33. 

The best age for this sample is a weighted mean age based on all of the plateau ages 

of 60.00 ±0.08 Ma, with an MSWD of 2.01. 

As a result of the previous plateau lava experiments, four additional basalt samples 

were selected from various locations in Antrim. Two samples were known to be 

Upper Basalts (UBLFIBQ, AGH4) and two were known to be Lower Basalts 

(NEWBMQ, GBY5). The ages for the Sandy Braes obsidian and Tardree rhyolite at 

-60 Ma provide a mid-point in the succession that can be used to determine if a 

sample is an Upper or Lower Basalt. The Lower Basalts will be discussed first. 

4.4.4 Lower Basalts 

Sample NEWBMQ is from the Black Mountain Quarry just outside Belfast. This 

sample was freshly blasted from the quarry face during a visit to collect basalt 

samples. The age spectrum for NEWBMQ shows a stepwise decreasing pattern of 

apparent age, characteristic of argon recoil. A plateau age from the middle pseudo-

plateau gives an age of 60.93 ±0.28 Ma (Figure 4.34). The apparent age of this 

sample is older than those of the Sandy Braes obsidian and Tardree rhyolite, which is 

stratigraphically correct. This age of 60.93 ±0.28 Ma can be used as an age for the 

Lower Basalts as it corresponds to the isochron age for this sample. The other Lower 

Basalt, GBY5, has an age spectrum shown in Figure 4.34. The plateau contains 

60.93% of the 39Ar released giving an age of 61.03 ±0.23 Ma. 

4.4.5 Upper Basalts 

Both of the Upper Basalt samples (AGH4, UBLFIBQ) have age spectra showing the 

decreasing apparent age pattern indicative of argon recoil. AGH4 gave a pseudo- 
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plateau age of 58.79 ±0.35 Ma containing 62.15% of the total 39Ar released. Sample 

UBLFIBQ is from a quarry and is the first lava flow above an apparent outcrop of 

the Interbasaltic Formation. It does, however, have an age of 61.46 ±0.12 Ma which 

is older than the Sandy Braes or Tardree rhyolite samples (-.60 Ma) as shown in 

Figure 4.35. This suggests that, as discussed before, this supposed outcrop of the 

Interbasaltic Fm. is in fact just another weathered horizon or laterite between flows 

and not the large Interbasaltic Fm. Based on the 60 Ma age for the mid-point in the 

sequence, this sample is a Lower Basalt, not an Upper Basalt. 

Before summarising ages from Northern Ireland, one biotite sample from the Mourne 

Mountains, Ireland was also analysed. It was from a granite numbered GI by Richey 

(1928). Four individual crystals were analysed by laser incremental-heating and 

details of the experiments can be found in Table 4.4. The resulting age spectra are 

shown in Figure 4.36. A weighted mean age from the Mourne Mountains Gi, based 

on all four incremental-heating experiments, is 55.47 ±0.11 Ma with an MSWD of 

3.40. This is one of the youngest rocks dated so far from the BTIP. 

4.4.6 Summary of the age of the Irish BTIP 

Not knowing whether a basalt sample from the Antrim plateau is an Upper or Lower 

Basalt is a common problem. The existence of a thick laterite horizon is an 

indication, but not always conclusive. As a result, eight basalt samples from various 

locations in Antrim have been dated as part of this study. 

4.4.6.1 Lower Basalts 

Samples NEWBMQ and GBY5 are known to be Lower Basalts, with ages of 60.93 

±0.28 Ma and 61.03 ±0.23 Ma respectively. Two additional samples (PNB6 and 

UBLFIBQ) gave ages that were similar to those for the known Lower Basalts. 

PNB6, grouped by Wallace (1995) into the Causeway tholeiites, gave a plateau age 
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of 61.21 ±0.35 Ma. Sample UBLFIBQ was mapped by the BGS (based in Belfast), 

as being an Upper Basalt, while the plateau age of 61.46 ±0.12 Ma suggests that this 

is not the case. A weighted mean age of these 4 samples and BVA and PNB6 (also 

thought to be Middle or Upper Basalts) at 61.02 ±0.08 Ma provides the best age 

constraint on the Lower Formation in Antrim. 

4.4.6.2 Middle Sequence 

To the south of the Tow Valley Fault the Interbasaltic Fm. is marked by the 

occurrence of the Sandy Braes obsidian and the Tardree rhyolite. Weighted mean 

ages based on numerous experiments yield an age of 60.16 ±0.09 Ma for the sanidine 

in the Sandy Braes obsidian and an age of 59.62 ±0.26 Ma for the glass. The 

sanidine in the Tardree rhyolite gave an age of 60.00 ±0.08 Ma. These ages 

accurately constrain the middle part of the Tertiary sequence in Antrim. Sample 

PNB6 which occurs to the north of the fault was thought to be contemporaneous with 

these rocks, but as discussed earlier it is much older, reinforcing the proposed idea 

that this sample is indeed a Lower Basalt. Sample A2, from the Causeway tholeiites, 

did not yield reliable ages due to recoil and excess argon, but the total gas age of 

61.41 ±0.20 Ma can be used as a maximum age for this sample. The best age for the 

Middle Formation is a weighted mean age based on sanidine from the Sandy Braes 

obsidian and Tardree rhyolite at 60.07 ±0.06 Ma. 

4.4.6.3 Upper Basalts 

The concordant isochron and plateau ages for sample BVAO and BVA3 (samples 

taken from different parts of the same large lava flow (Wallace, 1995)) suggest that 

these samples may also be Lower Basalts. The ages of 60.26 ±0.20 Ma and 60.38 

±0.23 Ma for BVAO and BVA3 are not conclusive. A weighted mean age of 60.31 

±0.15 Ma for the BVA lava flows is used in the weighted mean calculation for the 

Lower Basalts. Sample AGH4 was more conclusive, and the plateau age of 59.17 
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±0.30 Ma, when compared to the Sandy Braes and Tardree Rhyolite sanidine ages, 

suggests that it is indeed an Upper Basalt 

4.4.6.4 Summary 

Ages for the Antrim plateau sequence range from 61.02 ±0.08 Ma to 58.79 ±0.35 

Ma, or a duration of 2.23 ±0.34 m.y. The weighted mean age for the Sandy Braes 

obsidian and Tardree rhyolite at 60.07 ±0.06 Ma accurately pinpoints the middle part 

of the sequence. The weighted mean age for the Mourne Mountains granite (GI) of 

55.47 ±0.11 Ma is comparable to the youngest granite ages for Skye. It is also much 

younger than the Antrim plateau lava succession. 

4.5 Ardnamurchan 

Ardnamurchan is the only Tertiary igneous centre to be found on the mainland of 

Scotland, and is famous for its succession of cone-sheets and gabbroic ring 

complexes, described in the BGS Memoir (Richey and Thomas, 1930). As with 

Mull, three centres of igneous activity are defined by arcuate intrusions (Centres 1-

3). The plateau lava succession on Ardnamurchan is less extensive than seen in the 

other BTIP centres. 

Only two samples were dated from Ardnamurchan. One sample is of a gabbro related 

to the fluxion biotite gabbro of Glendrain (Centre 3, see the stratigraphic details in 

Chapter 5) and the other is an earlier dolerite from Centre 1 (Figure 4.37). Biotite 

from the gabbro was separated and analysed by laser incremental-heating analysis. 

A total of four crystals were analysed by this method, the results of which are shown 

in Table 4.5. Three crystals yielded concordant plateaus and isochrons, as shown in 

Figure 4.38. One crystal gave a discordant age spectrum and a young age compared 

to the other three. This biotite crystal is altered and does not give a meaningful 
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geologic age, again showing the advantage of single crystal incremental-heating over 

bulk analysis techniques. The three concordant plateaus have been combined to give 

a weighted mean age for this Centre 3 biotite gabbro of 58.82 ±0.16 Ma with an 

MSWD of 1.80. 

The earlier Centre 1 dolerite (AN20) was analysed by furnace incremental-heating. 

The age spectrum for this sample is shown in Figure 4.39. The early low 

temperature steps give old ages because of alteration which is reflected in the high 

K/Ca ratio. The last few high temperature steps give old ages due to the increased 

trapped component. Even though this plateau is saddle shaped, the isochron shows 

an atmospheric intercept. A plateau age using 61.22% of the total 39Ar released 

gives an age of 59.14 ±0.09 Ma for this sample. 

4.5.1 Summary of Ardnamurchan 

A Centre 1 dolerite shows that the onset of magmatism in Ardnamurchan began 

around 59.14 ±0.09 Ma. The biotite gabbro of Centre 3 effectively dates the final 

phases of magmatism in this igneous centre at 58.82 ±0.16 Ma. Therefore the 

duration of magmatism from Centre 1 to Centre 3 in Ardnamurchan was 0.32 

±0.18 m.y. (using lcy errors). 

46 Arran 

The Isle of Arran is dominated by the Tertiary granites that make up the landscape in 

the north of the island. Towards the south is a complicated central complex, but 

Arran is most famous for the numerous dykes that cut the whole island. These 

Tertiary dykes are best exposed on the south coast of the island around Kildonan. 

The igneous history of Arran can be summarised as plateau lavas (now preserved 
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only in a block in the central complex), followed by the intrusion of the Northern 

granites, and finally the development of the central complex. The regional dyke 

swarm, so well exposed in Arran, was intruded throughout formation of this Tertiary 

centre. A simplified geological map of Arran is shown in Figure 4.40. 

Unfortunately, the lava flows preserved in the central complex were too altered to be 

dated by 40Ar/39Ar. However, the northern granite has normal magnetic polarity 

(Dagley et al., 1978; Hodgson et al., 1990) which is bracketed by two reversals. It 

was thought that by dating the granite the reversed polarity events recorded by the 

dykes and the lava succession would also be indirectly constrained. A biotite sample 

from the outer granite was analysed and dyke samples and inner granite samples 

were irradiated but have not yet been analysed. Three biotite crystals from the outer 

granite (sample A3) were analysed by laser incremental-heating and the results are 

shown in Table 4.6. All three experiments gave concordant age spectra and 

isochrons (Figure 4.41). A weighted mean age for the outer granite based on all 

three experiments is 57.85 ±0.15 Ma with an MSWD of 1.5. 

47 Offshore BTIP 

Two samples from offshore West of Shetland were dated as part of this project 

(Figure 4.42). One sample was from the Rockall plateau (57/13-66) and another 

from Anton Dorhn (57/12-18). Both samples were used with permission of the 

Rockall consortium, BGS Edinburgh. Details of the results can be found in Table 

4.7. The sample from Rockall shows the decreasing age plateau characteristic of 

argon recoil (Figure 4.43a). The age spectrum and isochron show that the sample is 

disturbed. The total fusion age of 57.03 ±0.21 Ma is the best estimate of the age for 

this sample. 

The first Anton Dorhn sample (in the EK29 irradiation) analysed in 1998 also shows 

the effects of recoil and so the total fusion age of 47.4 ±0.15 Ma can be used as a 
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minimum age estimate (Figure 4.43b). Because of the significance of this sample, 

believed to be Cretaceous in age from biostrati graphical evidence, a second split of 

this sample was irradiated in 1999. This split was not only leached in 6M HC1 for 20 

minutes, but also in HNO3  for 20 minutes. This additional leaching should reduce 

the alteration seen in the early low temperature steps on the age spectrum (Figure 

4.43). This second experiment did improve on the plateau of the previous 

experiment. Early low temperature steps released less of the gas, but the effects of 

recoil still prevent the formation of a concordant plateau. A pseudo-plateau with 

52.85% of the gas released gives an age of 50.83 ±0.30 Ma (Figure 4.43c). The 

plateau and isochron plots both show the disturbance to the sample, so the total 

fusion age of 54.03 ±0.17 is used as a best age estimate. There is no evidence that 

this sample could be Cretaceous in age. 

An additional sample from a dyke in Anglesey was dated for R Bevins. Previous 

40Ar/39Ar ages had suggested that this dyke was 64 Ma, much older than other 

samples in the BTIP, but had large analytical errors. Sample 3317 was analysed and 

gave a discordant apparent age plateau at of 67.30 ±0.28 Ma (Figure 4.44). The old 

age is accounted for by the presence of excess argon in the sample (isochron 

intercept of 388.12 ±38.17). The isochron age of 60.05 ±2.85 Ma is preferred as an 

indication of the crystallisation age of this sample as it takes into account the non-

atmospheric intercept on the isochron. Because of excess argon the plateau age is 

much older than the true crystallisation age. 

4.8 Implications for the timing of individual parts of the BTIP 

The published ages for samples from the BTIP available before this study are shown 

in Figure 4.45, which uses the geomagnetic time scale of Berggren et al. (1995). As 

stated previously, the oldest age from a sanidine bearing tuff is 62.8 ±0.6 Ma 

(Pearson et al., 1996) and the youngest is a Rb-Sr isochron for the Sgurr of Eigg 
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pitchstone at 52.1 ±0.5 Ma. This corresponds to a duration of igneous activity 

spanning over 10 m.y. The rest of the existing ages form a cluster around 58 Ma. All 

of the new ages presented in this chapter are plotted on Figure 4.46, also using the 

geomagnetic time scale of Berggren et al. (1995). The new 40Ar/39Ar ages are also 

listed in Table 4.8. The obtained age of the K-T tektite at 64.813 ± 0.030 Ma is also 

included in Figure 4.46 and Table 4.8 as an absolute reference point. These new 

40Ar/39Ar ages (Figure 4.46) confine all of the volcanic activity of the BTIP to 3 m.y. 

commencing at —61 Ma. This is prior to the onset of seafloor spreading at 56 Ma. 

