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"Although the rough and dangerous shores, the trackless surface and the 
perennial rain o f this island are repulsive to the general traveller, the 
geologist will here meet with appearances of such interest, as to induce 
him to brave its tempests and to defy the toil which he must encounter in 
its investigation" - John McCulloch (1819)
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Summary

This study was undertaken using a m ultidisciplinary approach em ploying detailed 

field m apping and geochem ical sam pling o f rocks from  the Isle o f Rum, 

Ardnam urchan, Isle o f Mull and the Isle o f Eigg in North W est Scotland. Field 

investigations were followed up by strontium , neodym ium  and lead isotope 

determ ination, com plim ented w ith m ajor, trace and rare earth elem ents, for a host of 

igneous rock com positions ranging from  basaltic to rhyolitic as well as m etam orphic 

basem ent rocks. This study was undertaken in order to better understand: (i) the 

generation o f voluminous felsic m agm as, (ii) the underlying crustal structure o f this 

part o f Scotland and (iii) the tem poral evolution o f these large igneous centres 

form ing on the thinned and stretched pre-rift North A tlantic M argin.

Detailed new field investigations carried out on the Isle of Rum  further delineate the 

num erous felsic igneous rocks at this centre. Rhyodacite ignim brites are m apped out 

and correlations across the island are suggested. In addition, these sequences appear 

linked to a large vent structure discovered in the south o f the island. The significance 

o f mafic xenoliths and inclusions entrained w ithin the Am  M am -type intrusion 

breccias must be considered in order to fully understand the m agm atic evolution of 

the Rum Centre. These xenoliths characterize the earliest mafic m agm as which led to 

large-scale crustal anatexis. The Am M am breccia is im portant as it represents a rare 

exam ple w ithin the British-Irish Palaeocene Igneous Province o f a lithic-rich 

interm ediate product o f intruding mafic m agm as and crustal partial melts.

The new age-dating work presented from  the Isle of Rum places all o f  the main 

m agm atic units on the island w ithin a short lived sequence o f events and firm ly marks 

the onset o f felsic activity on Rum  at 60.33 + 0.21 Ma. The total duration o f igneous 

activity at the Rum com plex may well have been 500,000 years or less.

Ignim brites exam ined in this study, preserved on the Isle o f Rum  as dow n-faulted 

caldera successions and on the Isle o f Eigg as a densely w elded thick valley fill 

sequence, represent a proxy for other large felsic igneous centres, where a high level 

o f erosion after the cessation o f m agm atic activity has rem oved significant am ounts



of the volcanic deposits. It is proposed that voluminous and areally extensive felsic 

ignimbrites are more common than previously believed within the larger North 

Atlantic Igneous Province.

The large amount of new isotopic data collected from across the region has given 

insight into the generation of felsic magmas and the high levels of crustal 

contamination that exists. Magma mixing between migrating mantle-derived mafic 

magmas and crustal-derived felsic magmas is a key component in the magmatic 

evolution o f these igneous centres and can, in most instances, adequately produce the 

range of rock types sampled. The felsic magmatism was produced by the 

emplacement of basic magmas into fertile continental crust, resulting in the formation 

of a spectrum of rock compositions, via partial melting and fractional crystallization 

as well as bulk assimilation processes. Crustal anatexis and the formation of mixtures 

between mantle and crustal melts, either by magma mixing or advanced 

‘assimilation-fractional crystallisation’ (AFC), appear to be an integral part of the 

igneous processes with mixing of end members being responsible for rare and often 

enigmatic intermediate compositions e.g. the Am Mam-type intrusion breccia. 

However, there are very few examples of mafic/ultramafic intrusions, within the 

North Atlantic Igneous Province, that have largely escaped contamination with 

crustal material. Therefore, care must be taken when attempting to extract sensible 

information on primary magmatic sources from these rocks.

Correlation between crustal terranes and the isotopic composition of the igneous 

rocks is proposed, whereby ascending magmas are significantly, and 

characteristically, modified by the crust through which they travel. The isotopic data 

obtained from crustal contamination signatures and the investigation of magmatic 

plumbing systems at the Rum, Ardnamurchan and Mull igneous centres has allowed 

for the characterisation of the crustal structure beneath these volcanoes. The new 

isotopic data derived from the wide range of igneous and crustal rocks studied during 

this project have established a detailed crustal terrane isotopic map and database for 

this region of NW Scotland that will benefit future investigations.

This study has shown that these classic geology areas can profit from continued 

investigation using detailed mapping and modem analytical techniques.
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This area shows a coarse gabbro block which has an original intrusive contact against therm ally 

m etam orphosed Lewisian gneiss. Also highlighted is the close association of the Am M am  intrusion 

breccia to the intrusive rhyodacite and how the Am Mam intrusions are strongly controlled by pre

em placem ent anisotropies, in this case bedding in the Torridonian rocks, see text for details.

3.17 ...88  

Contact relationships between grey/lilac intrusive rhyodacite and beige to creamy coloured Am Mam 

matrix, in outcrop at the southern end of Am M am hill. Northern M arginal Zone, a) Sketch o f the 

contact relationships observed. Note the wavy gradational contact between the rhyodacite and Am 

M am-type material, which grades into basalt. There is a prominent chilled margin to the basalt and a 

zone o f baking in the country rock epiclastic sandstone, b) Photo of the outcrop looking east, ham m er 

for scale on the rhyodacite contact with Am M am -type material. Notebook on the epiclastic sandstone 

bottom  right. Intrusive basaltic contact dips ~ 45° to the north, c) Sketch of the area highlighted in b) 

by white square. Note the transfer o f crystals between the two rock types and the presence o f a coarse 

gabbro clast in the process o f transferral between the two magmas.

3.18 ...89

Geological map of the Southern M ountain Zone.
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3.19 ...90

Panoram a and geological outline o f the lower south-west side o f Glen Dibidil and the Sgurr nan 

G illean-A inshval Ridge, viewed from the south-east side of Beinn nan Stac.

3.20 ...91 

Annotated, panoram ic view o f  the north-east side of Glen Dibidil with geological outline, viewed from 

the low er south-east side o f Sgurr nan Gillean.

3.21 ...92

Annotated, panoram ic view o f the southern side o f Sgurr nan G illean, as viewed from west o f the 

Papadil path.

3.22 ...93

a) M argin of the Am M am -type intrusion breccia on the southern slope o f Sgurr nan Gillean, showing 

a basaltic and porphyritic rhyodacite margin chilled against, and intruding into mesobreccia, but 

showing m ixing relationships with the Am Mam breccia, b) Foliated outer facies o f Am M am-type 

breccia intruding mesobreccia. Southeastern slope of Sgurr nan Gillean. Scale: ham m er shaft ca. 35 

cm.

3.23 ...94

Diagram  o f the relationship between intrusive Am M am -type breccia with poprphyritic rhyodacite 

margins, and gneiss-dom inated mesobreccia. South side of Sgurr nan Gillean.

3.24 ...95

a) Lewisian gneiss “whale back” , southern slopes of Beinn nan Stac. b) Olivine clasts within dark 

mafic material, c) Area of felsic and mafic rocks with diffuse contacts against the gneiss, d) Geological 

map of the area, m odified after Smith (1985), see Fig. 3.18.

3.25 . . .96

a) Potential original contact preserved between coarse gabbro and Lewisian gneiss east shore o f Loch 

Gainm hich. A 2m transitional contact zone as well as partial m elting and mobilisation of the felsic 

gneiss can be observed, b) Close up view o f the Lewisian gneiss in contact with the gabbro. c) W ide 

angle photo showing the intrusive rhyodacite cutting the Lewisian gneiss (see Fig. 3.11).

3.26 ...97

a) X enolith o f Lewisian gneiss entrained within the Am M am -type breccia, showing rounded restitic 

grains of quartz and feldspar separated by parallel-sided seam s o f fine granophyre. Image is 4.5 mm 

across, b) Lewisian gneiss from  the large block entrained in the Am M am, NMZ. Grain boundaries 

betw een quartz and feldspar are filled with small grains interpreted as form ed from solidifying melt 

(the string-of-beads texture). O ther grain boundaries are highly convoluted due to incipient granophyre 

form ation. Image is 1 mm across, c) Textures developed from the solidification o f large melt pools. 

Note the clusters o f well-form ed feldspar grains set in oikocrystic quartz forming fine-grained 

polycrystalline seams separating large restitic grains. Image is 4.5 mm across, d) Euhedral 

overgrow ths (marked by asterisks) on restitic feldspar, enclosed by oikocrystic quartz. Image is 1 mm 

across, e) M elt pool containing rounded pseudom orphs after orthopyroxene, euhedral plagioclase 

grains and oikocrystic quartz. Image is 1 mm across, f) Partially melted restitic feldspar grains set in 

fine-grained matrix of euhedral plagioclase with interstitial quartz. Sample G b-G nl collected from the
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contact with the gabbro block. Image is 4 .5  mm across. Work undertaken by M .B. H olness in N icoll et 

al. (2009).

3.27 ...98

a) Gabbro from the chilled margin 1.4m from the contact with the Lewisian, east o f  Loch Gainm hich, 

NM Z. Image is 4 .5  mm across, b) C linopyroxene-plagioclase-p lagioclase junction d isp laying a 

dihedral angle o f  96°, clearly higher than the original im pingem ent angle. Note the change in curvature 

at the junction itself, indicative o f  sub-solidus textural maturation. Image is 0 .45 mm across, c) Sam ple 

R 212 from the “whale back”, Beinn nan Stac, SM Z [NM  40292  93428] show ing a fine-grained  

granophyre separating restitic quartz and feldspar. N ote the fine dendritic outgrowths from the restitic 

feldspar (arrowed) im plying a rapid solidification. Im age is 1 mm across, d) Sam ple SR 695  collected  

< 15 m from a peridotite tongue at Priomh Lochs [NM  3713 9864], containing quartz paramorphs after 

tridymite in the granophyre (the elongate white features overgrow ing the left-hand restitic quartz grain 

and form ing the silica com ponent o f  the granophyre patch betw een the two restitic quartz grains). 

Image is 1 mm across. Work undertaken by M .B. Holness in N ico ll et al. (2009).

3.28 ...99

a) V iew  o f  extrusive rhyodacite near the peak o f  Beinn nan Stac, SM Z. N ote the white to grey 

weathering fiam m e present. Sound o f  Rum and the Isle o f  E igg (see C ha p ter  8 )  visib le in the 

background, b) Thin section v iew  o f  the basaltic margin to the intrusive rhyodacite from N am eless 

Corrie (.see Fig. 3 .29), note the lobate contact between the two rock types and slight ch illing o f  the 

basalt against the rhyodacite, im age is 4  cm  across, c) M afic inclusions within intrusive rhyodacite 

show ing crystal transfer and lobate margins, southern slopes o f  Sgurr nan Gillean, over looking  

Papidil. SM Z.

3.29 ...100

Intrusive rhyodacite contacts and internal facies variations. N am eless Corrie, D ibidil, (.see Fig. 3 .18). 

a) Schem atic sketch o f  the facies variations within the intrusive rhyodacite away from the southern 

contact, b) Photo o f  the contacts in (a), c) C lose up o f  mafic inclusions within the 'light' rhyodacite 

facies. M any inclusions are angular, w hich may reflect a reworking o f  the conduit lining, and som e  

inclusions contain blocky, euhedral 'rhyodacite-like' plagioclase crystals, d) Contact betw een the light 

and dark rhyodacite facies, which is locally  streaky with schlieren o f  dark rhyodacite in the light 

rhyodacite material.

3.30 ...101

Schem atic sketch show ing the relationship o f  an ignimbrite feeder system  to the caldera infill material, 

potentially similar in form to the structures exam ined in N am eless Corrie, D ibidil, SM Z (adapted from  

Freundt et al.  2000).

3.31 ...102

a) D ensity and v iscosity  with variable H^O (0  - 10%) for the Am  Mam intrusion breccia dacite matrix 

based on geochem ical com positions, see text for details, b) Plot o f  settling velocities for gabbro b locks 

o f varying sizes within the Am  M am dacite matrix with variable water contents 0  - 2%  H2O.
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3.32 ...103

Interpretative cross-section througii the Northern M arginal Zone. There is no vertical exaggeration, 

however, geology at depth and above the present exposure level is speculative. See figure 3.11 for line 

o f section (X -Y ).

3.33 ...104

Interpretative cross-section through the Southern M ountains Zone. There is no vertical exaggeration. 

See Figure 3.18 for line o f section (X -Y ). Relationships around S g 'u rr nan Gillean Peak are projected 

from the SW onto the plane of section. Num bers 1 to 9 list in approxim ate chronological order the 

main geological features/events, as reconstructed from this study. Figure m odified after Holohan et al. 

(2009).

4.1 ...122

Map o f the Isle o f Rum and the surrounding Palaeocene central igneous centres and associated lava 

fields (including estim ated off-shore extensions, Fyfe el al. 1993). Also shown are the local crustal 

terrane elements. Surrounding igneous centres: S -  Isle of Skye, A = Ardnam urchan, M = Isle o f Mull 

and B = Blackstone Bank (submerged).

4.2 ...123

a) Photo o f Cnapan Breaca and Coire Dubh, showing rhyodacite ignim brite sheets and associated 

sedim entary-derived breccias within the M ain Ring Fault, Northern M arginal Zone, after Donaldson et 

al. 2002. b) Photo of fiamme at the base of the rhyodacite ignim brite sheet at south Meall Breac, 

Northern M arginal Zone.

4.3 ...124

Oxygen isotope values (5 '*0  %c) of analysed rhyodacite feldspars (note error is sm aller than size of 

symbol). The ranges of Lewisian gneiss, igneous rocks in general, and high- and low-tem perature 

hydrotherm al alteration are indicated (see text for details).

4.4 ...125

Isotope correlation diagram  o f ’^Ar/^^Ar versus ■̂ ^Ar/"''’Ar isotopic ratios for eight o f the Rum 

rhyodacite feldspar crystals analysed, taken from North W est Am Mam, (see Figure 3.1). Isochron 

calculation (York 1969) yields an isochron age of 60.6 +/- 0.8 M a and an initial ’®Ar/'*’A r ratio o f 294 

+/- 3.0 (M SW D = 5.6). Single crystal '̂ ’Ar/^'’Ar isotope ratios are shown with one standard deviation 

(red) error ellipses drawn at 200% o f original size. All data are normalised to a com m on J-value of 

0 .001 .

4.5 ...126

Isotope correlation diagram  o f ’*Ar/^''Ar versus ’’A r/°A r isotopic ratios for 12 o f the Rum rhyodacite 

feldspar crystals analysed, taken from South M eall Breac, (see Figure 3.1). Isochron calculation (York 

1969) yields an isochron age o f 61.0 +/- 0.6 M a and an initial '’*’Ar/"'“Ar ratio o f 296 +/- 1.0 M a 

(M SW D = 2.3). Single crystal ’^Ar/''’Ar isotope ratios are shown with one standard deviation (red) 

error ellipses drawn at 200%  o f original size. All data are norm alised to a com mon J-value of 0.001.
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4.6 ...127

Combined isotope correlation diagram of ̂ ^Ar/ '̂^Ar versus ’^Ar/^^Ar isotopic ratios for all 20 of the

Rum rhyodacite feldspar crystals analysed. Isochron calculation (York 1969) yields an isochron age of 

60.73 +/- 0.27 Ma and an initial ^*Ar/°Ar ratio of 296 +/- 1.1 (MSWD = 3.65), this translates to a 

weighted mean apparent age of 60.83 +/- 0.27 Ma. Single crystal ̂ ^Ar/^^Ar isotope ratios are shown

with one standard deviation (red) error ellipses. All data are normalised to a common J-value of 0.001.

4.7 ...128  

Probability density functions for rhyodacite single grain apparent ages and errors, showing discrete 

maxima at 60.33 Ma. 61.4 Ma and 63 Ma.

4.8 ...129

Histogram showing the distribution and range of An mol. % of both Rum Lewisian gneiss and 

rhyodacite plagioclase crystals, (see Table 4.2 and Appendix 1).

4.9 ...130

Feldspar compositional ternary diagram showing the distribution and range of An mol. % of both Rum 

Lewisian gneiss and rhyodacite plagioclase crystals, (see Table 4.2 and Appendix 1).

4.10 ...131

a.b) Photomicrograph of quartz within the rhyodacite and c - h) zoned plagioclase feldspars with 

sieve-textured cores and euhedral overgrowths. Field of view ca. 1.5 mm. PPL. (Adapted and modified 

after Troll el al. 2004).

4.11 ...132

Time line showing the age of the Rum rhyodacites (including the three age peaks obtained and the 

weighted mean apparent age), and existing ages from Rum and the Small Isles, see text for details. 

Tied to the chronological time scale of Berggren et al. (1995). U/Pb work on zircon and Ar/Ar on 

feldspars. U/Pb ages (red) can be directly compared as can the Ar/Ar ages, while direct comparision 

between the two systems requires certain considerations, see text for full details and discussion.

4.12 ...133  

Photo showing the Western Granite intruded by the Western and Central Layered Intrusions. The 

granite is unconformably overlain by valley-fill lavas belonging to the Canna Lava Formation on 

Orval.

4.13 ...134

a) Marginal contact to the ultrabasic peridotites, showing back-veining relationships to the rhyodacite 

in the upper Dibidil river valley, SMZ. b) Same location, the rhyodacite has been partially melted and 

remobilised by the intruding ultrabasic magmas, picture 1.5 m across.

4.14 ...135

Two potential models for the magma plumbing system that may have existed underneath the Rum 

central complex just prior to eruption of the rhyodacite magmas, with the possibility of both occurring 

consecutively over time.

4.15 ...136

a) Eruption of voluminous felsic ash-flow tuffs during the early caldera stage followed by b) upward 

migration of the underlying ultrabasic magmas, to shallow structural levels intruding into the caldera

X V l l l



in-fill products of the earlier felsic phase, while constructing a significant basaltic volcanic edifice 

above the igneous centre and the earlier caldera complex.

5.1 ...173

Geological map of the Isle of Rum showing the main units and their relation to the topography 

on the island.

5.2 ...174

Total alkali-versus-silica (TAS) diagram, for a selection of the Rum rocks investigated, see text for 

details.

5.3 ...175

Marker variation diagrams for the Am Mam-type intrusion breccia matrix, mafic inclusions, mafic and 

felsic margins as well as the rhyodacites, see text for details.

5.4 ...176

Trace element diagrams for the Am Miim-type intrusion breccia matrix, mafic inclusions, mafic and 

felsic margins as well as the rhyodacites, see text for details, a) Selection of trace element 

concentrations plotted against SiO^. b) Selection of trace element concentrations plotted against each 

other (Rb-Sr, Y-Zr, Nb-Zr and Ti02-Zr). Key same as Fig. 5.3.

5.5 ...177

Marker variation diagrams for all of the Rum rocks investigated, see text for details.

5.6 ...178  

Trace element diagrams for all of the Rum rocks investigated showing a selection of trace element 

concentrations plotted against SiOi and a selection of trace element concentrations plotted against each 

other (Rb-Sr, Y-Zr, Nb-Zr and TiO^-Zr). Key as in Fig. 5.5.

5.7 ...179

Chondrite-normalised (Boynton 1984) rare earth element diagram for the felsic rocks of the Rum 

igneous centre.

5.8 ...180

Chondrite-normalised (Boynton 1984) rare earth element diagram for the mafic and ultramafic rocks 

investigated from the Rum igneous centre.

5.9 ...181

Enrichment or depletion factors of trace elements in the Am Mam-type dacite matrix and the 

rhyodacites relative to the amphibolite-facies Lewisian gneiss.

5.10 ...182

*’Sr/*^Sr vs. '"''’Nd/''*"'Nd for the Palaeocene Rum Igneous Centre rocks, see text for details.

5.11 ...183  

**^Sr/^Sr vs. '"'‘’Nd/'''"'Nd for the Palaeocene Rum Igneous Centre rocks, showing binary mixing 

modelling see text for details.

5.12 ...184

Sr/ Sr v s . '  Pb/ ” Pb for the sampled rocks from the Rum igneous complex.
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5.13 ...185

208pb/204pb -*pb/ ■“"'Pb for the selected rocks from the Rum igneous complex, see text for details.

5.14 ...186
2 0 7 p b /2 0 4 p b vs. ‘“̂ Pb/ "“̂ Pb for the selected rocks from the Rum igneous complex, see text for details.

5.15 ...187  

' ‘’■^Nd/'‘*"'Nd vs. Ce (ppm) for the Palaeocene Rum Igneous Centre rocks, showing modelled mantle 

-like magma contribution percentages, see text for details.

5.16 ...188

®^Sr/*^Sr vs. Ce (ppm) for the Palaeocene Rum Igneous Centre rocks, showing modelled mantle-like 

magma contribution percentages, see text for details.

5.17 ...189

REE patterns of the quenched basic margins from the Am Mam-type intrusion and the rhyodacite and 

the pre-Layered Suite early coarse gabbros. b) REE pattern of the pre-LS gabbro produced by 

modelling a 70% plagioclase-30% clinopyroxene adcumulate from a liquid similar to that of the basic 

margins of the felsic intrusions. Adapted from Meyer et al. (in review).

5.18 ...190

REE patterns of a) Lewisian amphibolite gneiss and b) microgranite samples from the Rum Marginal 

Zone. The granulite pattern is an estimate for an ’average’ granulite after Rudnick & Gao (2003). REE 

abundances are normalized to C l chondrite values (Sun & McDonough, 1989). Adapted from Meyer 

el al. (2009).

5.19 ...191

Schematic crustal cross section, looking to the north east, ba.sed on modelled gravity and magnetic 

data, modified after Trewin (2002), showing potential magmatic pathways for the Rum Igneous 

Centre, for a more detailed evolutionary sequence see Fig. 5.19, 5.20 & 5.21. Also shown is the 

potential crustal makeup beneath Ardnamurchan (Chapter 6), the Isle of Mull (Chapter 7) and the Isle 

of Eigg (Chapter 8).

5.20 ...192

Schematic cross-section for the early period of doming and deformation at the Rum Igneous Centre. 

This doming uplifted basement rocks within the Main Ring Fault by up to 1.5km (Emeleus 1985) and 

caused substantial deformation of the Torridonian sandstones within, and in close proximity, to the

Main Ring Fault. This activity was probably associated with the initial intrusion of early mafic

magmas, crustal anatexis and ascent of felsic magmas.

5.21 ...193

Schematic cross-section for the felsic period at the Rum Igneous Centre. This phase sees the eruption 

of rhyolitic ignimbrites and the intrusion of granitic intruision along the course of the Main Ring Fault, 

(see Chapter 3 for details).

5.22 ...194

Schematic cross-section for the final ultramafic period at the Rum Igneous Centre. This phase sees the 

intrusion of ultramafic magmas to shallow levels in the crust and the formation of the layered series. 

This magmatic activity most likely saw the construction of a large volcanic edifice. Rapid erosion after
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the cessation of magmatism saw the removal of up to 2 km worth of overburden prior to the eruption 

of the Canna Lava Formation, (see Chapter 3 & 4 for details).

6.1 ...218

Map of Ardnamurchan and the surrounding Palaeocene central igneous centres and associated lava 

fields (including estimated off-shore extensions, Fyfe er al. 1993). Igneous centres; S= Isle of Skye, 

R= Isle of Rum, M=Isle of Mull and B=Blackstone Bank (submerged).

6.2 ...219

a) Google Earth © image of the Ardnamurchan peninsula, highlighting the prominent circular shape of 

the Central Complex, b) Aerial photo of the Ardnamurchan peninsula viewed from the north-west, 

image © Patricia MacDonald of Aerographica. c) Aerial photo viewed from the north-east.

6.3 ...220  

Geological map showing the main components of the Ardnamurchan Central Complex, (modified after 

Emeleus & Bell 2005). British national grip NM.

6.4 ...221

a) View of the 13th century Mingarry Castle originally built for the Clan MacDonald of 

Ardnamurchan, with a prominent view of Ben Hiant, located in the distant right hand side, which is 

composed exclusively of Centre 1 volcaniclastic conglomerates and breccias along with quartz-dolerite 

cone sheets (see Fig. 6.3). b) Close-up view of the composite sill beneath Mingarry Castle. This sill 

has a basaltic base that grades over about 30 cm through a mixing zone into a more felsic core of 

rhyolitic composition. The sill intrudes into the local Jurassic sedimentary strata which consist of well 

bedded, often fossiliferous mudstones, thin limestones and calcareous sandstones.

6.5 ...222  

Panorama of the foreshore beside the ferry terminal, outside the town of Kilchoan, Ardnamurchan, 

looking northwest. Numerous generations of sills and dykes can be seen cutting Jurassic sediments 

visible in the left foreground. In the middle distance is the prominent Ardnamurchan hills making up 

Centres II and III, (see Fig. 6.3).

6.6 ...223

Composite sill showing a mafic margin and a dacite/rhyolite porphyry core. Hammer for scale.

6.7 ...224  

Composite intrusion beside Kilchoan pier (Fig. 6.5) a) close-up view of the basaltic base of the sill, 

finger for scale (17mm), note the sharp transition into the zone of magma mixing b) view of intense 

magma mixing located 3m from the base of the sill, c) close-up of the mafic inclusions within a more 

felsic matrix, two pound coin for scale (25mm).

6.8 ...225

a) Basaltic dyke 2 metres wide showing incorporation of large-coarse grained gabbro clasts, b) close- 

up view of the basaltic dyke magma intruding into and breaking up the coarse gabbro, c) close-up view 

of the interface between the coarse-grained gabbro clasts and the basaltic dyke matrix, pen for scale 

(8mm wide).
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6.9 ...226

Total alkali-versus-silica (TAS) diagram, for a select group o f  Ardnamurchan cone sheets and 

com posite intrusions.

6.10 ...227

H arker variation diagram s for a select group of Ardnam urchan cone sheets, com posite intrusions and 

country rock.

6.11 ...228

Selection o f Ardnam urchan rocks trace elem ent concentrations a) plotted against Si02 and b) plotted 

against each other (Rb-Sr, Y-Zr, Nb-Zr and Ti02-Zr).

6.12 ...229

*^Sr/**Sr vs. '"’̂ Nd/'^'^Nd for a select group of Ardnam urchan cone sheets, gabbro and crustal rocks, see 

text for details, Lewisian fields from  Dickin (1981); Preston et al. (1998).

6.13 ...230 

a) “̂'P b /-“ Pb vs. ■“^Pb/‘*’'’Pb, for a select group of A rdnamurchan cone sheets, gabbro and crustal 

rocks, see text for details, b) Close-up of the data points in a). Lewisian fields from Dickin el al.

(1987).

6.14 ...231

a) ■“**Pb/̂ ‘̂’Pb vs. ■‘’‘’Pb/“''^Pb, for a select group o f Ardnamurchan cone sheets, gabbro and crustal 

rocks, see text for details, b) Close up o f data points in a). Lewisian fields from Dickin et al. (1987).