Only the later granites of Skye and Ireland are younger at —55.5 Ma. In most cases 

the errors associated with an existing age have been reduced, but in other cases the 

age has been completely redefined. The samples that have very different new 

40Ar/39Ar ages are discussed next. 

4.8.1 Muck Tuffs 

The sanidine bearing tuffs from Muck define the onset of magmatism in the BTIP. 

Previous work suggested they had ages of 62.8 and 62.4 Ma (Pearson et al., 1996). 

These old ages were based on one sanidine from each tuff that was laser step-heated. 

In contrast, the new sanidine 40Ar/39Ar weighted mean ages presented here are based 

on analysis of 42 sanidine crystals from MT2 and 31 sanidine crystals from MT3 

analysed by both laser total-fusion and laser step-heating. The samples were sent in 

different irradiations and analysed using different mass spectrometers, but still 

yielded the same ages. The weighted mean ages presented in this thesis are believed 

to be the most accurate ages for these two tuff horizons at 60.65 ±0.07 Ma and 60.44 

±0.07 Ma. Intercalibration of the standards used to calculate the old and new 

40Ar/39Ar ages does not solve the discrepancy in age (Chambers and Pringle 

submitted a). A U/Pb age on sphene hand-picked from MT2 at 60.19 ± 0.19 Ma with 

an MSWD of 1.09 (Chambers, Parrish and Pringle, unpublished data) has added 

further independent support for this new younger age for the tuffs. 
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4.8.2 The Loch Ba ring dyke 

Mussett (1986) obtained a whole rock age for this ignimbrite of 56.5 ±1.0 Ma almost 

2 m.y. younger than the new age of 58.48 ±0.18 Ma. The age of Mussett (1986) 

includes the glassy groundmass shown in this study to have a younger age than the 

sanidine phenocrysts. A sanidine concentrate age of 58.48 ±0.18 Ma is now the best 

estimate of the crystallisation age of this sample. This is further re-enforced by the 

weighted mean age of the crosscutting dykes at 58.12 ±0.13 Ma. Re-dating of Mull 

has resulted in ages for different parts of the stratigraphy that now do not have 

overlapping errors. The early plateau lavas have an age of 60.56 ±0.29 Ma 

coincident with the age presented in Mussett (1986). This date for the base of the 

succession on Mull and the redefined Muck tuff ages suggest that the lavas of Muck 

and Mull are contemporaneous. 

4.8.3 Skye 

Very few age dates were available for Skye prior to this study. The most reliable is a 

U/Pb age for the Cuillins gabbro of 58.91 ±0.04 Ma. A weighted mean age of 59.83 

± 0.12 Ma for the middle plateau lavas agrees with this U/Pb age. The new 40Ar/39Ar 

ages for granites from the later central complexes can be seen to get progressively 

younger from 58-55.5 Ma. 

4.8.4 Antrim and Ireland 

Age dates for basalt samples from Antrim have highlighted the difficulty in dividing 

the succession into Upper, Middle and Lower Formations. A weighted mean age for 

sanidine from the Sandy Braes obsidian and Tardree rhyolite at 60.07 ±0.06 Ma 

provides an accurate mid-point in the sequence. The Mourne Mountains Gi granite 

is comparable in age to the youngest granite in Skye (55.5 Ma). The plateau lava 

succession in Antrim is contemporaneous with the rest of the BTIP. 
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4.8.5 Sgurr of Eigg pitchstone 

A Rb-Sr isochron for this flow suggests an age of 52.1 Ma (Dickin and Jones, 1983). 

This study has shown that the glass (used in the Dickin and Jones (1983) isochron 

calculation) has suffered Ar redistribution and loss, which led to a young weighted 

mean plateau age at 47.14 ±0.12 Ma. The sanidine age of 58.72 ±0.07 Ma is a much 

more reliable age for this lava flow. Many of the Rb-Sr ages for rocks from the 

BTIP give young isochron ages in comparison to the U/Pb and 40Ar/39Ar ages. This 

is probably due to the mobilisation of Rb and Sr by hydrothermal fluids. 

4.9 Summary 

New 40Ar/39Ar ages have confined the volcanic activity of the BTIP to a 3 m.y. 

period corresponding to Chron 26r using the time scale of Berggren et al. (1995) 

(Figure 4.46). Later granites in Skye and Ireland are younger and range to 55.5 Ma. 

The bulk of igneous activity in the BTIP had occurred prior to the main phase of 

seafloor spreading at -56 Ma. The onset of magmatism occurred at -P61 Ma and was 

province-wide, not just concentrated in the Small Isles as previously believed by 

Pearson et al. (1996). 

Ages for the Eigg Lava Formation and the Canna Lava Formation suggest that there 

was a short period within which to develop and erode the Rum central complex (0.67 

±0.25 m.y.). This short development time is discussed further in Chapter 7. 

These new internally consistent ages also show that the plateau lava successions in 

Mull, Skye and Antrim are contemporaneous and not separated by 4 m.y. as 

palynological studies suggest (Bell and Jolley, 1997). More work is therefore needed 

to explain the discrepancy between these two techniques as it is not just seen in the 

BTIP. A discrepancy in 40Ar/39Ar ages and palynology is also found in the Faeroe 

Islands (Larsen et al., 1999; Jolley, 1997). However, analysis of the K-T tektite as 
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part of this data set and the new U/Pb sphene age for the Muck tuff provide an 

absolute reference point for this suite of new ages. 

The implications of these new ages for the geomagnetic time scale and the 

geochemical development of the ancestral Iceland plume are the topics of the next 

two chapters. 



Chapter 5 

Stratigraphic correlation of the BTIP to the geomagnetic time 
scale 

This chapter provides detailed descriptions of the magmatic history and the changes 

in magnetic polarity within each area of the BTIP, and ties the new 40Ar/39Ar age 

dates from the BTIP to the geomagnetic time scale. The geomagnetic time scales 

used in this thesis are those of Cande and Kent (1995) and Berggren et al. (1995). 

These time scales are identical between 65 Ma and 55 Ma. The magnetostratigraphy 

for each area is compared to the geomagnetic time scale using known cross cutting 

relationships, 40Ar/39Ar ages and ages from other techniques where appropriate. The 

implications of these correlations are summarised at the end of the chapter and in 

Chambers and Pringle (submitted, b). 

5.1 The Small Isles: Rum, Eigg, Muck, Canna and Sanday 

The Isle of Rum is dominated by a well exposed, eroded central volcano. This 

Tertiary volcano developed on a ridge of Pre-Cambrian rocks that were covered by a 

thin succession of Mesozoic sediments and some Palaeocene lava flows. The 

exposures provide examples of layered intrusions and explosive rocks related to the 

emplacement of the complex. The Tertiary succession in the Small Isles began with 

the Eigg Lava Formation which was followed by the development of the Rum central 

volcano. After a period of erosion, the Canna Lava Formation was erupted over the 

unconformity. Dykes from the regional swarm were intruded throughout the 

succession. The Sgurr of Eigg pitchstone flow is the last manifestation of igneous 

activity in the Small Isles. Sedimentary horizons in the Canna Lava Formation 
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contain clasts from the Rum granophyres indicating erosion of the Rum centre before 

the Canna lavas were erupted (Emeleus, 1985). 

Dagley and Mussett (1981, 1986) collected samples from throughout the magmatic 

history in the Small Isles for use in palaeomagnetic analysis and found that the 

majority of samples measured from the Small Isles have reversed magnetic polarity. 

Only five samples from Rum and Canna have normal magnetic polarity. These five 

samples are dykes that crosscut the Canna Lava Formation on Canna and Rum. Four 

dyke samples from Muck also have normal magnetic polarity (Dagley and Mussett, 

1986). A detailed breakdown of the magmatic history of the Small Isles (Emeleus 

and Gyopari, 1992) is shown in Table 5.1, as is the measured polarity of samples 

from Dagley and Mussett (1981, 1986) and the 40Ar/39Ar dates from this study. The 

time period represented by the erosion of the Rum central volcano, but prior to the 

Canna Lava Formation, led Dagley and Mussett (198 1) to suggest that there maybe a 

normal polarity interval here that is not recorded in the Small Isles. If this is the case 

then the changes in polarity in the Small Isles would be R-N?-R-N. Figure 5.1 

compares the magnetic polarity data, the magmatic history and the 40Ar/39Ar dates for 

the Small Isles to the geomagnetic time scale of Berggren et al. (1995). All of the 

new 40Ar/39Ar ages (Chapter 4) and a U/Pb age (Hamilton et al., 1998) from the 

layered complex confine the igneous activity in the Small Isles to within Chron 26r 

(60.92-57.99 Ma, Berggren et al., 1995). Since the Sgurr of Eigg pitchstone, dated at 

58.72 ±0.07 Ma (Chapter 4), was emplaced later than the normally magnetised dykes, 

the dykes must also occur during Chron 26r (Figure 5.1). The suggested additional 

normal polarity event (Dagley and Mussett, 1981), between the Rum central complex 

and the Canna Lava Formation, and the normal polarity event recorded by the dykes 

both occur during a reversed Chron (26r). As there is no direct evidence for this 

additional polarity event, it is not used to calibrate the magnetostratigraphy to the 

time scale. The dykes with normal polarity confirm the existence of one normal 

event in the reversed Chron of 26r. Normal polarity events recorded in other areas of 
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the BTIP also occur within Chron 26r. The working models used to explain this 

occurrence of a normal event in Chron 26r are discussed in Chambers and Pringle 

(submitted b) which can be found in Appendix A and in Section 5.7. 

5.2 Skye and Mull 

5.2.1 Skye 

Skye is the largest of the igneous centres in the BTIP, and Dagley et al. (1990) 

reported a series of nine reversals in magnetic polarity within the Skye succession. 

The magmatic history of Skye and the magnetic reversals are summarised in Table 

5.2. This total of nine reversals hinges on the reversed magnetic polarity of the Loch 

Ainort granite. Crosscutting relationships suggest that this single granite was 

emplaced in the middle of the magmatic episode represented by the Western Redhills 

Centre (Bell, 1976). The 40Ar/39Ar age of the Loch Ainort granite (58.58 ±0.13 Ma) 

ties in with the ages of other samples that were dated as part of this study. There are 

a minimum of seven reversals in magnetic polarity in Skye, and the reversed polarity 

of the Loch Ainort granite suggests nine. The entire plateau basalt succession and the 

layered rocks of the Cuillins have reversed polarity. The 40Ar/39Ar ages available for 

Skye prior to this study have large associated errors (Dagley et al., 1990) and 

constrained the formation of Skye to between 61 and 54 Ma. This meant that the 

changes in magnetic polarity could be correlated to appropriate Chrons. The 

occurrence of the short reversal marked by the Loch Ainort granite implied an 

additional change in polarity which was not easily accounted for in the time scale. 

Dagley et al. (1990) suggest that either it is a short reversed Chron (subchron) or that 

its position in the magmatic history is incorrect. 

Figure 5.2 shows the magnetic succession in Skye (Dagley et al., 1990) and the new 

40Ar/39Ar ages that tie the magnetostratigraphy to the geomagnetic time scale of 
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Berggren et at. (1995). Once more, like Rum, there are normal polarity events 

occurring within Chron 26r. The youngest granite in the Western Redhills, the 

Marsco granite, at 56.40 ±0.29 Ma corresponds to the boundary between 25r and 25n. 

The ages for the Glas Beinn Mor and the Beinn an Dubhaich granites (-P55.5 Ma) 

correspond to 24r, and these are some of the youngest granites dated within the BTIP. 

The 40Ar/39Ar age (56.40 ±0.29 Ma) for the Marsco granite correlates to the oldest 

part of 25r (56.391-55.904 Ma). However, as the Marsco granite is the youngest in a 

sequence of granites with normal magnetic polarity, these granites must have formed 

very rapidly at the beginning of 25n, or there is a lack of correlation as seen in Chron 

26r. The lack of correlation now seen in the Small Isles and Skye can also be seen in 

Mull, which is discussed next. 