6.15 ...232 

Cartoon diagram  representing the developm ent o f the Ardnamurchan Igneous Com plex during the 

Palaeocene. I - 3 can be viewed as the igneous centres or as a time progression, from left to right with 

an increase in the com plexity of the magmatic plumbing system beneath the Ardnamurchan volcano.

7.1 ...263

M ap o f the Isle o f Mull and the surrounding Palaeocene igneous centres, S= Isle o f Skye, R= Isle of 

Rum, A= Ardnam urchan and B=Blackstone Bank (submerged), and associated lava fields (including 

estim ated off-shore extensions, after Fyfe et al. 1993). H ighlighted are the loci o f the Mull Igneous 

Centres 1 - 3 as they are thought to have migrated position through time. Stars mark the locations of 

crustal data obtained from the surrounding terranes, see text for details.

7.2 ...264 

G oogle Earth © image o f the Isle of Mull, the high hills and mountains in the centre o f the island 

indicate the presence o f the main igneous centres, (Figure 7.3). The Ardnamurchan peninsula is visible 

to the north of the image as well as the prom inent distinctive ring shaped outline of this igneous centre.

7.3 ...265 

Principle com ponents m aking up the Mull Palaeocene Igneous Centre, modified after Emeleus & Bell 

(2005).
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7.4 ...266

Sim plified geological map of Centre 3 of the Mull Central Com plex show ing the Loch Ba ring dyke 

and the late caldera structure, modified after Em eleus & Bell (2005). Stars mark the locations o f  the 

pictures taken in figures 7.5, 7.6 and 7.7.

7.5 ...267

Panoram a showing the prom inent ridge that marks the Loch Ba ring dyke, also visible is the peak of 

Beinn a' G hraig com posed of a shallow-level granite that intrudes into earlier flood basalt flows 

belonging to the M ull Plateau Group, photo looking southeast from  across Loch na Keal (see F ig .7.4).

7.6 ...268 

Panoram a showing Loch Ba and the main granitic and felsic com ponents making up Centre 3 o f the 

Mull Central Com plex, photo looking northeast (see Fig. 7.4).

7.7 ...269

a) M argin of the Loch Ba ring dyke against the Beinn a' Ghraig granite, (see Fig. 7.4). b) Cut section 

view of the Loch Ba felsic m atrix showing num erous lobate mafic inclusions, field o f  view = 2cm 

across c) Highly twisted and elongate mafic inclusions in a concentrated, parallel band near the margin 

o f the ring dyke, lump ham m er head for scale.

7.8 ...270

Views of the highly deform ed Lewisian gneiss basem ent rocks present in north-western Iona.

7.9 ...271 

Total alkali-versus-silica (TAS) diagram, for the magmas o f Centre 3. Isle o f Mull.

7.10 ...272 

Marker variation diagram s for the Centre 3 magmas, in all cases there is a clear and distinct grouping 

between the granitic and felsic magmas in com parison to the mafic inclusions found within the Loch 

Ba ring dyke, see text for details.

7.11 ...273

a) Selection of trace elem ent concentrations plotted against Si02- b) Selection o f trace elem ent 

concentrations plotted against each other (Rb-Sr, Y-Zr, Nb-Zr and TiO i-Zr).

7.12 ...274

a) Chondrite-norm alised (Boynton 1984) rare earth elem ent diagram  for the Centre 3 rocks, (Mull 

M agma Type data from  Kerr et al. (1999), dashed green line represents the Lewisian gneiss from  Iona 

(W alsh et al. 1979), see Chapter 5  for picrite dyke M-9 data), b) Rare earth element diagram  for just 

the Loch Ba members, rhyolite and basalt.

7.13 ...275

*^Sr/*^Sr vs. '"’̂ Nd/'"*^Nd for the Mull Centre 3 rocks. Ardnam urchan cone sheet data from  G eldm acher 

et al. (1998). Skye data from Dickin et al. (1981). Binary mixing curves are shown for the dom inant 

crustal units discussed in Chapters 5 & 6. see text for details. Symbol size larger than error bars.

7.14 ...276 

‘°^Pb/ ■°"'Pb vs. ■°’Pb/"*’̂ Pb for the Mull Centre 3 M agmas, see text for details.

7.15 ...277 

loftpb/ vs. ‘'**Pb/"'’̂ Pb for the Mull Centre 3 M agmas, see text for details.
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CHAPTER 1 - INTRODUCTION

1.1 Introduction

The exhumed Palaeocene volcanoes of North West Scotland and North East Ireland 

have been the subject o f detailed investigation for more than 100 years (e.g. Judd 

1889; Geikie 1897). These areas have been used as a test bed for understanding a 

wide range of volcanic processes. Interpretations of the rocks in this area have been 

fundamental to the early developments of igneous petrology and volcanology (Marker 

1904; Bailey et al. 1924; Richey & Thomas 1930). In particular, the intrusive and 

extrusive rocks that comprise the British and Irish Palaeocene Igneous Province have 

acted as the testing grounds for models and theories of magmatic processes (e.g. 

Bailey et al. 1924).

This study presents new fieldwork investigations and geochemical data from classical 

localities on the North W est of Scotland including the Isle of Rum, the Isle of Eigg, 

Ardnamurchan and the Isle of Mull. The driving focus for this study was the 

investigation of magma-crust interactions, following on from recent detailed 

geochemical investigations in this region of Scotland (e.g. Bell et al. 1994; 

Geldmacher et al. 1998, 2002; Kerr et al. 1999, Troll et al. 2004, Font et al. 2008). 

This study was undertaken in order to better understand: (i) the generation of 

voluminous felsic magmas, (ii) the underlying crustal structure of this part of 

Scotland and (iii) the temporal evolution of these large igneous centres forming on 

the thinned and stretched pre-rift North Atlantic Margin.

Interactions between mantle-derived magmas and continental crust can cause 

detectable modifications to the trace-element and isotope (Sr, Nd and Pb) 

geochemistry of migrating magmas. Crustal contamination in varying quantities is 

also possible due to the exothermic nature o f fractional crystallisation, leading to the 

partial melting of the wall rocks of magma chambers and along magma migration 

pathways. The identification of differing crustal signatures from essentially 

uncontaminated mafic magmas permits the probing and the establishment of
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underlying crustal structure beneath these large volcanic systems. This geochemical 

information can be also be used to further constrain seismic studies (e.g. Binns et al. 

1974). The establishment of magma-crust interactions through the use of 

geochemistry also allows for the investigation of felsic magmas and their generation 

within an essentially basaltic province. When coupled with detailed geochronology 

the identification of crustal components highlights the influence of differing crustal 

lithologies through time. This allows for the construction of a detailed picture of the 

temporal evolution of the magmatic plumbing system beneath these igneous centres.

W ithin the North Atlantic Igneous Province, felsic rocks appear to be relatively rare 

especially when compared to the volume of intrusive and extrusive basaltic rocks. 

M ajor felsic intrusions (granite, granodiorite) are preserved in Scotland on Arran, 

Mull, Rum and Skye, and to a lesser extent on Ardnamurchan and St Kilda, and in 

Ireland/Northern Ireland at Carlingford, Mourne and Slieve Gullion (see reviews, 

Bell & Williamson 2002; Mitchell 2004; Emeleus & Bell 2005). Felsic extrusive 

rocks are mainly restricted to the remains of caldera complexes, e.g. Arran (Tyrrell 

1928; King 1954), Mull (Bailey et al. 1924) and Rum (Emeleus 1997; Troll et al. 

2000), and minor tuffs, rhyolites, ignimbrites and volcaniclastic rocks within the lava 

fields (Bell & Emeleus 1988; Bell et al. 1996; Emeleus et al. 1996; Brown 2003).

Felsic igneous rocks are associated with the majority of Large Igneous Provinces 

(Coffin & Eldholm 1993, 1994), including continental flood basalt sequences yet they 

often receive little attention, with many recent studies choosing to focus on the 

geochronology and geochemistry of the dominant mafic lithologies (cf. Bryan et al. 

2002). Felsic rocks appear to be under-represented within the volcanic component of 

such provinces, possibly due to exhumation and intense erosion after the cessation of 

magmatism. Therefore the identification and detailed examination of the felsic 

systems that are well preserved is of vital importance. It is also important that these 

rocks are not overlooked in such settings, as recent work has identified major silicic 

igneous provinces, where volumes of these rock types are dominant, or are 

comparable to the mafic rocks (Bryan et al. 2002, 2007). The recognition of felsic 

rocks and their formation is of fundamental importance to furthering knowledge of 

Large Igneous Provinces.
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1.2 Aims and objectives

This thesis presents the results of an investigation into the geochemical evolution and 

crustal contamination histories of three select Palaeocene Igneous Centres from North 

W estern Scotland. The aims of this study were:

1) To reinvestigate the relationships between the various felsic rocks preserved 

on the Isle of Rum.

2) To further constrain the nature of the relationship between the Rum felsic and 

basic magmas and develop an integrated theory for felsic magma generation 

and timing at this historic location.

3) To investigate the crustal contamination history of composite cone sheets 

from the Ardnamurchan Igneous Centre to better understand the crustral 

structure beneath this centre.

4) To re-evaluate the nature of formation and the contamination history o f the 

shallow-level granitic and felsic magmas preserved at the Loch Ba Igneous 

Centre, Isle of Mull.

5) To provide an integrated assessment of crustal contamination processes and 

underlying crustal structure at these igneous centres within the framework of 

the British-Irish Palaeocene Igneous Province.

6) To use the crustal contamination data from the various igneous complexes and 

Terrane elements studied to elucidate an origin for the enigmatic Sgurr of 

Eigg Pitchstone Formation, within the Small Isles, North W est Scotland.

1.3 Structure of the thesis

This chapter (1) places the igneous centres of investigation in this thesis into context 

and gives an introduction to the British-Irish Palaeocene Igneous Province (BIPIP), as 

a part of the larger North Atlantic Igneous Province. Chapter 2 gives a detailed 

account of all the analytical methods used during the course of this work, dealing 

mainly with geochemical and radiogenic isotope methodologies. The three main 

chapters o f this thesis (3, 4 and 5), deal with the felsic rocks on the Isle of Rum, 

which have seen the majority of investigations. Chapter 3 deals with new field
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investigations into the relationship of the various felsic rock types on the Isle of Rum, 

which also shed light on an early mafic phase of intrusive activity that triggered the 

generation o f the voluminous felsic magmas. Chapter 4 presents new precise age 

determinations for the initiation of felsic magmatism on the Isle of Rum, expressed 

by the outpourings of rhyolitic ash flows. Chapter 5 looks into the geochemical 

evolution of the large felsic magma system that developed during the initial stages of 

magmatic activity on the Isle of Rum and places it in context within the overall 

geochemical evolution of this igneous centre. Chapters 6 moves geographically to the 

south, into a different crustal terrane (Fig. 1.1), and deals with crustal contamination 

on the Ardnamurchan peninsula as recorded within numerous, well-exposed 

composite cone sheets. The shallow-level granitic and felsic magmas of Centre 3 on 

the Isle of Mull are re-examined in Chapter 7. Investigation of the geochemical 

characteristics of the igneous and crustal rocks at the various study locations 

facilitated the construction o f a geochemical database for the local lithologies and 

crustal terranes. In Chapter 8 geochemical data is used to investigate the provenance 

of the Sgurr of Eigg Pitchstone Formation. Isotopic tracers are used to match possible 

crustal sources and narrow down the location of the putative vent area. All of the new 

geochemical data is brought together in the Conclusions section (chapter 9), 

summarising the style and nature of crustal contamination throughout this part o f the 

North Atlantic Igneous Province.

Portions of the work presented in this thesis have been undertaken in collaboration 

and with the help of several co-authors, stated at the beginning of each of the relevant 

chapters. My personal input into the conducted research presented in the chapters of 

this thesis can be estimated as follows:

• Chapter 3 - 7 5 %

• Chapter 4 ~ 50%

• Chapter 5 ~ 90%

• Chapter 6 -1 0 0 %

• Chapter 7 -1 0 0 %

• Chapter 8 - 3 5 %
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In addition, several of the diagrams and portions of the text from this thesis have

already been published, are currently in press or have been subm itted for publication

(see below).

•  T r o ll , V.R., N icoll , G.R., Em e l e u s , C.H. & H o l o h a n , E.P. 2007. Geological 

walks on the Isle o f  Rum, Scotland: inside an ancient volcano. (Department of 

Geology Publications, Trinity College). 52 pp. ISBN; 0-9521066-5-5.

•  T r o ll , V.R., N icoll , G.R., D o n a l d so n , C.H. & Em e l e u s , C. H. 2008. Dating

the onset of volcanism at the Rum Igneous Centre, N W  Scotland. Journal o f  the 

Geological Society’, London, 165, 651-659.

•  E m e l e u s , C.H., Tr o ll , V.R., H o l o h a n , E.P. & N icoll, G.R. 2009. A geological 

excursion guide to Rum, National Museum of Scotland, Edinburgh, 152pp. ISBN- 

13: 978-1-905267-22-4

•  N icoll. G.R., Ho l n e ss , M.B., T r o ll , V.R., Ho l o h a n , E .P., D o n a l d so n , C .H., 

Em e l e u s , C. H. & C h ew , D.M. 2009. Early mafic magmatism and crustal anatexis 

on the Isle of Rum: evidence from the Am Mam intrusion breccia. Geological 

Magazine, 146, 368-381.