5.2.2 Mull 

Using both magnetostratigraphy and 40Ar/39Ar dating, Dagley et at. (1987) suggested 

that the magnetic sequence in Mull was R-N-R not R-N-R-N-R as put forward in 

Mussett et at. (1980). The sequence is R-N-R-N-R if the changes in polarity seen in 

the Mull sequence are primary, but R-N-R if any overprinting has occurred. The 

magnetostratigraphy in Mull and the magmatic history summarised by Emeleus and 

Gyopari (1992) are shown in Table 5.3. The plateau lava sequence has reversed 

magnetic polarity but the lava flows found in the central caldera have both R and N 

polarity. Dagley et at. (1987) found that most of the lava flows within the SE caldera 

have normal polarity. However, the samples showed no conclusive evidence for a 

secondary component of magnetisation. They attribute this to the remagnetisation 

either being insignificant or so intense that the original direction has been completely 

overprinted. Some intrusions, such as the Derrynaculen granophyre, show evidence 

of overprinting (Dagley et at., 1987). At 300m outside the margin of Centre 2 (C2) 

the granophyre has normal magnetic polarity as do the surrounding Corra Bheinn 
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gabbro and the Glen More ring dyke. Moving further away from the contact the 

granophyre exhibits intermediate and then reversed magnetic polarity. In some 

samples a secondary normal component can be seen. This intrusion is thought to 

have been intruded during a reversed event that was later overprinted. Cross cutting 

relationships (Figure 5.3; Emeleus and Gyopari, 1992) show that the normal polarity 

lavas are crosscut by the early acid cone sheets with reversed polarity and by the early 

basic cone sheets with both reversed and normal polarity. These cone sheets are then 

in turn cut by the Glen More quartz gabbro with normal polarity. If the Glen More 

ring dyke (C2) had caused the overprinting of the lavas then the cone sheets should 

also show overprinting. It is also possible that the difference in polarity either side of 

the ring fault is a result of the lavas having different ages. The preservation of cross 

cutting relationships with rocks of different magnetic polarity implies that no 

overprinting has occurred in these samples. In contrast, the Derrynaculen granophyre 

shows mixed polarities, typical of overprinting by the adjacent intrusion (Dagley et 

al., 1987). It also shows evidence for a secondary component of magnetisation. In 

this case there is clear evidence of overprinting. 

The existing 40Ar/39Ar ages (Mussett, 1986) confined the duration of igneous activity 

in Mull to three Chrons, 26r, 26n and 25r which led Dagley et al. (1987) to attribute 

the other observed changes in polarity to overprinting. The new 40Ar/39Ar dates for 

Mull presented in Chapter 4, confine the duration of igneous activity to within the 3 

m.y. of Chron 26r (Figure 5.4.). Unless a secondary magnetisation direction is found 

or an intrusion has mixed magnetic polarity, overprinting should not be used to 

explain normal polarity events occurring within a reversed Chron. A total of seven 

reversals in polarity are found in the Mull succession (Dagley et al., 1987) that are 

now considered to be true reversals. This is illustrated by the crosscutting 

relationships where large, later intrusions with normal polarity cut younger suites of 

intrusions with both reversed and normal polarity. Figure 5.4 also shows that there 

could be a reversed Chron, not recorded in the Mull succession, between the 
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intrusions of Centre 2 and Centre 3. This would make the total numbers of reversals 

nine and not seven. 

5.2.3 Summary of Skye and Mull 

This study has shown that most of the igneous activity in the BTIIP occurred during 

Chron 26r (Chapter 4). Figure 5.2 shows that normal polarity events in Skye, not due 

to overprinting, now occur in Chron 26r. Figure 5.4 shows that all of the igneous 

activity in Mull occurs within Chron 26r and so, therefore, do the changes in 

magnetic polarity. The effects of overprinting can be seen in some intrusions (those 

with a visible secondary component of magnetisation), but the well defined 

stratigraphy also shows minor intrusions of both reversed and normal magnetic 

polarity cut by large normal polarity intrusions (Figure 5.3). If these large normal 

polarity intrusions caused overprinting of the minor normal polarity intrusions this 

should be seen in all, or at least most, of the adjacent rocks. Hence, if a sample in 

Mull did not have a secondary magnetic component then it is assumed to be showing 

a primary magnetisation direction (Chambers and Pringle, submitted). 

5.3Arran 

The igneous sequence in Arran, detailed in Table 5.4, records a R-N-R change in 

polarity (Dagley et al., 1978; Hodgson et at., 1990). Dating of the outer granite 

which has normal polarity places it within Chron 26n (in its present position) as 

shown in Figure 5.5. The extensive dyke swarm records both reversed and normal 

polarity. Over eighty samples of dykes from various locations in Arran were collected 

for 40Ar/39Ar dating. The samples were orientated to allow palaeomagnetic analysis 

to be carried out in Edinburgh by L. Robertson as an undergraduate final year project 

supervised by R. Thompson and L. Chambers. Many of the samples had 

intermediate polarity, but some normal and reversed samples were found. None of 
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these samples showed evidence of a secondary component of magnetisation. These 

samples can now be used for 40Ar/39Ar dating, but were not dated as part of this study 

due to time constraints. Samples from P. Dagley with known magnetic polarity were 

unsuitable for 40Ar/39Ar dating due to the high amount of altered glass. 

5.4 Ardnamurchan 

The magmatic history in Ardnamurchan is well defined using cross cutting 

relationships and is summarised in Table 5.5. It has a simple magnetic history as all 

of the samples analysed by Dagley et al. (1984) have reversed magnetic polarity. The 

40Ar/39Ar dates presented in the previous chapter indicate that the formation of the 

Ardnamurchan centre was rapid and entirely within Chron 26r (Figure 5.6). 

5.5 Antrim 

Magnetic polarity data are available for the Antrim plateau lavas (Wilson, 1970) and 

the central complexes (Mussett et al., 1988). All of the Antrim plateau lava 

succession and the Carlingford and Slieve Gullion central complexes have reversed 

magnetic polarity. Most of the Mourne Mountains central complex, apart from an 

acid vein and dyke cutting the Mourne G5 granite and one crosscutting dyke of the 

Mournes swarm (Mussett et al., 1988), have reversed polarity. The igneous 

succession and magnetic polarities for Antrim are summarised in Table 5.6 and 

shown in Figure 5.7. The central complexes in Ireland are tied to the geomagnetic 

time scale using the available 40Ar/39Ar dates and ages presented in this thesis 

(Chapter 4), as all of the intrusions have reversed magnetic polarity. The age of the 

acid vein and dyke with normal polarity are not known. 

Ages for the Lower Basalts of Antrim at -61.3 Ma plot within Chron 27n, but the 

lava succession has reversed polarity. This means that the Antrim sequence could be 



Chapter 5. Correlation with the geomagnetic time scale 	 97 

recording either Chron 27r or Chron 26r as the errors on the ages overlap with either 

reversed Chron. The early lavas in Antrim are more likely to have been formed 

during Chron 26r, as suggested in Figure 5.7., as there are no lava flows with normal 

polarity found in Antrim. 

5.6 Offshore BTIP 

Various samples from the BGS have been analysed by the 40Ar/39Ar technique as part 

of this study. The lack of more reliable age dates however means that these samples 

often cannot be tied to the time scale. The best estimate of their ages are given in 

Richie and Hitchen (1996). Magnetic polarity studies of the BGS samples have been 

carried out as two undergraduate projects in Edinburgh by K Bannister (1995) and S 

Carter (1994). The results can be found in Table 5.7. 

5.7 Proposed models for the occurrence of normal polarity events in 
Chron 26r 

Three mechanisms for the occurrence of normal magnetic polarity events within 

Chron 26r are put forward in Chambers and Pringle (submitted b) and are 

summarised here. One explanation is that the normal polarity events are recording 

later normal polarity Chrons (overprinting). As discussed previously, this is unlikely 

because of the crosscutting relationships seen between rocks of different polarities in 

regions cut by large intrusions with normal polarity. These normal polarity rocks are 

varied in type and occurrence which also makes it unlikely that large amounts of 

overprinting has occurred. Some evidence of overprinting is seen in Mull (Dagley et 

al., 1987) but the secondary component can be removed to give the original primary 

magnetisation direction. This shows that remagnetisation was not so intense that it 

destroyed the primary magnetisation direction. Therefore, when samples show only 

one magnetisation direction this is taken to be the original direction. This means that 
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the succession in Skye records a minimum of seven reversals in polarity, some of 

which occur within Chron 26r (Figure 5.2), and the succession in Mull also records a 

minimum of seven (Figure 5.4). The sampled sequence in Rum is R-N-R. 

Figure 5.8 shows two other explanations for the occurrence of normal polarity events 

in Chron 26r. Model 1 shows the time scale of Cande and Kent (1995) which is the 

same as that of Berggren et al. (1995) at this point in the time scale. Cande and Kent 

(1995) however, also show the existence of seven cryptochrons, or small changes in 

magnetic polarity that are visible in the seafloor magnetic record. Cande and Kent 

(1992b) define cryptochrons as true changes in magnetic polarity that are shorter than 

30 kyr, and are visible as tiny wiggles superimposed on the large Chrons. Figure 5.9, 

redrawn from Cande and Kent (1992b), shows the seven cryptochrons in Chron 26r 

best visible in the faster seafloor spreading pattern in the South East Pacific. They 

suggest that these tiny wiggles within Chron 26r are due to intensity variations and 

not true reversals. However, some other cryptochrons have been accepted in to the 

geomagnetic time scale as subchrons, as in 24n and 17n (Cande and Kent, 1995). 

Model 1 ties the normal polarity events occurring within Chron 26r to an individual 

cryptochron (Figure 5.8). 

In Mull, the whole of Centre 3 and most of Centre 2 have normal magnetic polarity. 

It is unlikely that all of the intrusions in these centres cooled beneath the magnetic 

Curie temperature within 30 kyr. It is more likely that Centres 2 and 3 record the 

normal polarity during Chron 26n. This means that Chron 26n would need to be 

approximately 0.5 m.y. older than its present position in the time scale. Figure 5.8 

(Model 2) shows the time scale of Cande and Kent (1995) and Berggren et al. (1995) 

adjusted to accommodate the ages of Centres 2 and 3. 

All of the 40Ar/39Ar ages presented in this thesis are calculated relative to two 

standards: Taylor Creek Rhyolite at 27.92 Ma or Fish Canyon tuff at 27.61 Ma. 
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During the course of this study a series of analyses on the K-T tektite gave a 

weighted mean age of 64.813 ±0.03 Ma. The K-T boundary is used in the 

geomagnetic time scale as a tie point, and between each tie point the position of the 

Chrons are calculated using constant seafloor spreading rates. Figure 5.10 shows the 

seafloor spreading curve used in Cande and Kent (1992b). The other tie point 

relevant to Chron 26r is at the Palaeocene-Eocene boundary (P-E). The age for the K-

T tektite obtained in this study is 64.813 ±0.030 Ma, which is almost coincident with 

the 65 Ma used in the time scale. Moving the position of Chron 26n can therefore 

only be achieved by moving the P-E boundary tie point. Moving the K-T boundary 

would shift all of the 40Ar/39Ar ages, which would not solve the normal polarity 

problem. The P-E boundary is positioned at 55 Ma, using a weighted mean age of 

55.07 ±0.16 Ma referenced in Berggren et al. (1995) but obtained by J.D. 

Obradovich, and ages from Swisher and Knox (1991, unpublished data) for the 

British equivalents of the —17 ash at 54.51 ±0.05 Ma and 54.56 ±0.14 Ma. The —17 

ash is also present in DSDP site 550 where it lies 7m above the NP9INP1O 

calcareous nanofossil zonal boundary (Berggren et al., 1995). An age of 55 Ma for 

this zonal boundary was estimated by Swisher and Knox (1991) and was first used by 

Cande and Kent (1992a) for the Palaeocene-Eocene (P-E) boundary. Recent work on 

DSDP site 550 by Ali and Hailwood (1998) suggests that the original magnetic 

stratigraphy for this hole was in error and the position of the base of 24n in the 

geomagnetic time scale should be older than its present position. More work is 

required to calibrate this tie point in the time scale. The repositioning of the P-E 

boundary, and therefore the resulting shift in the Chrons, is considered the best way 

to reconcile the large sequence of normal polarity events seen in Mull and Skye with 

the geomagnetic time scale. Moving Chron 26n does not account for all of the 

changes in polarity (Figure 5.8) and the existence of at least two cryptochrons is still 

required (Chambers and Pringle, submitted b). The smaller normal polarity events 

(cone sheets and dykes) are more likely to be recording polarity events that are only 
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30 kyr in duration. If Chron 26n is older than its present position, the Loch Ainort 

granite could represent a reversed cryptochron in Chron 26n (Figure 5.8 and 5.11) 

Adjusting the position of Chron 26n, and therefore Chron 26r, has implications for 

correlating other areas of the BTIP to the geomagnetic time scale. The North Arran 

granite (normal polarity) currently correlates to the normal Chron of 26n. If this 

Chron was moved after recalibration of the P-E tie point, the granite would then be 

recording a short normal polarity event in 25r. 

The Lower Basalts of the Antrim sequence have reversed polarity, but a new 

weighted mean age of 61.02 ±0.08 Ma ties the stratigraphy to within the normal 

Chron of 27n (61.276-60.920 Ma). Errors on this age (1) overlap with Chron 26r, 

but not Chron 27r. However, if the lava sequence in Antrim began to erupt during 

Chron 27r and continued right through to Chron 26r, some lava flows would have 

been erupted during Chron 27n and would have normal polarity. No lava flows with 

normal magnetic polarity have been found in Antrim, suggesting eruption was during 

Chron 26r not Chron 27r. In addition to this, if the P-B tie point is moved to an older 

position then the base of Chron 26r would move by -0.25 m.y. This would mean 

that the reversed polarity lava flows of Antrim would no longer correlate to Chron 

27n but Chron 26r, as also suggested by the lack of normal polarity flows. 

5.8 Summary 

The aim of this chapter was to tie the new suite of 40Ar/39Ar ages to the 

geomagnetic time scale. Since the new ages have smaller errors than previous ages, 

this has highlighted some correlation problems. Normal polarity events in Skye, the 

Small Isles and Mull now occur within the reversed Chron (26r). Models put 

forward in Chambers and Pringle (submitted b) suggest that all of these normal 

polarity events may correspond to cryptochrons or tiny wiggles visible in the seafloor 
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magnetic record, or that the current position of Chron 26n is incorrect. Recalibration 

of the Palaeocene-Eocene boundary may move the tie point, and therefore move the 

position of the Chrons by 0.5 m.y., in line with the discrepancy highlighted in Ali and 

Hailwood (1998). These observations also indicate that cryptochrons, at least in 

Chron 26r, represent true short reversals in the Earth's magnetic field, and not 

palaeointensity variations as modelled by Cande and Kent (1992b). The repositioning 

of Chron 26n cannot account for the other strati graphically controlled normal events 

recorded seen in the BTJP, and the existence of at least two cryptochrons is still 

needed to provide a complete explanation. 

The time scale used to correlate temporal variations in geochemistry documented in 

the next chapter is based predominantly on the new 40Ar/39Ar ages. Changes in 

polarity are not as definitive when correlating the magmatic history of the BTIP to 

the time scale. The geomagnetic time scale (used with Chron 24n in its current 

position) is used, but further work is required to account for the discrepancy in the 

BTIP suggested by this work. 



Chapter 6 

Geochemical changes in the ancestral Iceland plume: results 
from the BTIP 

This chapter presents geochemical data from the BTIP, mostly using the Zr/Y versus 

Nb/Y discrimination diagram (Figure 6.1) of Fitton et al., (1997), with respect to 

changes in the ancestral Iceland plume. This diagram distinguishes between basaltic 

magmas from 'Icelandic' and N-MORB mantle sources (Chapter 1). The 

discrimination diagram defines a parameter, ANb, which is the distance in log units 

from the lower boundary line of the Iceland array (Fitton et al., 1997). 

Comprehensive sampling of the BTIP by the author, Kerr (1993a), Emeleus (1997), 

Wallace (1995) and Williamson and Bell (1994) has allowed stratigraphic changes in 

ANb to be determined. All of the samples have been analysed for Nb, Zr and Y by 

XRF spectrometry in Edinburgh (see Fitton etal. (1998a) for analytical procedures 

and precision estimates). These data are presented and correlated using the time 

frame of 40Ar/39Ar dates and magnetic stratigraphy discussed in the previous two 

chapters. The results are presented by geographical area and, wherever possible, in 

order of development. A short section follows detailing the effect of crustal 

contamination on ANb and a summary of the main conclusions of this chapter can be 

found at the end. 

6.1 Crustal contamination and the Zr/V versus Nb/V discrimination 
diagram 

The BTIP forms the eastern part of a continental flood basalt province (Phase 1, 

Saunders et al., 1997) and as illustrated in Chapter 2 contamination of the magmas 

by continental crust is common. This section evaluates the amount and the effect of 

crustal contamination on the geochemical discriminant ANb within the BTIP. 
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The ZrIY versus Nb/Y discrimination diagram (Figure 6.1) is used to define distict 

Iceland and N-MORB arrays. Average lower, middle and upper crustal values 

(Rudnick and Fountain, 1995) are also shown plotting close to, but below, the lower 

line of the Iceland array. Continental crust therefore has negative ANb, with a value 

close to 0. As crust plots close to the lower boundary line of the array (ANb = 0) it 

has little effect on the values of ANb (Fitton et al., 1997). 

The addition of crust to an N-MORB-like magma (negative ANb) could never 

produce hybrid magma with positive values of ANb. In contrast, contamination of an 

'Icelandic' magma by crustal material could produce magma with negative ANb. 

The addition of crustal material required for this, however, would be in such large 

quantities that it would be readily distinguishable from N-MORB using LREE and 

Si02  enrichment and high Ba content (Fitton et al., 1997). 

6.1.1 The effect of crustal contamination on ANb: examples from the BTIP 

Apart from the earliest high-MgO magmas, the majority of BTIP magmas have been 

modified by crustal contamination and by fractionation processes within magma 

chambers. Radiogenic isotope ratios, in particular Pb isotopes, can also distinguish 

between N-MORB and 'Icelandic' basalt (Thirlwall, 1995). The addition of even 

minute amounts of continental crust masks any subtle difference in the isotopic ratios 

of the mantle sources (Figure 6.2). Isotopic systematics can be used in the BTIP to 

quantify how much crust has been added to the magmas. ANb is not affected by the 

addition of crust (Fitton et al., 1997) and is also unaffected by low pressure 

fractionational crystallisation and the effects of mantle melting (see Chapter 2). 

As discussed in Chapter 2, three contaminants affect the magmas of the BTIP 

(Wallace et al., 1994; Kerr, et al., 1995; Thompson et al., 1982); Lewisian granulite, 

Moine metasediments and the Proterozoic succession in Ireland. Through time, 
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different contaminants can be seen to have affected magmas represented by the 

Small Isles and Skye (Dickin and Jones, 1983; Palacz, 1984; Dickin, 1981). Early 

lava flows are contaminated by Lewisian granulites and later flows by the shallower 

amphibolite facies crust. This change has been attributed to magma chambers 

developing at progressively higher crustal levels through time. 

The amount of crustal contamination varies throughout the province. Kerr (1993a) 

modelled the REE patterns of contaminated basalts in Mull by adding 3-5% Lewisian 

crust to the least contaminated basalts. Around 8-12% of Lewisian crust is required 

to explain the composition of the Skye magmas (Thompson et al., 1982). In Antrim, 

extrapolation of basement lithologies from Scotland suggest that the Proterozoic 

crust in Antrim had high enough 87  Sr to be the most likely contaminant of the lava 

pile (Wallace et al., 1994). If the level of contamination had been similar to that seen 

in Skye and Mull, then it would have resulted in elevated 87  Sr/ 86Sr ratios higher than 

those seen in Antrim (Wallace et al., 1994). 

To evaluate the effect crustal contamination in the BT1P has on the values of ANb, 

variation in Ba/Zr with ANb was determined (Figure 6.3). Average values for 

Lewisian granulite (Weaver and Tarney, 198 1) and Moine metasediments 

(Thompson et al., 1986) are shown on all of the plots. Contamination trends 

showing the effect of adding 0-20% continental crust to an average sample with 

positive ANb for all areas except the Small Isles. This is because the Small Isles have 

only one sample with positive ANb, while the other areas have many. An average 

BTIP sample with positive ANb cannot be mixed with less than 20% crust to give a 

negative value of ANb. In addition to this, no definite mixing trends between the 

positive ANb samples and the crust end members are visible. In contrast, mixing can 

be seen between the samples with negative ANb and the crustal end members 

although even here, ANb has not changed significantly. Samples with Ba/Zr ratios 

higher than average crustal values have been removed from the data set and are not 

included in any of the plots within this study. Samples with elevated Ba contents are 
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sometimes due to the accumulation of plagioclase, but in most cases it is more than 

likely due to the mobilisation of Ba during hydrothermal alteration. To overcome the 

problem of Ba mobilisation, Ce/Y variations with ANb are also used (Figure 6.4), as 

the REE, Y, Zr and Nb are not affected by hydrothermal processes (Rollinson, 1993). 

The reduced scatter in the range of Ce/Y ratios compared to the range Ba/Zr ratios 

(even with high Ba/Zr removed) implies that some redistribution of Ba has occurred 

in the BTIP. Apparent mixing trends between magmas and the crustal end members 

are also clearer on the Ce/Y plots (Figure 6.4). Again, the addition of up to 20% crust 

to an average sample has no effect on the positive values of ANb. The addition of 

20% crust is well in excess of values suggested by Sr-, Nd- and Pb isotopic analysis 

(Kerr et al., 1995; Thompson etal., 1982; Wallace etal., 1994). In Skye, samples 

with positive ANb form a trend not towards crustal values but instead show a positive 

correlation between Ce/Y and Ba/Zr. This trend is vary similar to that shown by 

ocean island basalt (OlE) data (Figure 6.5 ; D. James and G. Fitton, unpublished 

data). The OIB data set includes samples from most of the world's OIBs. 

A clear example of an apparent crustal contamination trend can be seen in the Beinn 

Reudle section in Mull (Figure 6.6) using a plot of Ba/Zr versus height. The first 

70m of lavas trend towards crustal values shown as dashed (Lewisian) and solid 

(Moine) lines. This change in Ba/Zr does not correlate to a change in ANb, which for 

this part of the section stays almost the same. Two trends in negative ANb higher in 

the section can also be seen. These trends do not correlate to changes in Zr/Y, Ce/Y 

or Ba/Zr. If they were crustal contamination trends then the stratigraphically higher 

samples would be nearly 100% crust, but only 3-5% contamination is seen (Kerr et 

al., 1995). These two trends suggest that at least some of the magma was mxing with 

a more MORB-like component, causing a drop in the values of ANb, while 

periodically erupting a magma with more constant ANb. 

In the BTIP, adding continental crust does not alter the negative or positive values of 

ANb significantly. Crustal contamination has the potential to move a sample that 
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should plot within the Iceland array to the N-MORB array, but contamination levels 

in the BTIP are not high enough to achieve this (Kerr et al., 1995; Thompson et al., 

1982; Wallace et al., 1994). Adding small amounts of crust to samples with negative 

ANb cannot move them into the Iceland array. Mixing trends between the magmas 

and local crust can be seen, especially when using Ce/Y as a crustal contamination 

index. ANb is used as a mantle-source discrimination parameter in the remainder of 

this chapter as there is no evidence that ANb has been affected by the addition of 

crust, unlike the various isotopic ratios (Figure 6.2). 

6.2 Results from the BTIP 

The remainder of this chapter discusses the ANb data for the BTIP by geographical 

area. Appropriate location maps are included and grid references for samples 

collected by the author can be found in the appendix. All of the samples have been 

analysed by XRF in Edinburgh for Zr, Y and Nb (see Appendix C2 for standard 

values). Evolved samples (with MgO <4wt %) have been removed from the data set 

as well as those samples with Ba/Zr higher than average crustal values. 

6.2.1 The Small Isles 

Samples representing the whole magmatic history of the Small Isles were collected 

by the author, Dagley and Mussett (1981, 1986) and Emeleus (1997), and the 

location of the samples collected by the author are shown in Figure 6.7. Using the 

Zr/Y versus Nb/Y discrimination diagram all of the samples, apart from one, plot 

below the Iceland array in the N-MORB field (Figure 6.8). The one sample that has 

positive ANb is a peridotite from the layered series in Rum. The samples are grouped 

according to the following temporal subdivisions: 1, the Eigg Lava Formation; 2, 

dykes cutting the Eigg Lava Formation (Eigg and Muck); 3, the Rum central 

complex; 4, the Canna Lava Formation; and 5, dykes cutting the Canna Lava 

Formation. This grouping allows variation in ANb with time to be determined 
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(Figure 6.9). Apart from the peridotite sample, the magmatism sampled an N-

MORB-like mantle source (negative ANb) throughout its history. 

6.2.2 Ardnamurchan 

The location of samples collected from Ardnamurchan is shown in Figure 6.10. Like 

most of Rum, the Ardnamurchan samples have negative ANb (Figure 6.11). A total 

of four samples were eliminated from the data set through having high Ba/Zr, 

including one sample with positive ANb. Variation in Ba/Zr (Figure 6.3, Section 

6.1.1) suggests that the Ardnamurchan samples were contaminated to varying 

degrees by both the Moine and Lewisian end members. However, the Ce/Y ratios 

suggest only addition of Lewisian crust. This discrepancy is due to the large numbers 

of gabbroic ring-dykes that were sampled from the three central complexes. These 

contain large amounts of plagioclase leading to relative Ba enrichment in these 

samples. The discrepancy could also be due to hydrothermal mobilisation of Ba. As 

discussed earlier, addition of crust does not change the value of ANb significantly, so 

the whole of the magmatic history of Ardnamurchan (divided into Centres 1-3) is 

represented by samples with negative ANb and therefore an N-MORB-like mantle 

source. 