•  M e y e r , R., N icoll , G.R., Her to g en , J., T r o ll , V.R., El l a m , R .M . & E m e le u s , 

C.H. 2009. Trace elem ent and isotope constraints on crustal anatexis by upw elling  

mantle m elts in the North Atlantic Igneous Province: an exam ple from the Isle o f  

Rum, N W  Scotland. Geological Magazine, 146, 382-399.

•  H o l o h a n , E .P., Tr o ll , V.R., Er r in g to n , M., D o n a l d so n , C.H., N icoll , G.R.

& Em e l e u s , C.H. 2009. The Southern M ountains Zone, Isle o f Rum, Scotland: 

volcanic and sedimentary processes upon an uplifted and subsided magma 

chamber roof. Geological Magazine, 146, 400-418.

•  B r o w n , D.J., B ell , B.R., N icoll , G.R., M u ir h e a d , D.K. & T r o ll , V.R. 

{submitted). Assembly of a lava-like ignimbrite and the role o f silicic pyroclastic
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volcanism in the North Atlantic Igneous Province: the Sgurr of Eigg Pitchstone, 

NW Scotland. Submitted to Bulletin o f Volcanology.

1.4 The North Atlantic Igneous Province

Towards the very end o f the Cretaceous Period and the start of the Palaeogene Period 

(c.65 Ma) a series of widespread and voluminous basaltic eruptions commenced, 

culminating in the formation of the large North Atlantic Igneous Province (Geikie 

1888, 1896; Upton 1988), which is associated with the development of the North 

Atlantic Ocean (Fig. 1.1). The province consists of voluminous exposures of basaltic 

igneous rocks with a smaller proportion of more evolved rocks.

The North Atlantic Igneous Province (NAIP) is an excellent example of continental 

break-up above a large thermal anomaly in the mantle (White 1988). W hile much 

debate has raged as to the exact nature and workings of these anomalies in general 

(e.g. Anderson 2000; Christiansen et al. 2002), the general consensus is that the 

opening of the North Atlantic, is related to a large mantle plume impacting on the 

base of the continental lithosphere towards the end of the Cretaceous period (Emeleus 

& Bell 2005). The consequences of this impingement of a plume included the 

generation of huge volumes of basaltic magmas by partial melting of the mantle 

during a time of continental stretching and subsequent break-up (White & McKenzie 

1989, 1995). In addition, a significant amount o f regional uplift occurred towards the 

end of the Cretaceous and early Palaeogene, due in part to the dynamic support 

provided by the underlying plume head (Bown & White 1995; Jones et al. 2002).

The magmatism accompanying this continental break-up within the North Atlantic 

region is remarkable for its relatively short duration (White & M cKenzie 1989; 

Saunders et al. 1997), coupled with a roughly simultaneous onset of voluminous 

volcanism across a widespread region (Fig. 1.1 and 1.2). This vast province extended 

from Baffin Island and west Greenland, to the north-western coast of Norway, to 

northeast Ireland, the west coast of Scotland and to the southern tips of east 

Greenland and the Rockall Plateau.
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1.4.1 Timing of North Atlantic Igneous Province activity

During the late Palaeozoic and throughout the M esozoic this whole region was 

principally within an extensional regime with large basins opening as the continental 

crust began to thin. These basins subsequently filled with detritus derived from an 

elevated surrounding hinterland, due in part, to an increase in erosion caused by 

regional up-lift towards the very end of the Cretaceous and early Palaeogene periods 

(Barton & White 1997b; Maclennan & Jones 2006).

Saunders et al. (1997) noted that igneous activity within the North Atlantic could be 

divided into two distinct phases according to location and type of igneous activity, 

e.g. 62 -  59 Ma; Margins, 56 -  53: Central Rift. The onset of volcanism across this 

vast province occurs consistently at around c.62-61 Ma (Saunders et al. 1997; Tegner 

& Duncan 1999; Chambers et al. 2005). However, there is a general indication of 

only limited continental rifting during this earliest phase of volcanism (Larsen & 

Saunders 1998). The onset of magmatic activity during the first phase saw large 

volumes of basaltic lava extruded throughout the province, which extended into, 

often capping and preserving, the Mesozoic sedimentary basins (Richardson et al. 

1999).

The initial crustal extension during the Mesozoic permitted mantle-derived magmas 

of the first phase (cf. Saunders et al. 1997) direct access to the surface, while at the 

same time other batches of magma ascended in multiple stages ponding at the mantle- 

crust boundary, or in various crustal levels and reservoirs (Emeleus & Bell 2005). 

Many of these early volcanic units show signs of significant contamination by the 

continental lithosphere through which they passed (Thompson et al. 1986).

Frequently, high MgO (7 - 29 wt%) picritic basalts and dykes were amongst the 

volcanic units erupted/emplaced during the first phase of North Atlantic activity (cf. 

62-59 Ma, Saunders et al. 1997), e.g. Baffin Island and Qeqertarssuaq (formerly 

Disko Island) west Greenland (Clarke & Upton 1971, Lightfoot et al. 1997) and the 

Isle o f Rum in west Scotland (Upton et al. 2002) both within 1 Ma of each other, 

despite being located on the periphery of the province and having a pre-rift
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reconstruction distance of 1,500 km apart (cf. Larsen & Saunders 1998; Larsen et al. 

1999; Nielsen et al. 2002). Smallwood & White (2002) observe that this is indicative 

of a high temperature mantle source over a large area during the early Palaeocene.

Following on from the first, and widespread magmatic outburst, there appears to have 

been a hiatus in volcanism lasting several million years, before a second, more 

sustained period of volcanism occurred (Saunders et al. 1997). The focus for this 

renewed episode of magmatism is the region between the Greenland and Eurasian 

plate margins with only minor activity in the peripheral regions (Tegner et al. 1998). 

The second phase occurs around 56-53 M a and accompanies the start of seafloor 

spreading in the North Atlantic (Saunders et al. 1997). The total volume of melt 

generated and the rate of volcanic production during the second phase of activity was 

much larger than during the first phase (c.62-59 Ma), and this period of activity was 

accompanied by a rapid thinning of the continental lithosphere (Saunders et al. 1997).

M agmatic extrusion rates during this second period were generally very high and lava 

flows formed extensive, sub-horizontal flood basalt fields, extending across the 

continental hinterland and onto the newly rifted continental margins (Ritchey & 

Hitchen 1996). At the time of rifting and the initiation of sea-floor spreading these 

lavas were erupted near to or above sea-level, as demonstrated by the presence of 

inter-lava palaeosols from deep sea boreholes (e.g. Viereck et al. 1988). Subsequently 

these basaltic flows located near the rift margin were submerged, partly due to 

collapse of dynamic plume support, but are now seen expressed as seaward dipping 

reflector sequences that are readily identifiable on seismic reflection profiles (White 

1988; Barton & White 1997a; Korenaga et al. 2000). The total igneous thickness on 

the rifted margins reached 25 - 35 km (Reid et al. 1997; Barton & White 1997b) and 

the seaward dipping reflector sequences can be found along the whole 2,500 km 

length of the rifted continental margin, occupying an area up to 150 km wide on both 

the European and Greenland sides of the Atlantic. Melt production rates then dropped 

significantly after c. 55 Ma (Saunders et al. 1997).

There is virtually no indication for the presence of a mantle plume immediately prior 

to the widespread onset of this vast amount of igneous activity. This provides 

constraints on the initiation of a mantle thermal anomaly under the region at c. 64-63
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Ma (Smallwood & White, 2002). The plume, now considerably smaller and located 

below Iceland, is still responsible for large volumes of intrusive and extrusive 

igneous activity today.

1.5 The British -  Irish Palaeocene Igneous Province

This province includes northwest Scotland, northeast Ireland and a large offshore 

area, in both Ireland and the United Kingdom, which records a massive amount of 

intrusive and extrusive igneous activity that occurred during the early Palaeogene 

Period (Fig. 1.3). The large lava fields, central complexes and the sill and dyke 

swarms of the British -  Irish Palaeocene Igneous Province (BIPIP) are the south

eastern expression of the North Atlantic Igneous Province (see Fig. 1.2). The long 

and complicated geological history of this region has had a profound affect, with pre- 

Cenozoic structures (Roberts & Holdsworth 1999) influencing both the igneous 

activity and the regional tectonics within the province during the Palaeocene (c.65 -  

53 Ma).

The British -  Irish Palaeocene Igneous Province is composed of several central 

igneous centres and associated large lava fields that occur within a relatively narrow 

zone about 50km in width. The province stretches from the small island of Lundy in 

the Bristol Channel, through Carlingford, Slieve Gullion, the Mourne Mountains and 

the Antrim lavas in Ireland, to the Isle of Arran, the Blackstone Bank (located off the 

Scottish west coast), the Isle of Mull, the Ardnamurchan peninsula, the Isle of Rum, 

the Isle of Skye and to St. Kilda in the very northwest of the province (see Fig. 1.3 

and Table 1.1).

1.5.1 Palaeocene lava fields

There are three main lava fields preserved within the province (Fig. 1.3), two in 

western Scotland and one in north-eastern Ireland:

The Skye Lava Group is exposed in north and west central Skye and covers 

large parts of the island to a maximum thickness o f ~ 900 m (Williamson & Bell
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1994). These lavas also extend offshore to the southwest, where lavas of this group 

crop out on the islands of Canna, Sanday and in north-west Rum (Anderson & 

Dunham 1966; Emeleus 1985; Williamson & Bell 1994).

The Mull Lava Group is seen throughout most of the Isle of Mull and the 

various islands to the west including Ulva and Staffa (Bailey er al. 1924; Kerr 1995a). 

The lavas on the Morvern peninsula and on Ardnamurchan, to the east and north east 

of Mull, are believed to belong to the Mull Lava Group, which covers an area of 

about 840 km ‘ (Emeleus 1991) and an estimated total thickness of at least 1,800 m 

(Bailey et al. 1924). Lavas extending into the Sea of the Hebrides, offshore to the 

north and northwest of Mull (Fyfe et al. 1993), probably also belong to the Mull Lava 

Group (Fig. 1.4) and are considered to be contemporaneous with the lava flows on the 

Isles of Eigg, Muck and Rum (Emeleus 1997).

The Antrim Lava Group is the largest lava field remnant in the province, 

consisting of olivine basaltic to theoleiitic andesite rocks (Lyle 1980) with an aerial
•y

extent in excess of 3,500 km and covering much of Northern Ireland to at least a 

thickness of 850m (Mitchell 2004). However, like the lavas on Mull significant 

erosion is believed to have removed at least 1.000 m of material from the tops of the 

currently exposed Antrim basalts (W alker 1971).

During the initial stages of eruption in most locations, the palaeo land surface had 

local lakes and river systems, leading the lower lava units to often be erupted into 

water, producing pillow lavas and hyloclastite breccias (Bailey et al. 1924; Patterson 

1955; Emeleus 1985). Pauses in volcanic activity are often marked in the lavas by the 

development of weathered tops that pass up into, often thick and laterally continuous, 

red palaeosols (Bell et al. 1996; Emeleus et al. 1996a). The climate during the 

Palaeocene was generally warm temperate to sub tropical but was largely controlled 

by latitude, altitude and marine influences (Jolley 1996). This follows the more 

tropical conditions that prevailed during the Mesozoic. The vast majority of the thick 

lava sequences both onshore and offshore (Fig. 1.3) were erupted sub-aerially 

(Emeleus & Bell 2005). The lava fields are predominantly made up o f basaltic lava 

flows with some flows having more evolved compositions ranging from hawaiite and
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tholeiitic basaltic andesites to trachyte and limited rhyodacites (e.g. Lyle & Preston 

1993).

The eruption sites of the lavas in the province are often obscured by subsequent 

eruptions o f thick overlying basaltic lava piles and the prolonged passage of magmas, 

except for several localities in Northern Ireland, where evidence for dyke-related 

feeders to the lava fields can be found (Preston 1982). It is likely, at least in part, that 

some o f the large lava fields were fed from vents, which developed along large 

fissure systems. These fissure systems are now preserved as abundant laterally 

continuous north-east trending dyke intrusions. These dyke swarms become more 

numerous and varied in direction near to and within the central complexes (Speight et 

al. 1982). In the case o f the Skye and Mull igneous centres, major dyke swarms can 

be seen to extend with a strong northwest-southeast alignment for tens to even 

hundreds o f kilometres from the central complexes (Speight et al. 1982; M acdonald 

e t a l  1988).

1.5.2 Palaeocene Central complexes

The central igneous complexes typically have diameters of between 15 to 20kms, and 

represent the locations of intense and localised magmatic activity and often comprise 

a wide variety of rock types. They are frequently however, dominated by a large 

proportion of basic, mantle-derived magmas (Emeleus & Bell 2005), emplaced into 

the continental crust to shallow levels and displaying a range of intrusion geometries 

(W alker 1973). Magma ponding and accumulation at these central complexes 

facilitated the formation of various crustal magma reservoirs. Foundering of central 

cylinders or blocks (Butler & Hutton 1994) above developing felsic magma 

chambers, which are often located above more primitive magma compositions, is 

often associated with caldera formation in the province (Bell & W illiamson 2002). 

Primitive magmas are frequently associated with silicic magmas, which can lead to 

spectacular magma-mixing relationships (Harker 1904; Sparks 1988; Troll et al. 

2004). Surface activity at these centres is typically represented by pyroclastic 

materials (tuffs and ignimbrites; Bell 1985; Mitchell et al. 1999; Troll et al., 2000) 

and associated volcanoclastic deposits (lahars and breccias; King 1955; Brown & 

Bell 2007). Much of the surface deposits at the central complexes is poorly preserved 

and only seen today as proximal deposits preserved as screens between later (usually
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basic to ultrabasic) intrusions. The complexes may be regarded as the root zones of 

central volcanoes that have largely been removed due to high levels of weathering 

and erosion that occurred after the cessation of magmatic activity (Geikie 1897; 

Bailey et al. 1924).