6.2.3 Arran 

The extensive dyke swarm and two samples from the preserved block of lava flows 

were sampled from Arran (Figure 6.12). Again, the dyke samples have been filtered 

for high Ba/Zr, which removed a total of 22 samples from the data set. The lava 

flows have negative values of ANb, and the dykes have both negative and positive 

ANb (Figure 6.13). Unfortunately, the age of each of the dykes is unknown and 

prevents the arrangement of this data set into a true temporal sequence. The only 

existing temporal information is given by the magnetic polarity (Chapter 5), which 

shows that the lavas were erupted during a reversed event before a normal and a 

subsequent reversed event recorded by the dykes. Dykes sampled with known 
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magnetic polarity (Robertson, 1999) are plotted on a Nb/Y versus Zr/Y diagram 

(Figure 6.14), and plot in the Iceland and N-MORB arrays. The normal polarity 

dykes were intruded before the reversed polarity dykes, but both types seem to have 

sampled both mantle sources. So the development of Arran suggests that magmas 

with negative ANb (lavas) occurred before those with both positive and negative 

ANb (dykes). A plot of Ba/Zr versus ANb is also shown in Figure 6.14, to illustrate 

that there is no trend towards crustal contamination 

6.2.4 Antrim 

Samples from the Antrim plateau succession collected by Wallace (1995) and from 
the Ballymacilroy borehole collected by the author are plotted on the discrimination 
diagram of Fitton et al. (1997) (Figure 6.15). These samples are divided into four 
groups: the Lower Formation, Causeway Member, Upper Formation and 

Ballymacilroy samples. In addition to these, samples from the preserved lava 

sequence in the Carlingford Central complex are also shown. Most of the samples 

plot within the N-MORB array with a range in Zr/Y ratios. Figure 6.16 shows the 

variation in ANb with stratigraphic height based on the three plateau basalt 

formations of Wilson and Manning (1978). The Lower and Middle Formation 

(Causeway Tholeiite Member) samples have negative ANb, while the Upper basalts 

have both negative and positive values of ANb. The decrease in negative values of 

ANb from the Lower Basalts to the Causeway tholeiites can possibly be attributed to 

the mixing between the 'Icelandic'core and outer zones of the plume. This is also 

illustrated by the Ballymacilroy samples, which span a range from negative through 

to positive values of ANb. The change from negative to positive is a sharp one, but 

the samples do trend towards less negative values before becoming positive. This 

feature can be seen in reverse down the Reykjanes Ridge today, where, going south 

from Iceland, values of ANb become less positive until the sharp change to negative 
values (Figure 6.17). 
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The BVA samples of Wallace (1995), grouped with the Upper Formation, have been 

dated as part of this study (Chapter 4) and give an age of 60.31 ±0.15 Ma, equivalent 

to the Lower Basalt Formation (Middle Fm. at 60.07 ±0.06 Ma). They also have 

negative ANb similar to the Lower Basalts (Figure 6.16a). There are still samples of 

Upper Basalt with negative values of ANb, but as dating the BVA samples has 

shown, mapping of the Interbasaltic Formation (used to classify the basalts) is 

sometimes unreliable (Chapter 4). The samples in Antrim show a clear trend 

towards positive values of ANb through time. The Carlingford basalts correlate in 

age to the lower part of the Antrim sequence (Chapter 5) and also have negative ANb 

like the Lower Basalts. 

The Ballymacilroy borehole provides the best stratigraphic section through the 

Antrim sequence, and samples from drill cuttings were collected at regular depth 

intervals. The Interbasaltic Formation was not sampled but is 6 m thick and occurs 

at a depth of 340 m. Variation in ANb with depth (Figure 6.16b) shows that the 

Lower Basalts all have negative ANb, apart from one sample. In contrast, the Upper 

basalts have both negative and positive ANb. The shallowest parts of the borehole 

(less than 100 m) have slightly negative ANb. 

6.2.5 Skye 

Over 200 plateau basalt samples (Williamson and Bell, 1994), gabbros from the 

Cuillins centre, and dykes collected by the author (localities shown on Figure 6.18) 

are plotted on the Zr/Y versus Nb/Y discrimination diagram of Fitton et al. (1997) 

(Figure 6.19). The plateau basalts are divided into the stratigraphic groups of 

Williamson and Bell (1994) wherever possible. Most of the samples have negative 

ANb, but some of the Arnaval and Skriden Formations have positive ANb. This 

feature is more apparent in a plot of ANb against stratigraphy for the plateau basalt 

samples (Figure 6.20 Stratigraphic height in Skye is defined by Formation or Group 

as sampling was not on a flow-by-flow basis and different stratigraphic sections are 
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hard to correlate due to faulting. A change from negative to positive ANb occurs 

approximately two thirds of the way up the Skye basalt sequence. The later Talisker 

Group samples plot back on the negative ANb side of the diagram. There is an 

unconformity beneath the Talisker Group marked by a sedimentary sequence 

composed mostly of conglomerates. The Skye plateau lava succession records 

stratigraphic changes in ANb from negative back to positive and then back to 

negative. The change from positive to negative coincides with the chemical division 

of the basalts into the SMLS and the Fairy Bridge magma type (Thompson et al., 

1980). 

Later igneous activity in the Cuillins centre and the regional dyke swarm, sample 

both mantle sources (negative and positiveANb; Figure 6.21). Ba/Zr ratios suggest 

that little crustal contamination of these samples has occurred. This means that the 

stratigraphic variations in ANb in Skye are from negative to positive, then negative 

again, and finally back to sampling both negative and positive. The Skye Tertiary 

centre indicates that the mantle source being sampled alternated throughout its 

formation. 

6.2.6 Mull 

Over 450 samples collected by Kerr (1993a) from various cross sections, and 

additional samples collected by the author are shown on Figure 6.22. Apart from 

lavas from the central complex with normal polarity (N-Lavas), late cross-cutting 

dykes, and the Staffa samples, the Mull samples are divided using the scheme of 

Kerr (1993a, b) and plotted on a Nb/Y versus Zr/Y diagram (Figure 6.23). The 

majority of the Mull samples form an array from the Iceland field at low Zr/Y to the 

N-MORB field at high Zr/Y, suggesting systematic differences in degree and depth 

of melting (Chambers and Fitton, 2000). The higher Zr/Y ratios represent small 

melt-fractions, generated under a thick lithospheric lid, of N-MORB-source mantle 

in the slightly cooler outer zone of the plume. The low Zr/Y samples reflect larger 

degrees of melting of 'Icelandic' mantle in the hotter core of the plume. These 
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'Icelandic' magmas were generated later, possibly under a thinner lithospheric lid. 

Variation in ANb with stratigraphic height through the Mull plateau lava succession 

is represented by the Beinn na h-Iolaire (BHI) and Ben More (BM) sections of Kerr 

(1993, 1995). The BHI section is up-dip of the BM lava flows and the two profiles 

represent a combined total thickness of 1000m. At 700m, a major change from 

negative to positive values of ANb occurs (Figure 6.24). The magma type fluctuates 

over the next nine flows until a height of approximately 820m. This change in ANb 

is almost coincident with the division of the Mull Plateau Group (MPG) and the 

Coire Gorm magma type (CG) by Kerr (1995). Figure 6.24 also shows variations in 

Zr/Y, Ce/Y, MgO (wt %) and Ti/Zr with stratigraphic height. The decrease in MgO 

(wt %) towards the top of the Mull Plateau Group implies a drop in magma supply, 

allowing the magma to evolve. Ti/Zr also appears to be a discriminate between 

samples from the two mantle sources. The difference in Ti/Zr between the MPG and 

CG basalts could not be modelled by Kerr (1993a, b) as anything other than a 

difference in source composition. The stratigraphic changes in ANb and Ti/Zr seen 

in the Mull succession cannot be explained by the addition of crust because the Ce/Y 

ratio does not change significantly. The stratigraphic changes in ANb recorded in the 

Mull lava succession is from negative to positive and back to negative (Chambers 

and Fitton, 2000). 

The Corra Bheinn layered gabbro (Centre 2) and the dykes that cross-cut the Loch 

Ba ring dyke occur later in the sequence than the lava succession. These samples 

(Figure 6.25) plot within the Iceland and N-MORB arrays. As the Corra Bheinn 

layered gabbro is a ring-dyke intrusion, crustal contamination may be a factor. A 

plot of Ba/Zr versus ANb, also shown in Figure 6.25, shows that the ring-dyke has 

higher Ba/Zr ratios but that there is no trend towards the crustal end members. These 

elevated Ba/Zr ratios could be due to plagioclase accumulation, mobilisation of Ba or 

the addition of minor amounts of crust. The late dykes of the regional swarm, 

however, have low Ba/Zr ratios and plot within both arrays. The Mull centre, like 
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Skye, also shows alternations between the mantle sources being sampled through 

time. 

6.2.7 Offshore BTIP 

The results from the offshore BTIP can be divided into three main groups: the basalt 

samples from West of Shetland; dykes samples from Anglesey; and tuffs collected 

from wells both from West of Shetland and in the North Sea. 

6.2.7.1 Lava flows from West of Shetland. 

Samples from BGS boreholes were made available from the BGS collection, with 

permission of the Rockall Consortium. These BGS samples are plotted on the Zr/Y 

versus Nb/Y discrimination diagram of Fitton et al. (1997), where most plot within 

the Iceland array (Figure 6.26). The two samples that plot with very high Zr/Y 

values are dacites from Rosemary Bank. The field of the Iceland array is based on 

basalt samples and so does not extend to high Zr/Y. To evaluate temporal changes in 

ANb, the samples were divided into the two magmatic phases (62-58 Ma and post 56 

Ma) of Saunders et al. (1997) (Figure 6.27). The main restriction for the accurate 

division of these samples is the lack of radiometric ages. Where possible radiometric 

ages have been used, but the majority of samples were dated using biostrati graph y. 

Alteration of the offshore samples means that many are unsuitable for radiometric 

dating. Figure 6.27 shows that both 'Icelandic' and N-MORB-like magmas were 

available during Phases 1 and 2. The lack of good ages for the majority of these 

samples inhibits further interpretation of these data. 

6.2.7.2 Offshore Tuffs 

Tuff sequences offshore provide useful stratigraphic marker horizons. They can 

often occur in thickness of 5 in or more which are rarely cored. Six BP wells were 
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sampled for cored tuff material which was then analysed by XRF in Edinburgh for 

Zr, Nb and Y. Tuffs often suffer alteration and mixing so only Zr/Nb is considered to 

be a reliable indicator of source depletion as both elements are incompatible and 

immobile. The higher the Zr/Nb ratio, the more depleted the source. Tuffs from two 

wells in the North Sea (9/23b-24 and 16/13A-5) have constant Zr/Nb ratios of around 

10 (Figure 6.28). Well 16/13A-5 contained 25 metres of cored Balder tuff which is 

composed of numerous tuff layers graded on a centimetre scale. The lower samples 

in well 16/13A-5 show much more variable Zr/Nb ratios, ranging from 3 to 14. 

Tuffs from three wells from West of Shetland generally have higher Zr/Nb ratios 

than those seen in the North Sea (Figure 6.29). 205/16-2 contains tuffs that are 

similar to those from the N. Sea. The total range in Zr/Nb seen West of Shetland is 

from 2 to 58. 

6.2.7.3 Correlation between the West of Shetland and North Sea samples 

The North Sea and West of Shetland ashes are thought to be contemporaneous with 

the onshore Danish ash layers (Fur Formation) that occur around the Palaeocene-

Eocene boundary. The Danish ashes were described by Bøggild (1918) who assigned 

a number to each layer. Bøggild's  scheme divides the 186 ash layers into a positive 

series and an underlying and much less obvious negative series based on thickness, 

vertical distribution, colour, refractive index (RI), texture and grain shape. The 

positive series has an almost uniform Zr/Nb ratio of 10 (Figure 6.30). In contrast, the 

negative series has Zr/Nb values that range from 2 to 21. Wells 16/13A-5 and 

205/16-2 have similar variations in Zr/Nb with depth to the Danish ashes (G. Fitton, 

unpublished data) (Figure 6.31). A plot of Nb (ppm) versus Zr (ppm) illustrates the 

close similarity between the N Sea ashes and the positive series of Denmark. Both 

have identical Zr/Nb to the much younger Tertiary lavas of Iceland, suggesting that 

the ashes were erupted from volcanoes close to the centre of the Iceland plume at 

-55 Ma. The lower North Sea ashes correlate to the negative series in Denmark. The 
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tuff samples from West of Shetland have higher Zr/Nb ratios indicating a more 

depleted source. 

6.2.7.4 Anglesey Dykes 

A collection of samples from the Anglesey dyke swarm were collected by R. Bevins 

and analysed by XRF in Edinburgh as part of this study. As with the Arran dykes, a 

complete range from negative to positive ANb is seen (Figure 6.32). Unfortunately, 

as these are dykes, there is no age constraint on these samples. One sample, 3317 

was analysed by the 40Ar/39Ar technique as part of this study, but it contained excess 

argon (Chapter 4) so only the isochron age (60.05 ±2.85 Ma, Section 4.7) can be 

used as an estimate of the real crystallisation age. Dyke 3317 has positive ANb. 

6.3 Stratigraphic changes in ANb 

The thickest plateau basalt successions found in Mull, Skye and Antrim all record 

stratigraphic changes in ANb. The shorter plateau lava successions of the Small Isles 

and Ardnamurchan sample only basalts from the N-MORB source (negative ANb), 

while the dyke swarms of Arran and Anglesey sample both depleted and 'Icelandic' 

mantle. 