The central complexes are commonly associated with large, localised gravity and 

magnetic anomalies (Fig. 1.5). These anomalies have been recognized as representing 

large quantities of dense, steep-sided gabbro and peridotite bodies located at 

relatively shallow levels in the crust, extending to depths of 15 km or more 

(McQuillin & Tuson 1963; Bott & Tuson 1973). From figure 1.5, the central 

complexes of St Kilda, Skye, Rum, Ardnamurchan, Mull, and Arran as well as the 

large offshore centre of Blackstone Bank can all clearly be identified as large, up to 

50 km across, high positive gravity anomalies. At least some 25 other possible 

Palaeogene igneous centres have been identified from geophysical surveys on the 

continental shelf, located in both Irish and British territorial waters (Ritchie & 

Hitchen 1996; Saunders er a/. 1997).

1.5.3 Structure of the British -  Irish Palaeocene Igneous Province 

1.5.3.1 Pre Palaeocene Crustal Terranes

The British -  Irish Palaeocene Igneous Province spans a large area (Fig. 1.2, 1.3) and 

thus crosses several distinct crustal terrane boundaries (Bluck et al. 1992), defined by 

large-scale faults (Fig. 1.3, Table 1.1). These terranes were situated on the margin of 

the Laurentian supercontinent (Cocks et al. 1997) many of which developed during 

the Caledonian Orogeny.

1.5.3.2 Hebridean Terrane

Archaean Lewisian gneisses are the oldest rocks in the province, and are 

approximatley 2.8 billion years old (Chapman & Moorbath 1977; Hamilton 1979). 

They have been metamorphosed and deformed repeatedly (Park et al. 1994). This 

ancient crust forms the basement to the Hebridean Terrane (Fig. 1.3), and rocks with 

very similar attributes form the basement to portions of present-day North America 

and Greenland. The crystalline basement of the Hebridean Terrane was welded
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together c. 1.9 Ga. during the Palaeoproterozoic. Re-organisation of crustal fragments 

and further amalgamations, around 1.0 Ga, resulted in the formation of the super

continent of Rodinia. The gneisses are overlain by the M esoproterozoic to 

Neoproterozoic Torridonian sedimentary rocks, which formed within intra

continental basins (Nicholson 1992; see Chapter 3 for details). After the break up of 

this part of Rodinia and the formation of the lapetus Ocean (at 600 -  550 Ma) the 

Hebridean Terrane formed part of the passive margin of the Laurentian continent. 

The effects of the Caledonian orogeny were felt only peripherally in this terrane.

1.5.3.3 Northern Highlands Terrane

Gneisses, as seen by xenoliths in dykes and geochemical signatures (Upton et al. 

1998; Geldmacher et al. 1999, 2002) underlie large proportions of the younger 

Northern Highlands Terrane (Peach et al. 1907; Tanner et al. 1970). It has been 

generally accepted on the basis of broad lithological and geochemical affinities that 

these basement gneisses share similarities with the Lewisian gneisses (W inchester 

1972; Holdsworth 1989). The Mesoproterozoic Moine Supergroup dominates the 

Northern Highlands Terrane. These metasedimentary rocks may be lateral equivalents 

to the Torridonian, from which they are separated by the Moine Thrust Belt (Fig. 

1.3). Moine sedimentation can be constrained to between about 1,000 and 870 Ma

(Friend et al. 1997; Kenny et al. 1998). These rocks were deformed and

metamorphosed during the Knoydartian Orogeny at around 800 Ma (Vance et al. 

1998) and were also variably affected by the events of the Caledonian Orogeny.

The Moine Supergroup is made up of the M orar group (oldest), the Glenfinnan and 

the youngest Loch Eil Group (Holdsworth et al. 1987). Rocks of the Moine 

Supergroup occur within the Ardnamurchan and Mull central complexes. The Morar 

Group crops out on Ardnamurchan. On Mull the Glenfinnan Group occurs in the 

south west and east of the island. The M orar Group is dominated by psammite-pelite 

successions that are up to 5km thick (Holdsworth et al. 1994). Sedimentary structures 

are locally abundant and the group records relatively low tectonic strains. The

Glenfinnan Group comprises striped units of thinly interbanded psammites,

semipelites, quartzites and pelites together with thicker pelitic formations. 

Sedimentary structures are rarely preserved, mainly due to high levels of ductile 

strain. Original stratigraphical thicknesses are therefore difficult to constrain but vary

13
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from 1 -  4 km (Holdsworth et al. 1994). Amphibolites are also common in many 

parts of the Supergroup.

1.5.3.4 Grampian Terrane

The Dalradian Supergroup comprises a suite of metamorphosed sedimentary rocks 

and meta-igneous rocks entrained within. It forms a belt that extends from Shetland, 

the Grampian Highlands of Scotland through Antrim to Connemara in Ireland. The 

Supergroup is divided into four main groups: Grampian, Appin, Argyll and the 

Southern Highlands. The Dalradian sequence ranges from c. 810 M a (Harris 1994) to 

c. 525 Ma (Pringle 1939; Tanner 1995). On Mull, they are separated from the Moine 

rocks by a splay of the Great Glen Fault (Fig. 1.3) and comprise grey phyllite to slaty 

semipelite and metalimestones, forming the core of the Loch Don Anticline.

1.5.4 The Caledonian Orogenic cycle

In northwest Scotland, polyphase deformation of the crustal terrane rocks resulted 

from the convergence of three crustal blocks, Laurentia, Baltica and Avalonia (Soper 

1994) and the closure of the lapetus Ocean. This organic cycle is termed the 

Caledonian orogeny.

The lapetus Ocean continued to open until the end of the Cambrian (Anderton 1982), 

while early orogenic activity along the lapetan margin of Laurentia and the initiation 

of ocean closure resulted in an arc-continent collision that occurred during initial 

ocean closure in the Early to Mid-Ordovician (Mitchell & McKerrow 1975; Hutton 

1987). This phase of the Caledonian orogenic cycle is known as the Grampian 

Orogeny, which affected both the Northern Highland and Grampian Terranes. The 

final amalgamation of the different crustal blocks and ocean closure occurred in the 

late Silurian. The collision of Laurentia and Baltica resulted in the Scandian orogenic 

event, the effects of which are widespread in the Northern Highlands Terrane but 

very limited in the Grampian Terrane, which was probably located some distance 

from the main collisional front at the time (Strachen et al. 2002). M ajor sinistral 

strike-slip movements along the Great Glen Fault resulted in the final juxtaposition of 

these two terranes during the Late Silurian and Early Devonian (Hutton 1987).

14
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1.5.5 Mesozoic Basins

During the Permian and Triassic periods, thick sequences accumulated in troughs, 

and consist of both desert and fluviatile sandstones. The Jurassic period was 

characterised by shallow water sedimentation showing a change from brackish to 

marine conditions up sequence (Hudson & Trewin 2002). Cretaceous rocks occur 

widely throughout the province, e.g. the Ulster white limestone.

These sedimentary basins and associated marginal structures appear to have 

influenced the geometry and the accumulation of the large lava fields (Thompson & 

Gibson 1991). Pre-existing structures control the siting of the major Palaeocene 

central igneous complexes (Bell & Williamson 2002). They typically occur at the 

intersection points between major north-south trending lineaments and older 

northeast-southwest trending faults (Fig. 1.3) and are emplaced into the elevated 

footwalLs that form the ridges between the basins (Roberts & Holdsworth 1999).

1.6 Timing of the British -  Irish Palaeocene Igneous Province

The age relationships of the various rock units within the province, both the lava 

fields and the central complexes, are not always readily resolved (cf. Mussett et al. 

1988). Much recent work within the province (Pearson et al. 1996; Bell & Jolley 

1997; Hamilton et al. 1998; Gamble et al. 1999; Chambers & Pringle 2001 and 

Chambers et al. 2005), however, has allowed for the development o f a much more 

detailed picture concerning the chronological development of the Province and the 

inter-relationships between the extrusive and intrusive units. This has come about 

through a combination of precise radiometric dating techniques, palynological dating 

and palaeomagnetism. In northwest Scotland and northeast Ireland the igneous 

activity occurred within the Palaeocene Epoch, mostly between 62 Ma and 55 Ma, 

with significant hiatuses between periods of rapid growth of the lava fields and 

intrusive activity (Bell & Jolley 1997).

The lavas of the province span an interval lasting less than 3 million years, from c. 61 

Ma to 58 Ma, with the individual lava fields accumulating in probably little over 1
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million years (Bell & Williamson 2002). Nearly all of the central igneous complexes 

were erupted during this period of time, and generally had short durations of activity, 

typically lasting around 1 million years (Hamilton et al. 1998; Emeleus & Bell 2005; 

Chambers et al. 2005).

Notable exceptions include the M oume Mountains, Slieve Gullion and a few late 

granite bodies on Skye, see Table 2.2. These igneous centres formed in the period 

from 56 M a to 53 Ma and would seem to correspond well with the observations of 

Saunders et al. (1997), for the existence of two phases of igneous activity within the 

whole North Atlantic Igneous Province. If so, these late stages of activity in the 

British Irish Palaeocene Igneous Province are related to a renewed phase of 

magmatism that accompanied the start of seafloor spreading in the North Atlantic 

(Saunders etal.  1997).
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Table 1.1 Palaeocene igneous centres and lava fields in relation to crustal terranes, (also 

see Fig. 1.3)

Igneous Centres Lava Fields Terrane

St. Kilda Hebridean

Isle o f Skye Skye Lava Field

Isle of Rum Eigg Lava Formation

Ardnamurchan Northern Highlands

Isle o f Mull Mull Lava Field

Isle of Arran Grampian

Isle o f Arran Midland Valley

Tardree rhyolite Antrim Lava Field

Mourne Mountains Southern Uplands

Slieve Gullion

Carlingford
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Table 1.2 Summary selection o f the most recent radiometric ages for the BIPIP
Area 

Isle of Skye

Location/Rock Type

Glamaig Granite

Age 

60.54 +/- 0.65

Method

Ar/Ar

Refemce

Chambers, 2000

Coire Uaigneich Granite 59 J  +/- 0.7 Rb-Sr Dicken et at., 1981

Lx)ch Ainort Granite 58.58 +/- 0.13 Ar/Ar Chambers, 2000

Marsco Granite 56.40 + /-0 .29 Ar/Ar Chambers, 2000

Beinn an Dubhaich 
Granite

55,44 + /-0 .22 Ar/Ar Chambers, 2000

Middle Lavas 59.83 +/- 0.12 Ar/Ar Chambers, 2000

Cuillins Gabbro 58.91 +/- 0.07 U/Pb Hamilton el al., 1998

Canna Canna Lava 59.98 +/- 0.24 Ar/Ar Chambers et al, 2005

Rum Western Granophyre 59.8 +/- 0.4 Ar/Ar Mussett et al., 1984

Muck

Layered Complex 

Basal Tuff

60.53 +/- 0.08 

60.65 +/- 0.07

U/PB

Ar/Ar

Hamilton e / <3/., 1998 

Chambers el al, 2005

EiUS Eigg Lava 59.78 +/- 0.25 Ar/Ar Chambers, 2000

Sgurr o f  Eigg Pitchstone 58.73 +/- 0.08 Ar/Ar Chambers et al, 2005

Ardnamurchan Centre 1 59.14 +/- 0.19 Ar/Ar Chambers, 2000

Centre 3 58.82 +/- 0.16 Ar/Ar Chambers, 2000

Isle of Mull Basal Lava 60.65 +/- 0.29 Ar/Ar Chambers, 200?

Lavas 60.00 +/- 0.5 Ar/Ar Mussett et al., 1986

Centre 1 Lavas 59.05 +/- 0.27 Ar/Ar Chambers, 2000

Loch Ba Felsite 58.48 +/- 0.I8 Ar/Ar Chambers, 2000

Centre 3 Granite 58.20 +/- 1.30 Rb/Sr Walsh el al., 1979

Blackstones Basalts 58.60 +/- 0.90 K/Ar Mitchell er a/., 1988

Arran Northern Granite 57.85 +/-0.15 Ar/Ar Chambers, 2000

Antrim Lower Basalts 61.02 +/-0.08 Ar/Ar Chambers, 2000

Middle Basalts 60.07 +/- 0.06 Ar/Ar Chambers, 2000

Upper Basalts 58.79 +/- 0J5 Ar/Ar Chambers, 2000

Tardree Rhyolite 60.70 +/- 0.70 Ar/Ar Meighan e /a /.,  1988

Obsidian 58.40 +/- 0.70 U/Pb Gamble et al., 1999

Mourne Mts. M oume Granite G 1 55,47 + /-0,11 Ar/Ar Chambers, 2000

M oume Granite G5 54,60 +/- 1,00 Ar/Ar Gibson et al., 1995

Slieve Gullion Granite 56,50 +/- 1,30 U/Pb Gamble et al., 1999

Carlin gford Granophyre 60.90 +/- 0.50 Ar/Ar Thompson et al. 1986

Lundy Granite 57.00 +/- 2.00 Rb/Sr Mussett et al., 1986
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F igu re  1.1 False colour, bathym etric map o f  the N orth Atlantic region, highlighting the m id-Atlantic 
ridge, zones o f  crustal stretching and the continental margins as well as the position o f  the current 
mantle plum e head, which is located underneath present day Iceland.
(National O ceanic and A tm ospheric A dm inistration (NO A A ) image ©, after Smith & Sandwell 1997).