Using the 40Ar/39Ar age dates and changes in magnetic polarity, discussed in 

Chapters 4 and 5, these stratigraphic changes in ANb can be tied to the geomagnetic 

time scale of Berggren et al. (1995) (Figure 6.33). The early parts of the BTIP nearly 

all have negative ANb. The occasional sample, with positive ANb may represent 

blobs from the core of the plume entrained into the outer margins. Samples with 

MgO wt % less than 4 have also been removed from the data set as being too 

evolved. 
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New 40Ar/39Ar ages show that magmatism began almost province-wide at -61 Ma; 

Mull at 60.56 ±0.29 Ma, Antrim at 61.02 ±0.08 Ma and the Small Isles at 60.65 

±0.07 Ma. Unfortunately, no age has a yet been obtained for the base of the Skye 

succession. Emplacement of the Small Isles igneous rocks was rapid, and, apart 

from the Sgurr of Eigg, magmatism had ceased by 60.00 ±0.23 Ma. The Tertiary 

succession in the Small Isles can be correlated to the early parts of the Skye, Mull 

and Antrim plateau successions (Figure 6.33). Apart form the occasional sample, 

this part of the succession is dominated by basalts with a N-MORB-like source 

(negative ANb). The best correlation can be seen in Skye and Mull where the 

magnetic stratigraphy and 40Ar/39Ar dates show that these two successions were 

contemporaneous (Chambers and Pringle, submitted b). Additional 40Ar/39Ar ages 

have shown that the Antrim plateau basalts were also being erupted at time (Chapter 

4). At approximately two thirds up the stratigraphy in these areas, 'Icelandic' basalt 

starts to dominate. This marks a significant change in the source of the magmas 

from the outer zone to the inner core of the Iceland plume. The decrease in Zr/Y 

ratio coincident with this change can be attributed to the more extensive melting of 

this hotter core region, possibly under a thinner lithospheric lid. The timing of this 

major geochemical change has been best constrained in Skye (59.83 ±0.12 Ma) and 

Antrim (younger than 60.07 ±0.06 Ma). The timing of this geochemical change in 

Mull is less well constrained. The BM samples (just below the change) have a 

combined weighted mean age of 58.38 ±0.19 Ma, which is out of stratigraphic order 

when compared to the other ages for Mull. The age spectra and isochrons for these 

samples have high MSWD and SUMS/N-2 values indicating disturbance to the 

system. It is likely that this young age, when compared to other ages in Mull, is due 

to hydrothermal alteration of the sample. This hypothesis is reinforced by the VO 

values presented in Chapter 4. Geochemical change in Mull is constrained by the 

60.56 ±0.29 Ma basal lava and the 59.05 ±0.27 Ma age for the Cl pillow lavas. 

The thick stratigraphic sections in Skye, Antrim and Mull all show a transition back 

to basalts with an N-MORB-like source at -59 Ma. This corresponds to igneous 
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activity in Ardnamurchan. After this time, the magma source can be seen to alternate 

with, both mantle sources being tapped simultaneously. 

Some mixing between the outer and inner components of the plume can be seen in 

Antrim and Mull, where the magmas become less negative before the influx of 

'Icelandic' basalt dominates. This process is seen in reverse down the Reykjanes 

Ridge where the positive values of ANb decrease with distance from Iceland before a 

complete and sharp change to negative ANb. Occasional samples have positive ANb 

suggesting that some material from the inner parts of the plume have become 

entrained in the outer margins. 

6.3.1. Summary 

A major geochemical change from negative to positive ANb occurs in the 

stratigraphic sections through the Mull, Antrim and Skye plateau basalts. 40Ar/39Ar 

ages presented in Chapter 4 have shown that these areas developed simultaneously. 

Igneous activity in the Small Isles corresponds to the early part of these stratigraphic 

sections. A transition from positive back to negative values of ANb occurs towards 

the top of the plateau lava sequences in Mull, Skye and Antrim and is also seen in 

Ardnamurchan. Samples representing later events throughout the BTIP, show that 

both magma sources were being tapped, sometimes simultaneously. Apart from 

granites in Skye and Antrim, no sample has been found to be younger than the Arran 

dykes which have reversed magnetic polarity. It is therefore suggested that the 

volcanism in the BTIP had ceased prior to the onset of sea-floor spreading at 56 Ma. 

6.4 Correlation between ANb and Ti/Zr 

The plateau lava succession in Mull was divided and correlated by Kerr (1995) into 

chemically distinctive units. The Mull Plateau group, for example, was divided into 

the two most abundant units; primitive (> 9 wt % MgO) with Ba/Nb >>15 and 

evolved (<9 wt % MgO) basalts and hawaiites with BaINb<15. The most striking 
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geochemical feature is the division between the MPG and the Coire Gorm basalts at 

the top of Ben More based on Ti/Zr ratios. The Coire Gorm magma type have 

elevated Ti/Zr ratios (>105) (Kerr, 1995) compared to the Mull Plateau Group (< 

105). Kerr attributed to mantle melting processes or a change in the mantle source 

region. This division of the Mull basalts into two groups using Ti/Zr appears to 

coinside with a division based on to ANb (Figure 6.34). A plot of ANb versus Ti/Zr 

however shows that the division of the basalts using these two discriminants is not 

quite the same (Figure 6.35). The samples with positive ANb have elevated Ti/Zr 

compared to the samples with negative ANb. The two magma types of Kerr (1995) 

are plotted separately and the CG mostly do have higher Ti/Zr than the MPG, but the 

ratio does not discriminated perfectly between the two types. The absolute values of 

Ti/Zr vary from Kerr's (1995) values because Nb, Zr and Y have been reanalysed as 

part of this study and so differ slightly from the values used in Kerr (1995). 

Plots showing variation in Ti/Zr with ANb for other areas of the BTIP show no 

correlation (Figure 6.35). This is especially true in Skye where the sample with 

elevated Ti/Zr ratios have negative ANb. ANb and Ti/Zr seem to divide the BTIP 

samples into different groups. ANb, however, can be shown to dicriminate between 

mantle sources in the present day Iceland hotspot and, as crustal contamination is not 

significant, should reflect mantle sources of the ancestral plume. 

6.5 Summary 

This chapter has shown that stratigraphic changes in ANb recorded in the plateau 

lava sequences of the BTIP can be correlated using magnetic stratigraphy and 

40Ar/39Ar dates (Table 6.1). A major change in geochemistry occurs at 

approximately two thirds up the composite sections in Skye, Mull and Antrim, where 

the magma source changes from having N-MORB source to an 'Icelandic' source. 

This change occurs at 1.9 m.y. after the onset of volcanism. Earlier lava 

successions only sample the hot N-MORB-like outer zone of the plume. After 
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Icelandic magmas dominate, a change back to N-MORB occurs. This can be seen 

best in Mull where the section is continuous. In Skye an unconformity separates the 

Talisker Group (negative zNb) and the underlying formations (positive ANb). 



Chapter 7 

Discussion 

The main aim of this work was to establish a well-constrained absolute chronology 

for the BTIP and to use this to assess temporal and spatial changes in ANb as an 

indicator of mantle source. A total of 36 new internally consistent 40Ar/39Ar ages 

have been added to the existing data set. 

This chapter brings together the results and ideas presented in the previous three 

chapters by examining their main conclusions, and discussing the implications of 

these conclusions for our understanding of the development of the province and its 

position in the geomagnetic time scale. The first part of the chapter concentrates on 

the geochronology of the province, especially where differences exist between new 

and existing radiometric ages, and also the implications that this data set has for the 

presently accepted time scale. The second part of the chapter discusses the 

geochemical results, concentrating on the stratigraphic changes in ANb seen within 

the BTIP. The four models for the formation of LIPs (Chapter 2) are briefly 

reviewed in light of the results presented within this thesis. 

7.1 40Ar 9Ar geochronology 

A well-constrained chronology is fundamental to understanding the processes that 

form large igneous provinces. The development of the 40Ar/39Ar dating technique has 

allowed the re-evaluation of the chronology of many large igneous provinces. For 

example, Karoo magmatism was previously thought to span 40-50 m.y. starting from 

190-195 Ma. Duncan et al. (1997) have now shown with 32 new 40Ar/39Ar ages that 
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the total range in magmatism is from 184-179 Ma, with the bulk of the ages 

clustering at 183 ± 1 Ma. Existing radiometric ages prior to this study for the BTIP 

have constrained magmatic activity to a duration of 10.5 m.y. (Pearson et at., 1996; 

Mussett et al., 1988; Dickin and Jones, 1983) as shown in Figure 7.1. A total of 55 

samples were analysed using the 40Ar/39Ar technique, yielding 36 new ages for rocks 

from the BTIP. These new analyses have confined the volcanic activity of the 

province to within a duration of 3 m.y. and total igneous activity within the province 

to 6 m.y. (Figure 7.2). During the course of this work, many discrepancies between 

these ages and existing ages (Chapter 4) and the geomagnetic time scale (Chapter 5) 

came to light. The main conclusions and ideas are briefly reviewed here. 

7.1.1 The onset of magmatism in the BTIP 

The previously accepted age of 62.8 ±0.3 Ma for one of two sanidine-bearing tuff 

horizons in Muck was the oldest radiometric age for a sample from the BTIP and the 

wider NAIP (Figure 7.3). This age occurs within Chron 27r, using the time scale of 

Berggren et at. (1995). The new age of 60.65 ±0.07 Ma, discussed in Chapter 4, is 

now considered the more reliable age for this tuff, and places it within Chron 26r 

(Figure 7.3). The earliest manifestation of plume-related magmatic activity in the 

NAIP can now be inferred to be the lower parts of the West Greenland succession 

(Vaigat Fm.) and a dacite sample from ODP Leg 152 (Hole 917A) (Sinton et at., 

1998). The Lower Vaigat Formation, with reversed magnetic polarity, has been 

analysed using the 40Ar/39Ar technique yielding an age of 60.5 Ma (Storey et at., 

1998). Below these flows with reversed polarity, are lava flows with normal 

magnetic polarity that are now correlated with 27n. The dacite from ODP Leg 152 

(Hole 917A) has reversed magnetic polarity and is correlated to Chron 26r (Sinton 

and Duncan, 1998; Fitton et at., in press). 

The oldest age for a sample from the BTIP is now from the Lower Formation in 
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Antrim, which has an age of 61.02 ±0.08 Ma corresponding to Chron 27n. However, 

the whole plateau lava succession in Antrim has reversed magnetic polarity (Chapter 

5). Chron 27n occurs between 60.92 and 61.28 Ma (Berggren et al., 1995), and using 

the age of 61.02 ±0.16 (2cr error) for the Lower Formation suggests that this sample 

can be placed within Chron 26r and not Chron 27r. An error larger than 2 be 

required to place the Lower Basalts within Chron 27r. The placement of the Lower 

Formation into Chron 26r is further reinforced by the fact that none of the Antrim 

plateau lavas have been found to have normal magnetic polarity. 

Work presented in Chapters 4 and 5 shows that the volcanism in the BTIP occurred 

during a 3 m.y. period corresponding to Chron 26r (Berggren et al., 1995). 

Magmatism in West Greenland and Baffin Island (60.5 Ma; Storey et al., 1999) and 

the East Greenland and Faeroes Lower Series (59-56 Ma; Larsen et al., 1999) also 

can be placed into Chron 26r. In addition, the Lower Series from the south-east 

Greenland margin (ODP Leg 152) also have been placed within Chron 26r (Sinton 

and Duncan, 1998). All of these ages suggest that a large proportion of the plateau 

basalt sequences were erupted within 3 m.y. of initiation. 

7.1.2 Relative chronology within the BTIP 

The oldest age obtained for the BTIP during this study is the weighted mean age of 

61.02 ± 0.08 Ma for the Lower Formation in Antrim. As discussed previously and in 

Chapter 5, this age is correlated to the base of Chron 26r at 60.9 Ma. Magmatism in 

the Small Isles and Mull began at 60.6 Ma, but no age as yet has been obtained for 

the base of the Skye succession. However, changes in magnetic polarity and 

variations in AMb (Chapters 5 and 6) both suggest that the plateau lava sequences in 

Skye and Mull are contemporaneous. All of the magmatism in Mull, Ardnamurchan 

and the Small Isles occurred within Chron 26r (Figure 7.2), whereas granites younger 

than this can be found in the Skye, Arran and Antrim igneous centres. Ash deposits 
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in the North Sea and some from West of Shetland have been correlated to the Danish 

Ash Series at 55 Ma, using geochemical stratigraphy (Chapter 6). 

7.1.3 Palynology versus 40Ar/39Ar ages 

Constraining the volcanism and the most of the magmatism in the BTIP to within 

Chron 26r is in direct conflict with ages estimated from palynology. This 

discrepancy is best illustrated in Mull. 40Ar/39Ar ages from this study and Mussett 

(1986) show that the plateau lava succession on Mull began at about 60.5 Ma. The 

new ages for the Loch Ba ring-dyke at 58.48 ±0.18 Ma and the crosscutting dykes at 

58.12 ±0.13 Ma have constrained the total duration igneous activity in Mull to within 

26r (60.92 - 57.99 Ma, Berggren et al., 1995). Palynological studies suggest that the 

flora on Mull are typical of the flora found above the Faeroes lavas in the West 

Shetland Basin (Bell and Jolley, 1997), which is also typical of a major sequence 

boundary present over the region and dated at 55 Ma. Bell and Jolley (1997) also 

suggest that there is a 4 m.y. cessation in volcanic activity between the final lava 

flows on Skye and the earliest flows on Mull. The palynological ages for the BTIP 

are shown in Figure 7.1 together with radiometric ages for the BTIP available prior to 

this study. All of the various data presented in this thesis, including ages for the K-T 

boundary tektite, the U/Pb sphene age for Muck and the existing 40Ar/39Ar ages from 

Mussett (1986), suggest that the plateau lava formations on Skye and Mull are 

contemporaneous. Using the U/Pb sphene age and the 40Ar/39Ar K-T tektite age, the 

40Ar/39Ar ages can be directly compared to the geomagnetic time scale, implying that 

the palynology is in error. 

7.1.4 Correlation problems with the geomagnetic time scale 

The new set of 40Ar/39Ar ages have also highlighted correlation problems when 
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correlating the changes in magnetic polarity to the geomagnetic time scale (Chapter 5 

and Chambers and Pringle, submitted, b). The implications of the results and the 

methods of resolving the discrepancy are summarised below. 

The Tertiary successions in Mull and Skye record a series of reversals in magnetic 

polarity (Dagley and Mussett, 1987, 1990). All of the igneous activity in Mull and 

most of the igneous activity in Skye is now known to have occurred within the 

reversed Chron 26r, indicating apparent normal polarity events within Chron 26r. 

Three mechanisms that seek to account for the presence of these normal polarity 

events within a larger reversal were presented in Chapter 5 and Chambers and 

Pringle (submitted, b). The first mechanism suggests that the normal magnetic 

polarity events are a result of later overprinting. This is considered to be unlikely as 

very few samples show a secondary component of magnetisation and, as discussed in 

Chapter 5, different magnetic polarities in rocks with crosscutting relationships are 

still preserved. The two other mechanisms are illustrated in Figure 7.4, Model 1 

shows the normal polarity events correlated to cryptochrons described by Cande and 

Kent (1992a, 1995) within Chron 26r, and Model 2 shows the younger normal 

polarity events correlated to Chron 26n in an older position. The position of 26r can 

be adjusted via better calibration of the Palaeocene-Eocene tie-point used to anchor 

this part of the time scale. The existence of at least two cryptochrons within 26r is 

still required in Model 2 to account for all of the normal polarity events. 

Model 2 is considered the more likely explanation of these normal polarity events as 

it is unlikely that the large number of intrusions forming Centres 2 and 3 in Mull 

could record a magnetic normal event that is only 30 kyr in duration. Model 2 implies 

that these intrusions are recording the longer normal Chron 26n. This would require 

a shift in the position of the Palaeocene-Eocene boundary to a position at least 0.5 

m.y. older. If this is the case, the Loch Ainort granite would correspond to a reversed 

cryptochron within 26n. 
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7.1.5 Erosion rates in the Small Isles 

The timing of the magmatic activity in the Small Isles has been constrained to 0.67 

±0.25 m.y (Chapter 4). During this time (maximum duration of 0.92 m.y.), the 

plateau lavas of the Eigg Lava Formation were erupted, the Rum central volcano 

developed and was then unroofed, and finally lavas from the Canna Lava Formation 

were erupted. The new ages allow constraints to be placed on the development and 

subsequent erosion of the volcano. A U/Pb age for the Rum Layered Series at 60.53 

±0.04 Ma (Hamilton et al., 1998) and the age in this thesis for the Canna Lava 

Formation at 60.00 ±0.23 Ma implies a duration of 0.53 ±0.23 m.y for erosion to 

occur. Estimates suggest that 1 km was lost from the top of the Rum central volcano 

during this time (Emeleus, 1983), which implies erosion rates of 1.89 mm per year. 

7.1.5.1 Mechanisms of erosion 

Erosion rates in the Himalayas are presently around 2 mmlyr, with most of this 

erosion occurring by fluvial incision and catastrophic landslides (Burbank et al., 

1996). Landslides are also the main erosion mechanism in the Finisterre Mountains, 

Papua New Guinea (Hovius, 1998), where uplift and erosion would otherwise be in a 

steady state. Catastrophic megalandslides in Hawaii (Moore et al., 1989) and the 

Canary Islands (Watts and Masson, 1995) have been known to displace 5500 km3  of 

material. In Tenerife, the largest landslide was actually an amalgamation of 

landslides, now exposed over 5500 km2  of seafloor. This area is over twice the 

surface area of the island. The landslide is estimated to have a length of 100 km, a 

width of 80 km and a volume of 1000 km3. Landslides can be triggered by large 

caldera collapses, which cause large-scale lateral collapse of the volcano (Marti et al., 

1997). Seafloor mapping between Kauai and Hawaii has shown an area of 100,000 

km2  covered in debris flows. These flows can be shown to begin early in the 

volcanic history and to continue at a reduced rate even after the volcanic centre is 
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dormant (Moore et al., 1989). The largest number of events seem to occur at the end 

of the shield-building phase when the volcano is 2-4 km above sea level. 

Major landslides may explain the substantial thicknesses of sand seen in the basins 

West of Shetland and in the North Sea. Influx of sand intermittently between 

background sedimentation appears to occur in pulses (White and Lovell, 1997). 

These apparent pulses in sedimentation could represent large megalands!ides or be an 

artifact of fan switching as the source of sediment supply changes. The pulses of 

sedimentation have also been attributed to a pulsing of the Iceland plume (White and 

Love!!, 1997). A pulsing plume is also invoked as the mechanism responsible for the 

formation of v-shaped ridges seen down the Reykjanes Ridge (White and Lovell, 

1997). In contrast to this hypothesis, Hardarson et al. (1997) suggest that the ridges 

represent ridge-jumping events in Iceland when the mid-ocean ridge relocates itself 

over the plume axis. 

The work reported in this thesis also forms part of the PULSE project set up to study 

the pulses of sedimentation and the timing magmatic activity. The 40Ar/39Ar ages 

reported here can be used to assess the correlation between magmatic activity 

onshore and pulses of sedimentation seen offshore. No pulses in magmatic activity 

are seen within the BTIP as the ages cluster within a 3 m.y. period (Figure 7.2), 

beginning at 61 Ma. The second apparent pulse of magmatic activity in the NAIP is 

seen when continental break-up occurs at 56 Ma. In contrast, sedimentary pulses 

occur at a frequency of 1 m.y., and occur even after the cessation of volcanism in the 

BTIP. It seems more likely that the pulses of sedimentation are due to factors other 

than a pulsing plume, such as the switching on and off of sediment supply or the 

megalandslides sometimes triggered by large caldera collapses. The development of 

many central volcanoes within the BTIP and the large vertical movements seen 

during caldera collapse events, such as the Loch Ba ring dyke (formed by 900m of 

vertical movement), may have caused periodic landslides. 
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Using subsidence histories, dynamic uplift of the North Atlantic region is seen to 

develop rapidly at 63 Ma (Clift and Turner, 1998). The lack of any thermal 

subsidence seen in many Mesozoic basins (Brodie and White, 1994) is attributed to a 

permanent crustal thickening by igneous underplating. They showed how the addition 

of 4-5 km of basalt to the lower crust would cause 600m of permanent uplift and 

result in 2.5 km of denudation. Subsidence depth anomalies can also be used to 

estimate the amounts of igneous underplating seen in the Rockall-Faeroes-Shetland 

area (Clift and Turner, 1998). Assuming that the underplated material is gabbroic, 

the subsidence depth anomalies indicate a regional pattern of 1-1.5 km of underplated 

material in the east of the Faeroes-Shetland basin increasing to 4-5 km in the west. 

Thermal maturity of the petroleum in the Rockall-Faeroes-Shetland area can be 

related to small heat flow peaks, which indicate that underplating was a gradual 

process achieved through the addition of small rapidly cooled bodies within the crust 

(Clift and Turner, 1998). The work of Clift and Turner (1998) implies that the pulses 

of sedimentation are not a result of episodic periods of magmatic underplating. 

7.2 Magma volumes in the BTIP 

The volume of magma seen in the BTIP is a very small proportion of the total 

volume of the NAIP. In total, an estimated 7200 km2  or 5800 km3  of plateau lavas 

are still preserved in the BTIP (Emeleus, 1983). These are minimum estimates as 

much of the sequence has been lost due to erosion. For example, the plateau lava 

succession in Mull has lost at least half of its thickness (Walker, 1971). As well as 

material being lost by erosion, a large proportion of the magma does not even reach 

the surface as it crystallises within magma chambers and becomes intruded into the 

lower crust (magmatic underplating). Magmatic underplating of the crust may be a 

significant factor (3-5 times extruded volumes, White and McKenzie, 1995) to 

consider when estimating magma production rates. The ages presented in Chapter 4 

show that the plateau lava formation occurred in a very short period of time (1.5 m.y. 
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in Mull and Antrim). Using the volume of plateau lavas still present in the BTIP and 

a maximum duration of 1.5 m.y, magma production rates of 3.9 x 10 3  km3  y' can be 

calculated. Magma production rates for the Skye Main Lava Series of 2.2 x 10 3  km3  

Y-1  have been suggested by Hamilton et al. (1998). These production rates are an 

order of magnitude lower than those determined using palynological ages for the 

Skye Main Lava Series (Jolley, 1997). These higher magma production rates in 

Skye can be calculated because the palynoflora assemblage, found within the plateau 

lavas, is dominated by Inaperturopollenites hiatus and Momipites tenuipolus, which 

is typical of the 58.0-58.25 Ma interval in the West Shetland Basin. It is not known 

what error bars can be placed on these data, and the radiometric ages suggest that 

magmatic activity was over a longer period. 

The magma production rate for the whole province is high and is comparable to rates 

associated with individual magmatic centres above a hot upwelling plume, such as 

Hawaii (White and McKenzie, 1995). Mean eruption rates of 2.4 km3/yr (if two 

thirds of the volume of basalt was emplaced within 0.5 m.y. after break-up) have 

been suggested for the North Atlantic Igneous Province (Eldholm and Grue, 1994). 

They also present a mean eruption rate of 0.6 km3lyr or 2.4 x 10-4 km3  per km riftlyr 

for the province as a whole. This mean production rate is higher than 'Icelandic' 

production rates (1.33 x10 4  km3  per km rift/yr, Pálmason, 1986) for the past 1100 

years. 

7.3 Geochemical changes in the BTIP 

The BTIP lies on the eastern fringe of the NAIP and is part of a continental flood 

basalt province formed prior to the initiation of sea-floor spreading at 56 Ma. As 

with all continental flood basalt provinces, the crust can act as a mechanical filter and 

as a contaminant. The subtle isotopic differences between the components of the 

Iceland plume (Taylor et al., 1997), discussed in the next section, are masked by the 
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addition of even minute amounts of crust. Because of the addition of crust to the 

magmas of the BTIP, ANb is used in this study to discriminate between mantle 

components of the Iceland plume. 

7.3.1 Chemical and isotopic zonation of the Iceland plume 

As detailed in Chapter 2, the presently active Iceland hotspot is both chemically and 

thermally zoned with a core of 'Icelandic' mantle surrounded by a zone of hot N-

MORB-like mantle. Basalts formed from the two mantle sources in the plume can be 

distinguished using a 208Pb/204Pb verses 207Pb/204Pb isotopic diagram (Thirlwall, 

1995), or by ANb (Fitton et al., 1997). Trace-element and Sr-, Nd- and Pb-isotope 

ratios suggest that the plume influence extends 750 km to the south of the centre of 

the Iceland plume. The 3  H anomaly extends 1700 km to the limit of the thermal 

effect of the plume. The Sr- and Pb-isotopic ratios decline rapidly towards MORB 

values to the north and south of Iceland. The decline down the Reykjanes ridge 

shows a mixing of 'Icelandic' plume magma with between 20 and 70% MORB 

(Taylor et al., 1997). The isotopic systems define arrays with depleted and enriched 

end members (Taylor et al., 1997). All of this isotopic heterogeneity within the core 

of the Iceland plume is confined within the two boundary lines of the Iceland array on 

the Zr-Y-Nb discrimination diagram of Fitton et al. (1997). A sharp change from 

positive to negative ANb moving down the Reykjanes Ridge away from Iceland 

occurs at 61'N, and marks the change from plume to ambient mantle (Fitton et al., 

1997). 

7.3.2 The effect of crustal contamination 

As described earlier, the addition of crust to the magmas of the BTIP precludes the 

use of isotopes as a source discriminant. ANb was used as the source discriminant 
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and the effects of crustal contamination on ANb, discussed in Chapter 6, are 

summarised here. 

The effects of adding up to 20% of crust to average basalt compositions is shown in 

Figure 7.5. This level of contamination only has a small effect on ANb. Isotopic 

studies have shown that the amount of crustal contamination can be up to 8% in the 

BTIP (Kerr et at., 1995; Thompson et at., 1982). It is important to note that the 

addition of crust cannot cause a change from negative to positive values of ANb. 