F i g u r e  1.2 B a th y m e tr i c  m a p  o f  the  N o r th  A tlan t ic  re g io n ,  h ig h l ig h t in g  the  w id e sp re a d  v o lu m in o u s  v o ic a n i sm  a c ro ss  th e  large  N o r th  A t lan t ic  I g n e o u s  P ro v in c e ;
(1 )  B aff in  Is land ,  (2 )  W es t  G re e n la n d ,  (3 )  E as t  G r e e n la n d ,  (4 )  Ic e lan d -F a e ro e  r idge,  (5 )  V 0r in g  P la teau ,  (6 )  R o c k a l l  an d  H a t to n  B a n k s
(7 )  B r i t i sh - l r i sh  P a la e o c e n e  Ig n e o u s  P ro v in c e .  ( M o d i f ie d  N a t io n a l  O c e a n ic  and  A tm o sp h e r ic  A d m in is t r a t io n  ( N O A A )  im a g e  €>, a f te r  S m i th  &  S a n d w e l l  1997).
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(1 ) Isle of Skye Central Igneous Complex
and Lava fields

(2 ) Isle of Rum Central Igneous Complex

(3) Ardnamurchan Central Igneous Complex
(4) Isle of Mull Central Igneous Complex

and Lava fields

(5 ) Isle of Arran Central Igneous Complex
(6) Antrim Lava fields ( *  Giants Causeway)

(7 ) Slieve Gullion Central Igneous Complex
(8 ) The Moume Mountains Granite Intrusion
(9) Carlingford Central Igneous Complex

Figure U  Map o f the British - Irish Palaeocene Igneous Province showing the positions o f the main 
onshore igneous centres, onshore lava fields and their estimated offshore extensions (Fyfe et al. 1993). 
This part o f the British Isles is composed o f several isotopicaiiy distinct crustal terranes, see Table l . I .



F igu re  1.4 300m thicic pile o f  lavas resting unconform ably over Jurassic and Cretaceous sedim ents 
located near sea-level, the Isle o f  Eigg, NW Scotland.



-0 k  o rn e l-

F igu re  1.5 Gravity anom aly image o f  Western Scotland; Bouguer anom alies onshore and fi-ee-air 
anom alies offshore. C olour shaded relief image, illum inated from the north-west, red =  high, blue = low, 
contours at 10 mGal intervals. (M odified after Royles & Smith 1998, British Geological Survey ©).
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CHAPTER 2 -  MATERIALS AND METHODS

2.1 Introduction

This research project was approached in a multi-disciplinary way, and involved 

extensive field work on the Isle of Rum which involved detailed geological mapping 

and investigations. This was coupled with sample collection on the Isle of Rum as 

well as on the Isle of Eigg, the Ardnamurchan peninsula and the Isle o f Mull, all of 

which are located in north-western Scotland. This fieldwork and sample collection 

has been backed up with various laboratory techniques, described below, in order to 

assess the geochemical characteristics o f the various rock types investigated and 

collected.

2.2 Whole-rock powder preparation

In the field, fresh clean sample were specifically chosen, as much as possible, to be 

free from weathering and alteration. W eathering rinds were removed by means of a 

diamond saw prior to further work. Fist-sized rock samples were mechanically 

broken with a rock crusher with stainless steal jaw s at the Geology Department, 

Trinity College Dublin. Samples were progressively re-fed into the rock crusher until 

a fragment size of 1 -  2 cm across was achieved. A high-power binocular microscope 

was used, following the crushing of the rock samples, to remove any remaining 

alteration products or weathered rock. The cleaned and picked rock fragments were 

then placed within a tungsten carbide Tema mill and ground to a fine powder, for use 

in geochemical analysis.

2.3 Major, Trace and Rare Earth Element work

The majority of major and trace elements were determined on a Spectro X-Lab EDP 

XRF at the University of St. Andrews, Scotland. W here stated, certain smaller sample
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sets were determined on a Philips PW 1480 spectrometer at the GEOMAR Research 

Centre, Kiel, Germany and at the Centre d’Analyses Minerale, University of 

Lausanne, Switzerland using a Phillips PW 1400. All analyses were performed with a 

Rh tube and calibration was performed using international geological reference 

samples. Major element data had initial totals ranging from 98.1% to 100.2% and 

were corrected for loss on ignition and normalised to 100% for the purpose of data 

plotting. The majority of rare-earth element concentrations were determined by 

inductively coupled plasma mass spectrometry (ICP-MS) using a Agilent 7500 CE, at 

the Scottish Universities Environmental Research Centre (SUERC), East Kilbride, 

Scotland. Selected smaller sample sets (where stated) were analysed for rare-earth 

element and trace element concentrations determined by inductively coupled plasma 

mass spectrometry (ICP-MS) using a Hewlett Packard 4500 at the Institute P.- A. 

Forel, Versoix, Switzerland.

2.4 Strontium, Neodymium and Lead Radiogenic Isotope work

The vast majority of this work I completed over numerous three week long sessions 

at the Scottish Universities Environmental Research Centre (SUERC) in East 

Kilbride, Scotland (http://www.gla.ac.uk/suerc). A pilot set of eight samples was 

analysised for Sr, Nd and Pb isotopes at the Department of Mineralogy, University of 

Geneva, Switzerland under arrangement with Dr David Chew (see Chew et al. 2007 

for analytical details). See Appendix 2 for all measured and age corrected isotope 

values.

2.4.1 Sample preparation

Powdered samples were weighed using a 5 figure digital balance into Teflon beakers 

(~0.2g for Sr & Nd work and -O .lg for Pb work) and clearly labelled with lab 

numbers. The samples for analysis were leached in 2ml of cold 3M HNO3 overnight 

to remove any effects of recent weathering that may have affected the rock samples. 

The rock powder and leachate was then transferred to test tubes and the samples were 

centrifuged. The leachate was then pipetted off and discarded. Milli Q deionised 

water was then added to the rock powders in the test tubes and they were centrifuged
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again. Milli Q was then pipetted off and discarded. Milli Q was again added and the 

test tubes centrifuged to remove all remaining leachate. Following the leaching 

process the rock powder was then returned to Teflon beakers.

2.4.2 Dissolution procedures for whole rock powders

2ml of twice-distilled concentrated HNO3 and 5ml of 40% HF was added to the 

whole rock powders within the Teflon beakers. The lids were tightly screwed on and 

the beakers were placed on a hot plate (150° -  160° C) overnight (min 16hrs, typically 

18 - 20hrs). The need to place the sample powders within a high pressure bomb for 

the complete digestion of zircon and other high temperature minerals was considered 

unnecessary due to the lack of these minerals within the majority of the investigated 

samples (K. Dobson pers. com). Samples were left to cool and placed under 

evaporation hoods to evaporate the acids. After the sample had dried to completion 

and allowed to cool, 2ml of twice-distilled concentrated HNO3 w'as then added and 

the beakers were placed on the hot plate over night. Samples were left to cool and 

were placed under evaporation hoods. After the samples had dried to completion and 

were allowed to cool, 6ml of 6M HCl was added to the samples and the beakers were 

placed onto the hotplate over night again. After being left to cool the samples were 

now fully dissolved and ready for column chemistry.

2.4.3 Strontium cation column procedure

Following dissolution o f the rock powder, 2ml of 2.5M HCl was added to the dried 

down samples in preparation for cation column chemistry. Sr was separated in 2.5M 

HCl using Bio-Rad AG50W  190 X8 200 - 400 mesh cation exchange resins. The 

cation columns were pre-treated twice with 5mls of 2.5M HCl prior to the loading of 

the sample. After draining through the columns the sample (dissolved in 2ml of 2.5M 

HCl) was carefully pipetted into the top of the cation column. The sample was then 

washed into the column top with the aid of two additions of 1ml of 2.5M HCl. After 

the sample had totally drained into the top of the column resin, 68ml of 2.5M HCl 

was added to the column and allowed to slowly filter through the resin. Up to this 

point all acids that filtered through the column resin were discarded. However, with 

the addition of a further 14ml of 2.5M HCl, clean Teflon beakers were placed under 

the columns and the acid containing the strontium portion was collected and beakers 

removed (see below). 18ml of 2.5M HCl was then added to the columns followed by
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37ml of 3M HNO 3  in order to elute the rare earth elements out of the column resin. A 

further 28ml of HNO 3  was added to the columns. Teflon beakers were placed 

underneath the columns and the resultant acid containing the neodymium fraction 

along with other rare earth elements was collected and the beakers removed {see 2.4.4 

below). The cation columns and resin were then cleaned.

Beakers containing the strontium fraction were then placed under evaporation hoods 

in order to remove the HCl. After evaporation to completion, the sample was 

dissolved in concentrated HNO3 and dried on a hotplate within an isolated clean box. 

This strontium sample was now ready for loading onto the mass spectrometer. For the 

transfer of the dried Sr sample, micro-pipette tips were first cleaned in concentrated 

HNO3. The tips were then washed in concentrated phosphoric acid. The dried 

samples were dissolved with 1 ^ 1  of concentrated phosphoric acid and left to dissolve 

fully for a minute. It was then possible to load the sample onto beads with Re 

filaments. A small voltage was applied to the bead to “bake” on the sample. The 

beads with Re filaments were then loaded onto the sample barrel which was loaded 

into the mass spectrometer at SUERC. The Sr samples were analysed on a VG Sector 

54-30 multiple collector mass spectrometer. A **Sr intensity of IV (1 x I O'" A) ± 

10% was maintained. The *̂ Sr/**̂ Sr ratio was corrected for mass fractionation using a 

8 6 sr/8 8 sr  ratio = 0.1194 and an exponential law. The mass spectrometer was operated 

in the peak-jumping mode with data collected as 15 blocks of 10 ratios. The NBS987 

standard gave 0.710257 ± 18 (2 SD, n =14) and all data were normalized to an 

accepted value of ^^Sr/*^Sr = 0.710243 for this standard.

2.4.4 Neodymium cation column procedure

Following the collection of rare earth element fractions from the strontium cation 

column {2.4.3 above) the neodymium fraction was then separated out with the use of 

a constant temperature anion exchange columns using Bio-Rad AGl X 8  200 - 400 

mesh anion exchange resin. The beakers containing the rare earth element fractions, 

following strontium extraction, were placed under evaporation hoods in order to 

remove the HNO3. After evaporation to completion the remainder was dissolved in 

1ml of orange cocktail (a three part mixture of 1336ml of ultra pure H2 O, 408ml of 

acetic acid and 256ml of 5M HNO3 which is then mixed 1 part with 3 parts 

methanol).
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The columns were pre-treated with 5ml of orange cocktail (OC) which was allowed 

to filter slowly through the column. The sample (dissolved in 1ml of OC) was loaded 

into the column, followed by two additions of 1ml of OC and allowed to filter 

through. This was followed by 20ml of OC and again allowed to filter through the 

resin.

Clean Teflon beakers were placed under the columns and 15ml of yellow cocktail (a 

three part mixture of 1464ml of ultra pure H2 O, 408ml of acetic acid and 128mls of 

5M HNO3 which is then mixed one part with three parts methanol) were added, 

allowed to filter through the column and collected. The Teflon beakers were then 

placed under the evaporation hoods and allowed to dry to completion; the remainder 

was covered with concentrated HNO3 and dried on a hotplate within an isolated clean 

box. This neodymium sample was now ready for loading onto the mass spectrometer. 

Samples were dissolved with l|il of ultra-pure H2 O. It was then possible to load the 

sample onto tantalum beads with rhenium side filaments. A small voltage was applied 

to the bead to bake on the sample. The Ta beads with Re side filaments were then 

loaded onto the sample barrel which was loaded into the mass spectrometer. Nd 

samples were analysed on the VG Sector 54-30 instrument in SUERC. ''*'’Nd/''^‘̂ Nd 

ratios were measured with a '"'''Nd beam of IV (1 x 10'"A). 12 blocks of 10 ratios 

were collected in peak jumping mode and corrected for mass fractionation using an 

exponential law and ''*^Nd/'‘̂ "'Nd = 0.7219. Repeat analyses of the internal laboratory 

standard (JM) gave '^‘̂ Nd/'^^Nd = 0.511511 + 9 (2 SD, n = 21).

2.4.5 Lead column procedure

Lead was separated from acid-digested rock powders using a HBr-based anion 

exchange method (Manhes et al. 1978). After whole rock dissolution procedures 

(Section 2.2 above) the samples for lead analysis were dissolved in 1ml of triple 

distilled 6M HCl. Lead separation micro-columns were prepared with filters placed 

within pipette tips and half filled with micro strontium resin. In preparation for 

loading of the sample the micro-columns were flushed with the addition of 1ml of 6M 

HCl, 1ml of H2 O, 1ml of 6M HCl, 1ml of H2 O and finally by 1ml of HBr, each 

addition being allowed to filter through the column. At this point the sample for 

analysis was loaded into the column and allowed to filter completely through the
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resin. Following sample loading, the columns were eluted with 3mls of HBr and 1ml 

of 1.5M HCl. Teflon beakers were then placed under the columns with the addition of 

1ml 6 M HCl and allowed to filter through the resin followed by another 1ml of 6 M 

HCl for collection of the lead. The collected product was allowed to dry to 

completion on a hotplate within an isolated clean box. Separated samples were 

diluted to 50 ppb Pb in 5% HNO 3 . The total procedure blank was in the order of 

340pg during repeated lab visits.