7.3.3 Evaluation of ANb as an indicator of plume source 

Kerr (1993a, b, 1995) divided the Mull plateau lavas into two groups on the basis of 

REE patterns and Ti/Zr (Mull Plateau Group and Core Gorm magma type). Kerr 

(1993a, b, 1995) states that Ti/Zr reflects source composition and cannot be modeled 

by fractionation processes or crustal contamination. During the present study, Nb, Zr 

and Y in the Mull samples were reanalysed and the values of Ti/Zr have been 

adjusted. A correlation between Ti/Zr and ANb should exist if both reflect 

differences in the source. There is a correlation between ANb and Ti/Zr in Mull, but 

no correlation is seen anywhere else in the BTIP (Figure 7.6). An inverse correlation 

between Ti/Zr and Zr/Y can be seen in the Ben More section in Mull, and suggests 

that the Coire Gorm magma type represents more extensive melting. ANb shows that 

this is accompanied by a change in the mantle source. The lack of correlation 

elsewhere in the BTIP may be due to variable amounts of magnetite crystallisation. 

7.3.4 Stratigraphic correlation of changes in ANb 

Early igneous activity in the BTIP is dominated by plateau basalts with an N-MORB 

mantle source (negative ANb). Occasional basalt lava flows have positive values of 

ANb, indicating an 'Icelandic' source mantle. These occasional samples may 
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represent blobs of 'Icelandic' mantle from the core of the plume being entrained but 

not mixed into the outer zone. 

The plateau lava successions in Mull, Skye and Antrim all show a change from 

negative to positive values of ANb within 1 m.y. of the onset of magmatism. This 

change represents the first major influx of 'Icelandic' mantle source into the BTIP. 

This is probably a result of the initial spreading of the plume head beneath the 

lithosphere after arrival at 62 Ma. Within half a million years, the sequence is again 

dominated by basalts with a N-MORB-like mantle source. This is shown by the 

Talisker Group in Skye, the Centre 1 basalts in Mull, the uppermost plateau basalts in 

Antrim and the succession in Ardnamurchan. After this time, the basalts sample both 

mantle sources, often simultaneously. This sequence of events is summarised in 

Figure 7.7. The stratigraphic changes in ANb correlate directly with the division of 

the Mull sequence into magma types by Kerr (1993a,1995), and for the BTIP by 

Mattey et al. (1977) and Lyle (1980). 

7.4 Timing of changes in ANb - relationship to the underlying mantle 

plume head 

The BTIP is situated on the eastern margin of the ancestral Iceland plume head. 

After substantial uplift at 63 Ma (Clift and Turner, 1998), magmatism began first in 

Greenland closer to the proposed centre of the plume (Lawyer and MUller, 1994; 

White and McKenzie, 1989). The plume head spread rapidly and was channeled 

towards localised thinspots in the lithosphere (Thompson and Gibson, 1991). 

Magmatism began on the eastern fringes of the plume head in the BTIP at 61 Ma, 

where the basalts can be shown to sample the outer N-MORB-like zone of the plume. 

Less than 1 m.y. after the onset of volcanism in the BTIP, the basalts began to be 

sourced from the 'Icelandic' mantle forming the core of the plume. This probably 

represents the plume head at its most extensive. The change back to basalts having an 
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N-MORB mantle source about 0.5 m.y. later could represent the shrinking of the 

plume head after the initial spreading phase. The mantle source of the basalts then 

appears to oscillate suggesting that the BT1P was in a position analogous to that at 

61°N on the Reykjanes Ridge today. Igneous activity in the BTIP ceased at 55.44 

±0.22 Ma (age of Beinn an Dubhaich granite, Skye), with the bulk of igneous activity 

occurring rapidly within 3 m.y of its initiation. The decline in magmatism after 57 

Ma may be a result of the plume being drawn back into the rift zone (Saunders et al., 

1997). This sequence of events is summarised schematically in the next chapter. 

Most of the basalts in the BTIP have negative ANb, indicating that a large proportion 

of the ancestral plume head had an N-MORB-like mantle source, probably 

originating in the thermal boundary layer at the 670 km discontinuity (Fitton et al., 

1997; Kempton et al., in press). The occurrence of large volumes of N-MORB-like 

magmas in the BTIP suggests that the source was hot and formed an intrinsic part of 

the plume. 

7.5 Applicability of the models for the formation of LIPs 

Four models were presented in Chapter 2 that suggest different mechanisms to 

generate large igneous provinces. These are; (1) the impacting plume head, (2) 

steady-state plume incubation and lithospheric thinning, (3) channeled plume flow 

into thinspots and (4) convection as a result of rifting. The applicability of the 

models will be examined in light of the work presented in this thesis. 

Large-scale uplift occurred in the North Atlantic at about 63 Ma (Clift and Turner, 

1998), corresponding to 1.2 km of erosion in Greenland (Dam et al., 1998). After 

initial uplift, subsidence occurred after the onset of volcanism. Initial localised 

subsidence in West Greenland was approximately 300 m in 2 m.y. Subsidence 

throughout the province is much reduced as a result of igneous underplating (Brodie 
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and White, 1994). Magmatism prior to sea-floor spreading appears to be a 

consequence of the arrival of the plume, rather than active thinning (Saunders et al., 

1997). 

Widespread magmatism occurred firstly in localised thinspots in the lithosphere 

(Thompson and Gibson, 1991), as in Model 3. Model 3 requires either an impacting 

plume or active rifting to cause magmatism which could produce a large igneous 

province. The large volumes of magma erupted shortly after the initiation of 

magmatism in the NAIP and the widespread uplift prior to volcanism, is harder to 

reconcile with the incubating plume model (2) than with the impacting plume head 

(Model 1). The stratigraphic changes in ANb that occur in the BTIP suggest that the 

plume head spread rapidly within the first few million years, implying an impacting 

plume head (Model 1). It may be significant that a change from negative to positive 

ANb occurred at the same time in basalts erupted on the E. Greenland margin (Fitton 

et al., in press). 

The large volumes of magma associated with sea-floor spreading at 56 Ma, a time 

when the plume head appeared to be cooling, is the result of active upwelling as well 

as the presence of a mantle plume (Tegner et al., 1998). The drawing back of the 

plume into the active zone of rifting, leading to high magma production rates during 

the formation of the seaward-dipping reflectors is proposed by Saunders et al. (1997). 

This may be the reason why igneous activity in the BTIP ceases shortly after the 

onset of continental break-up. This active upwelling is not the same as that in Model 

4, which invokes convection cells at the edges of continents. Magmatism occurring 

in Model 4 would only generate MORB magmas without any plume signature. This 

is not seen in the North Atlantic. The results from this study favour plume Model 1 

(impacting plume) aided by Model 3 (thinspots), where the impacting plume head 

causes rapid uplift prior to the onset of volcanism, but that the plume head is 

channeled into thinspots within the lithosphere. 
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7.6 Summary 

This chapter brings together the ideas and results presented within this thesis. The 

stratigraphic correlations in ANb have been evaluated in terms of the development of 

the ancestral Iceland plume head. The principle results of this study are summarised 

in the next chapter. 



Chapter 8 

Conclusions and suggestions for future work 

This thesis has established a more precise absolute chronology for the BTIP than has 

previously been possible. This has allowed changes in ANb that occur throughout the 

magmatic history of the British Tertiary Igneous Province to be correlated. The 

changes in ANb were then discussed with reference to the plume models outlined in 

Chapter 2, concluding that Model 1 aided by Model 3 is most applicable model in the 

North Atlantic. This final chapter summarises the main conclusions of this thesis, 

and then makes suggestions for further work. 

8.1 Main conclusions of this thesis 

A total of 36 new 40Ar/39Ar ages have been added to the existing data set for the 

BTIP. Volcanic activity within the BTIP occurred within 3 m.y. between 61 and 58 

Ma. Granites in Skye, Antrim and Arran were emplaced up to 55.5 Ma. The main 

phase of igneous activity in the BTIP occurred at 59 Ma, which was prior to the onset 

of sea-floor spreading at 56 Ma. Table 8.1 contains all of the new ages presented in 

this thesis. 

New ages of 60.65 ±0.07 Ma and 60.44 0.07 Ma for the sanidine-bearing tuff 

horizons on Muck are now believed to be the most reliable ages for the base of the 

Eigg Lava Formation, previously believed to be the earliest magmatic rocks in the 

BTIP. This age is reinforced by the absolute U/Pb age of 60.19 ±0.2 Ma on sphene 

from one of the tuffs (MT2). The new age for the base of the Eigg Lava Formation 

now means that the first manifestation of igneous activity in the NAIP is in West 

Greenland. This is inferred using an 40Ar/39Ar age of 60.5 for the lava flows of the 

Lower Vaigat Formation, which have reversed magnetic polarity. At the base of the 
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Lower Vaigat Formation the lavas have normal magnetic polarity, which means that 

they can be correlated to Chron 27n. 

An age of 58.73 ±0.08 Ma for sanidine from the Sgurr of Eigg pitchstone is believed 

to be the most reliable age for this flow. It is now placed within Chron 26r like the 

rest of the magmatism in the Small Isles. The glass age of 47.14 ±0.12 Ma explains 

why a Rb-Sr isochron using sanidine, glass and a whole rock sample from the Sgurr 

of Eigg gave a young age of 52.1 Ma (Dickin and Jones, 1983). 

Development of the Small Isles was rapid (less than 0.67 ±0.25 Ma) and includes a 

period of erosion when the Rum central volcano was unroofed. Erosion rates of 2 

mm/year can be calculated using an estimate of 1 km for material lost during erosion. 

The most likely mechanism for this erosion may be megalandslides, which can be 

triggered by large caldera collapse events. 

Correlating the changes in magnetic polarity and the new 40Ar/39Ar ages to the 

presently accepted time scale of Berggren et al. (1995) has highlighted problems with 

this part of the time scale. The duration of igneous activity in Mull and most of the 

activity in Skye occurs within Chron 26r. However, these igneous centres record a 

minimum of seven changes in magnetic polarity. This discrepancy is best rectified 

by adjusting the position of the Palaeocene-Eocene boundary at least 500,000 years 

older and by postulating the existence of cryptochrons within Chron 26r. 

A lack of correlation also exists between the radiometric ages and palynological ages. 

The ages presented in this thesis all can be calibrated to the K-T boundary, defined in 

the time scale as 65.00 Ma, as a weighted mean age of 64.813 ±0.03 Ma for a tektite 

from the K-T boundary has been obtained during the course of this work. The U/Pb 

age of 60.19 ±0.2 Ma for sphene from the Muck tuffs also provides an independent 

calibration for the 40Ar/39Ar technique. All of the ages presented within this thesis 
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are internally consistent. Therefore, the suggested 4 m.y. hiatus in volcanic activity 

between the end of magmatism on Skye, and the beginning of the Mull sequence is 

not in line with the radiometric ages, suggesting that the palynology is somehow in 

error. This error is possibly due to the correlation of the West of Shetland 

biostratigraphy to the geomagnetic timescale. 

The geochemical discriminant ANb is not affected by crustal contamination and this 

allows temporal changes in mantle source to be investigated. Most of the samples 

from the BTIP have negative ANb implying an N-MORB-like mantle source. 

However, stratigraphic changes in ANb can be seen in the lava successions of Skye, 

Mull and Antrim. 

Using the new set of 40Ar/39Ar ages, changes in ANb with time can be correlated. 

The early parts of the province are dominated by magmas with an N-MORB-like 

mantle source. Less than 1 m.y. after the onset of volcanism in the BTIP, the basalts 

changed from having an N-MORB-like mantle source to having an 'Icelandic' mantle 

source. This change, from negative to positive ANb, represents the first influx of 

compositionally distinct plume mantle into the BTIP and represents a rapid spreading 

of the plume head beneath the lithosphere. At 59 Ma the basalts again reverted to 

ANb. The remainder of the sequence sampled suggests that the BTIP was situated at 

the boundary between the two parts of the plume, with both 'Icelandic' and N-

MORB mantle sources regularly being sampled simultaneously. This has been shown 

schematically in Figure 8.1. 

The results suggest that the ancestral Iceland plume was chemically zoned in a 

similar way as seen today, with a core of 'Icelandic' mantle surrounded by a hot outer 

zone of N-MORB mantle. The large proportion of basalts with negative ANb and 

therefore a depleted upper mantle source suggests that a large volume of the ancestral 
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plume head originated in the upper mantle, probably in the thermal boundary layer 

above the 670 km discontinuity. 

8.2 Suggestions for further work 

The work within this thesis has highlighted problems with the existing geomagnetic 

time scale. Better calibration of the Palaeocene-Eocene boundary tie point is needed 

to confirm the existence of cryptochrons within Chron 26r and the position of the 

Chron boundaries. More work is also needed to try to explain the discrepancy 

between the radiometric ages and the palynological ages seen in the BTIP. The 

palynology relies on biostratigraphy established in the basins West of Shetland. Tuff 

horizons offshore that may contain sanidine or other datable minerals provides the 

bast way of resolving this issue. 

The onset of magmatism in Skye is still as yet undefined, as is the age of many of the 

smaller igneous centres of the BTIP such as Lundy. Unfortunately, the basalts 

collected from the basins West of Shetland are unsuitable for dating. Tuff horizons 

offshore could provide the best age constraints on these basalt successions. 
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