Lead isotope ratios were measured on a Micromass IsoProbe MC-ICP-MS using an 

Elemental Scientific Inc. 100 p.1 min-1 PFA nebuliser and Glass Expansion Pty 

microconcentric spray chamber. The data were corrected for mass fractionation of 

0.1% amu based on replicate analysis of the NIST 981 standard. External 

reproducibility of the lead isotopic ratios was typically 0 .2 % ( 2  s.d.), and analytical 

blanks were <1 ng. Standards were measured during each analytical session and the 

mean of these used to correct for instrument differences (Galer & Abouchami 1998). 

Uncorrected ratios for the NIST SRM 981 standard gave *̂’̂ Pb/“̂ '*Pb = 16.932 ±21,  

207pb/204pb ^ , 5  4 3 7  + 2 0  and ^°*Pb/"‘̂ Pb = 36.682 + 56 (all 2 s.d. n = 79). See Ellam 

(2006) for further details about SUERC blank levels and laboratory procedures.

2.5 Oxygen isotope analysis

Prior to age determination {Chapter 4), a feldspar separate from the Isle of Rum 

rhyodacite was analyzed for oxygen isotopes to test for potential hydrothermal 

overprinting caused by the later ultrabasic material that is found in proximity to the 

rhyodacites (> 1km), see Chapter 3 for details. The analysis was carried out at the 

University of Cape Town by Dr. C. Harris, (see Harris et al. (2000) for analytical 

procedure).
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2.6 Single crystal "*®Ar/̂ ’Ar age analysis

Large rhyodacite samples, collected from the southern end of Meall Breac and the 

northern end of Am Mam in the Northern Marginal Zone on the Isle of Rum {see Fig 

3.2, 3.11; Chapter 3), were jaw-crushed and 20 plagioclase crystals were selected 

under a high magnification binocular microscope for single crystal ''^Ar/^^Ar age 

determination. The crystals were cleaned ultrasonically to remove any remaining 

matrix and groundmass. The crystal separates were then washed in ultra-pure HF and 

HCl to remove any low-temperature alteration. All individual mineral fragments were 

fused in a single step, with no flux material added, by a 25W Spectra Physics argon 

ion laser at the maximum power range. Irradiations were carried out in the 5MW 

research reactor at the G.K.S.S. Research Centre, Geesthacht, Germany, with crystals 

in aluminium trays and cans (no Cd liner). The '*°Ar/^^Ar laser analyses were 

performed at GEOMAR Research Centre, Geochronology laboratory, Kiel, Germany 

by Dr. Van den Bogaard. The argon isotope ratios were determined on a MAP 216 

series mass spectrometer fitted with a Baur-Signer ion source and a Johnston electron 

multiplier, following the procedures outlined in Bogaard & Schmincke (1998). Argon 

isotope ratios were corrected for mass discrimination, background and blank values, 

neutron flux gradients and interfering neutron reactions. The applied irradiation 

monitor standard used was MMhb-I (520.4 Ma; Samson & Alexander 1987). Single 

age and error estimates were derived for the sample by calculating the mean apparent 

age and assuming an initial “atmospheric” ‘̂ ^Ar/^^Ar ratio of 295.5 (see Table 4.1 and 

Fig 4.3, 4.4, 4.5; Chapter 4). Mean square weighted deviations (MSWD) were 

determined for the mean apparent age to test for scatter within the single crystal data 

(see Bogaard 1995, for procedural details). Ages are quoted with a 1 a  error, 

including the uncertainties of the monitor’s “̂^Ar/^^Ar-K relation and procedural blank 

measurements.

2.7 Electron Probe microanalysis

Samples were prepared as polished thin sections for optical microscopy and electron 

microprobe analysis. The mineral analyses were undertaken during a visit to the
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University of St Andrews and were performed on a JEOL JCX A733 electron 

microprobe with three wavelength spectrometers. Analytical conditions included an 

acceleration voltage of 15 kV, a beam current of 8 -  20 nA, and counting times of 

between 20 and 60 s on peaks. A rastered beam was used for the feldspars (ca. 12 

|im^). Natural and synthetic minerals were used as standards and monitors.

2.8 Micro Drilling work

This work was undertaken during a visit to the Department of Earth Sciences, 

University of Durham (http://www.dur.ac.uk/geochem.www/group/). Polished thick 

sections (120 microns) that were previously examined with the electron micro-probe 

(Section 2.7 above) were prepared for use on the MicroMill (Fig. 2.1a), manufactured 

by New Wave, which is a micro sampling device designed for high resolution milling 

to recover sample powder for chemical and isotopic analysis. For an in-depth 

discussion of microdrilling methods versus other more conventional means see 

Davidson et al. (2007).

Prior to milling, the pre-cleaned sample slide was stuck to the removable sample plate 

using double-sided tape. This was then placed on the XYZ stage, and a clean drill bit 

loaded. Computer software was then used to calibrate the drill tip position in relation 

to the sample surface and to determine the thickness of the sample slide. Once 

calibrated, this software can then be used to set up the desired scans, either single 

points, rows of points in any desired shape or grids of points. The depth of 

drilling/excavation for each sample point is also defined at this stage. Figure 2.1b 

shows the window from which the Micromill is run on the PC. The finely tapered 

milling bits of the micromill allow for the removal of very fine zones (<50um) from 

crystals (Fig. 2.1c). Multiple small, shallow holes around zones of interest can be 

drilled to improved spatial resolution in well oriented crystals. Before running the 

scans, a small piece of cleaned Parafilm with a circular hole cut in it was placed on 

the sample site of interest to create a well and to mask the surrounding slide. A drop 

of ultra-pure water was then placed into the well using a micro-pipette. This is 

prevented from spreading out over the sample surface by the Parafilm and the surface
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tension of the water. The water serves two purposes; to cool the milling bit and to 

capture the fine sample powder from the milled sample surface. W ith the 

commencement of drilling, the water droplet in the well was regularly topped up to 

prevent it from drying out as milling proceeded (Fig. 2.1c).

Once the milling was completed the resulting sample, held in a slurry-like 

suspension, was removed from the well using a micro-pipette in a circular vacuuming 

motion (Fig. 2 .Id). For the isotope work undertaken in this study, the slurry was 

placed directly into a Savillex 3.5ml vial ready for dissolution. The slurried sample 

was carefully taken through low-blank dissolution and conventional strontium 

extraction procedures in the clean lab at Durham University {procedures sim ilar to 

2.4 above). The strontium fraction was loaded onto Re filaments for subsequent 

analysis by the TIMS laboratory at Durham University on a Thermo-Finnigan Triton 

thermal ionisation mass spectrometer equipped with nine Faraday collectors, and an 

electron multiplier. For a full description of microdrill methodology see Charlier et 

al. (2006) and the analytical procedures undertaken at Durham University see Font et 

al. (2008).
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Figure 2.1 a) The microdrill machine with the major parts labelled, b) screen shot o f  the software used to 
control the microdrill, coloured circles indicate the planned drill paths, c) fine drill bit within a bubble 
o f  ultra pure water, also note the parafilm covering the thick section, d) after completion, the sample is 
removed within the water bubble by means o f  a pipette and is ready for isotopic analysis.
Pictures adapted from Charlier et al. (2006) and Davidson et at. (2007).
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CHAPTER 3 -  RUM FELSIC FIELD RELATIONS

3.1 Declaration

Several of the diagrams and portions of the text in this chapter have already been 

published, are in press or are submitted for publication (see below). Where stated, 

detailed petrographic examinations of the Lewisian gneiss and gabbro clasts found 

within the Am Mam-type intrusion breccia presented in this chapter have been 

undertaken in collaboration with Marian Holness, Cambridge University, UK. I am, 

however, the original composer of the majority of diagrams and the text used in this 

chapter. My total contribution to the work presented in this chapter is ~ 75%.

•  T r o l l ,  V.R., N i c o l l ,  G.R., E m e le u s ,  C .H . &  H o lo h a n ,  E .P . 2007. Geological 

walks on the Isle o f Rum, Scotland: inside an ancient volcano. (D ep artm en t o f  

G e o lo g y  P u b lica tio n s, T rin ity  C o lle g e ) . 52 pp. ISB N : 0-9521066-5-5.

•  E m e le u s ,  C .H ., T r o l l ,  V.R., H o l o h a n ,  E .P. & N i c o l l ,  G.R. 2009. A geological 

excursion guide to Rum, National Museum of Scotland, Edinburgh, 152pp. ISBN- 

13: 978-1-905267-22-4

•  N i c o l l ,  G.R., H o l n e s s ,  M.B., T r o l l ,  V.R., H o lo h a n ,  E .P ., D o n a l d s o n ,  C .H ., 

E m e le u s ,  C. H . &  C h e w , D.M. 2009. Early mafic magmatism and crustal anatexis 

on the Isle of Rum: evidence from the Am Mam intrusion breccia. Geological 

Magazine, 146, 368-381.

•  H o lo h a n ,  E .P ., T r o l l ,  V.R., E r r i n g t o n ,  M., D o n a l d s o n ,  C .H ., N i c o l l ,  G.R. 

&  E m e le u s ,  C .H . 2009. The Southern Mountains Zone, Isle of Rum, Scotland: 

volcanic and sedimentary processes upon an uplifted and subsided magma 

chamber roof. Geological Magazine, 146, 400-418.
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The fieldwork presented in this chapter, due to the safety concerns associated with 

working in the remote Southern M ountains region of the Isle of Rum, was undertaken 

in conjunction with Eoghan Holohan, who was investigating the Palaeocene caldera 

floor succession and the volcano-sedimentary infill rocks in this region. There is a 

close temporal and spatial connection between these rocks and the focus of my 

investigations. Therefore the map produced from this collaborative effort is displayed 

in this chapter (Fig. 3.18) and does not form part of another PhD thesis. 

Notwithstanding the considerable input from Holohan, this map represents the first 

thorough remapping of the southern mountain region of Rum since the work of M. 

Errington in the 1980’s (included in Emeleus 1997) and thus it is included here in its 

entirety.

3.2 Introduction

The Isle of Rum is the largest of the Small Isles of the Inner Hebrides, NW Scotland 

(Fig. 3.1). It a National Nature Reserve (the largest in the British Isles), owned and 

managed by Scottish Natural Heritage (SNH, www.snh.org.uk) and it is the location 

for several geological Sites of Special Scientific Interest (SSSI, Emeleus & Gyopari 

1992). In addition to the spectacular geology, the island is noted for its population of 

red deer (the subject of a long-term study initiated in the 1950s and a recent BBC 

documentary), feral goats, plant life, insects and birds. Rum was used as the base for 

the reintroduction o f the sea eagle to the Hebrides and the island also hosts one of the 

single largest populations of Manx shearwaters in the world. The Isle of Rum has a 

permanent population of about 30, the majority of whom live and work in Kinloch 

(Fig. 3.2).

Rum, ‘the forbidden island’, has been the subject of geological investigation for 

nearly 200 years. Some of the earliest observations were made by Jameson (1800) and 

MacCulloch (1819). The evolutionary history and the geological maps (Fig. 3.3) of 

the Isle of Rum have changed considerably since these scientific investigations were 

first conducted. The first thorough description of the major constituents of Rum ’s 

geology was published by Harker (1908). Harker’s study, along with other early
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research (e.g. Geikie 1888, Bailey 1945, Hughes 1960, Dunham 1968) focused on the 

identification and the delineation of the major structures, lithologies as well as some 

of the unique igneous features on Rum. More recent investigations have reinterpreted 

these early findings to varying degrees and redefined the evolutionary sequence 

within the Rum Igneous Centre (e.g. Donaldson 1974, 1975; Williams 1985; Smith 

1985; Emeleus et al. 1985; Emeleus 1997; Troll el al. 2000, 2004; Holness & 

Isherwood 2003; Holness 2005). The current understanding of the igneous 

evolutionary sequence (Emeleus 1997) is that it commenced with uplift and erosion of 

Lewisian gneiss and Torridonian sandstone inside a ring fault zone in response to 

magma focusing and pushing upwards beneath Rum. This phase is understood to have 

been succeeded by felsic ignimbrite eruptions associated with caldera collapse and the 

intrusion of large, shallow-level microgranites. Finally there was migration and 

intrusion of a major basic magma chamber to shallow crustal levels and also into the 

lower reaches of the early intra-caldera deposits. These events were followed by 

extremely rapid sub-aerial erosion of the Rum centre (Emeleus 1985, 1997; Hamilton 

1998; Chambers et al. 2005).

This study {Chapters 3 - 5 )  reinvestigates the Rum felsic magmatic suite, field 

relationship, timing and geochemical evolution. Previous studies have tended to focus 

exclusively on individual areas (e.g. Hughes 1960; Dunham 1968; Williams 1985; 

Troll et al. 2000) with the majority of investigations largely based on surveys of the 

more accessible, but less extensive and less well-exposed. Northern Marginal Zone 

(NMZ). This study {Chapters 3) presents a whole-island integrated approach and 

investigates the lithological characteristics and field relationships of the rocks within 

the more extensive and deeply dissected Southern Mountains Zone (SMZ) as well as 

presenting new work from the Northern Marginal Zone (NMZ).

The first integrated description and detailed geochemical account of the Am Mam 

intrusion breccias, as introduced by Emeleus (1997) is also presented in this study 

{Chapters 3 & 5). Hughes (1960) was the first to describe these “interesting and 

puzzhng rocks” as steeply-dipping, dyke-like masses of intrusive tuff, later to be 

renamed intrusion breccia (NMZ) and tuffisite (SMZ) on the maps produced by 

Emeleus (1997), who characterised them in the NMZ at the type locality of Am Mam 

hill (Fig. 3.2). Earlier maps (Harker, 1908; Dunham, 1968; Emeleus 1980) simply
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included them as a single unit with the explosion breccias, now termed the Coire 

Dubh sedimentary breccias (Emeleus 1997). The two breccias are of very different 

origins. The Am Mam breccia is intrusive and has an exclusively igneous matrix with 

the characteristics of a hybrid (mixed felsic/mafic) magma, whereas the Coire Dubh 

Breccia formed from sedimentary debris that accumulated in palaeo-valleys, against 

the walls and on the floor of the Rum caldera (see Emeleus 1997; Troll et al. 2000 for 

detailed descriptions of the Palaeocene intra-caldera sedimentary rocks exposed on 

Rum and Donaldson et al. 2001 for a review of historical changes to terminology).

3.2.1 Geological setting

The Isle of Rum is located on a NE-SW -trending ridge of Torridonian sandstone, 

forming part of the Hebridean Terrane (Fig. 3.1) and bound by Mesozoic basins to the 

west and the east (Fig. 3.4). Initial ponding of magma beneath this region during the 

early Palaeocene caused doming at the Rum centre. Basement Lewisian gneiss (Fig. 

3.5), located inside a ring fault, was uplifted in places by up to 1.7 km (Bailey 1945; 

Emeleus et al. 1985; Emeleus 1997) into juxtaposition against the much younger 

Applecross Formation (Scresort Sandstone Member; TCAS and Allt Mhor na h- 

Uamha Member; TCAM), which comprises sandstones external to the ring fault (see 

Fig. 3.6 for a full stratigraphy of the five Torridonian members exposed on Rum). 

Subsequent dome erosion exposed the gneiss and the lower Torridonian members at 

the palaeo-surface or at very shallow sub-surface levels inside the ring fault zone.

Breccias (Fig. 3.7) derived from the erosion of uplifted Lewisian gneisses and 

upstanding Torridonian sediments lack any significant igneous matrix material and 

were deposited within the Main Ring Fault structure prior to the onset of the main 

phase of felsic volcanism (Troll et al. 2000). These “Coire Dubh-type” breccias 

(Emeleus 1997; Donaldson et al. 2001) are overlain and cross-cut by extrusive sheets 

of rhyodacite and associated massive intrusive rhyodacite bodies, and are well- 

preserved in both the NMZ and the SMZ (Fig. 3.3). Initial volcanism on Rum is 

marked by a number of thin, crystal-rich tuffs, as observed within the Coire Dubh 

sedimentary breccias, grading up section into 100 m-thick valley-fill ignimbrite 

sheets (Emeleus 1997; Troll et al. 2000; Chapter 4). Felsic volcanism was coupled 

with large-scale caldera collapse (Emeleus 1997; Troll et al. 2000, 2004), the 

intrusion of large shallow-level microgranites (Black 1954; Hughes 1960; Emeleus
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1997) and the down-faulting of Jurassic limestone and slivers of the Eigg Lava 

Formation (Fig. 3.4) by as much as 1 km (Smith 1985; Emeleus 1997).

The igneous activity on Rum culminated in the migration and intrusion of a major 

basic and ultrabasic magma chamber system (Harker 1908; Wager & Brown 1951, 

1968), to shallow crustal levels and also into the lower reaches of the early intra- 

caldera deposits forming a cross cutting relationship with the rhyodacites {Chapter 4) 

and the Western Granite (Emeleus 1997; see Fig. 3.3 & Fig. 3.8). This large area of 

basic rock that forms the core of the Rum Central Complex comprises a number of 

intrusive bodies including feldspathic peridotite, bytownite troctolite (allivalite) and 

gabbro. Three divisions, formerly termed ‘series’, have been recognised (Emeleus 

1997), comprising the Eastern Layered Intrusion (ELI), the Western Layered 

Intrusion (WLI) and the Central Intrusion (Cl), see figure 3.3. On Hallival and 

Askival (Fig. 3.3), on the eastern side of Rum (part of the ELI), these mafic and 

ultrabasic rocks form prominent, gently-dipping layers or units (ranging between 50 -  

300 m in thickness each), with each unit representing the injection and accumulation 

of fresh magma batches, grading from feldspathic peridotite at the base upwards into 

allivalite and gabbroic rocks (Volker & Upton 1990). Layered rocks also occur in 

south-west Rum where they form the Western Layered Intrusion. The Central 

Intrusion separates the Western and Eastern layered intrusions (Fig. 3.3), and 

comprises a north-south belt of igneous breccias composed of blocks and megablocks 

of bytownite troctolite and feldspathic peridotite enclosed in matrices of similar 

compositions (Donaldson 1975; McClurg 1982; Wadsworth 1992). The Central 

Intrusion is regarded as the feeder system of the Layered Centre (Emeleus 1997) with 

magmas rising along a broadly north-south fracture and feeder zone located along the 

trace of the Long Loch Fault (Fig.3.3). Subsidence and faulting during successive 

magma intrusions generated the debris flow material described by McClurg (1982).

Extremely rapid and vigorous sub-aerial erosion followed the cessation of magmatic 

activity {Chapter 4). Evidence for this can be observed in the west of the island 

where several Palaeocene lava flows, erupted from near-by Canna (Fig. 3.4) and the 

Skye Igneous Centre, occupy valleys deeply incising the Western Granite (Emeleus 

1973, 1985). The duration of igneous events at the Rum centre has been estimated to 

be approximately 1 Ma (Hamilton et al. 1998; Chambers et al. 2005).
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3.3 Results

Field investigations were carried out over the course of three intensive, three - four 

week duration trips to the Isle of Rum in 2005, 2006 & 2007. This fieldwork involved 

detailed geological mapping and sample collection for petrographic investigation and 

geochemical analysis {Chapter 5) in both the Northern Marginal Zone, the Southern 

Mountains Zone and around the Western Granite (Fig. 3.3).

3.3.1 Field Relationships: The Am Mam-type intrusion breccia

The Am Mam intrusion breccia is part of the early felsic activity and is characterised 

in outcrop by a grey, feldspar-phyric matrix and the presence of intricate dark mafic 

inclusions ranging in size from 1 - 1 0  cm with rounded, wispy and lobate margins 

(Fig. 3.9). These mafic inclusions often weather out to produce a ‘pitted’ surface in 

the otherwise smoothly weathered grey to cream coloured rocks. The matrix is of 

igneous origin and is generally fine grained with numerous euhedral phenocrysts (1 -  

5 mm) of plagioclase (similar in size and shape to the feldspars within the 

rhyodacites, described in detail by Troll et al. 2004). Many show clear cores and 

sieve textured rims similar to those frequently observed in altered gneisses on the 

island (Emeleus 1997). Interstitial quartz, biotite and secondary calcite are also 

common, with large xenocrysts of augite occurring within the matrix close to gabbro 

clasts. There are also coarser, sandier-looking, zones within the matrix with no 

obvious consistency in distribution.

The intrusion breccia contains numerous and abundant rounded to sub-angular clasts 

of coarse-grained gabbro, dolerite, rare feldspathic peridotite (Emeleus 1997), baked 

Torridonian sandstone and Lewisian gneiss (Fig. 3.9). The smallest fragments of 

Lewisian gneiss are rounded and contain fine granophyric rims separating quartz and 

feldspar grains. Elongate plate-like quartz paramorphs after tridymite nucleated and 

grew on restitic quartz grains. There is no obvious clast alignment within the Am 

Mam breccia with the exception of a possible alignment close to its margin. The 

intrusion breccia is generally matrix supported, very poorly sorted with a typical clast 

size range of between 1 cm to ~ 1 m, however very large (tens of metre diameter up 

to 200 m) blocks of gneiss and coarse-grained gabbro, identical to the smaller gabbro
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fragments in the breccia of are also present (Fig. 3.11). These large blocks are cut, 

intruded and totally surrounded by substantial bodies of the intrusion breccia matrix 

(Fig. 3.10, 3.11).

3.3.1.1 Northern Marginal Zone

The Am Mam intrusion breccia within the NMZ makes up the northern and western 

sides of Am Mam hill and the intrusion continues around to the northern side of 

Meall Breac (Fig. 3.3), being about 300 m at its widest point (Fig. 3.11). Torridonian 

sandstones of the Fiachanis Gritty Sandstone Member (TCDF; Fig. 3.6) are located 

along the eastern side of Loch Gainmhich and on northern Meall Breac forming the 

country rock to the Am Mam intrusion with inward dipping contacts of 45° east and 

55° south respectively (Fig. 3.11). The northern boundary of the intrusion is in 

faulted contact with Torridonian sandstones of the Laimhrig Shale Member (TCDL; 

Fig. 3.6) located external to the Main Ring Fault system (Fig. 3.11). It also intrudes 

through and is peripheral to a large body (~ 100 x 20 m) of Lewisian gneiss [NM 

38750 98621] located on the prominent break in slope and the area of level ground 

(shoulder) north of Meall Breac (Fig. 3.11) but exhibits no signs of a sharp chilled 

margin against this basement rock; instead a more gradational contact with textures 

resembling those of partial melting are visible.

The marginal facies to the Am Mam intrusion breccia and its relationship to the other 

Palaeocene igneous rocks are best observed on the shoulder [NM 38750 98600] north 

of Meall Breac (Fig. 3.11 & 3.12). Where the intrusion breccia is in contact with 

folded and deformed Torridonian siltstones (TCDF) a fine-grained mafic margin is 

locally present [NM 38811 98560] (Fig. 3.12 & 3.13). This basaltic margin (see 

Chapter 5 for geochemistry; 5 1 - 5 3  wt% Si02) has a steep, 50 -  60°, southerly 

inward dip against the Torridonian with a prominent external chilled margin visible 

(Fig. 3.13). Directly internal to the basaltic margin is porphyritic rhyodacite-like 

material containing ~ 1 mm euhedral plagioclase crystals and minute amounts of 

quartz within a fine-grained dark blue-grey matrix (see Chapter 5 for geochemistry; ~ 

74 wt% Si02). This internal margin is sharp to lobate, but no obviously chilled 

contact against the outer basaltic margin was observed (Fig. 3.13c). The thin (30 cm) 

band of rhyodacite-like material is marginal to the Am Mam intrusion breccia matrix 

and shows a gradual and transitional contact (over 40 cm) with evidence of partial
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mixing noted between the two. The external basaltic and porphyritic rhyodacite-like 

marginal facies are not consistently present, for example at the eastern tail of the Am 

Mam intrusion on the shoulder north of Meall Breac (Fig. 3.11). However, it should 

be noted that in general when the chilled external basaltic margin is not present there 

is an increase in the amount of mafic inclusions within the Am Mam matrix. A 

basaltic margin, very similar in character, is also present at the contact between the 

Torridonian (TCDF) and the large intrusive rhyodacite body [NM 38700 98500] that 

make up the majority of Meall Breac (Fig. 3.11, 3.12), previously described by Troll 

et al. (2004).

A large sheet-like mass of rhyodacite can be seen within the Am Mam intrusion 

breccia [NM 38739 98598] north of Meall Breac (Fig. 3.11, 3.12 & 3.13) and was 

described as a rhyodacite dyke by Emeleus (1997) and Troll et al. (2000). This 

rhyodacite body has a strong foliation fabric which runs parallel to the margins of the 

intrusion and has a steep inward dip of ~ 60° south. Inspection of the relationships 

along the contact between the grey/lilac intrusive rhyodacite and the beige/cream Am 

Mam matrix (Fig. 3.14) on the shelf north of Meall Breac, where exposed, revealed:

• Portions of the Am Mam-type matrix as inclusions within intrusive rhyodacite.

• Lobate mingling relationships between intrusive rhyodacite and the Am Mam 

intrusion breccia with the margins between the two showing no signs of chilling 

o f either rock type.

• Portions of rhyodacite with lobate contacts and no visible chill margin within the 

Am Mam intrusion breccia.

• Mafic inclusions present throughout both rock types.

• Apparent transfer of phenocrysts and lithic clasts from the Am Mam to the 

rhyodacite and visa versa.

Beneath the large gabbro body at Three Lochs [NM 38538 98641] rhyodacite and 

Am Mam intrusion breccia matrix can also be observed (Fig. 3.11, 3.12, 3.15). The 

gabbro body is directly underlain by Am Mam matrix material which chills against 

the gabbro but has lobate contacts against the rhyodacite (Fig. 3.15a, c). M ixing 

between the two is evident at this location with inclusions of one rock type observed 

entrained within the other (Fig. 3.15b). The contact relationship between the
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rhyodacite and the Am Mam intrusion breccia can be traced in detail around to the 

northern side and southern end of Am M am hill (Fig. 3.11) and around the eastern 

side of Loch Gainmhich (Fig. 3.16). In general the contact relationship between the 

two rock types is sharp but chilling of neither rock type against each other has been 

observed, possibly relating to similar intrusion temperatures or not a significant 

enough temperature difference to cause any chilling.

On the south of Am Mam hill [NM 38220 98449] sedimentary derived meso-breccias 

and intra-caldera epiclastic sandstones (Emeleus 1997) are intruded at high angles (~ 

45°) by intrusive rhyodacite (Fig. 3.11 & 3.17) with a basaltic margin. However, a 

connection between the Am Mam intrusion matrix and the intrusive rhyodacites is 

also evident here, with a thin (< 1 m) zone of Am Mam-type material, which is 

connected to the main mass of Am Mam to the north west (see Fig. 3.11), found 

between the basaltic margin and the main mass of rhyodacite (Fig. 3.17). No evidence 

of chilling at the contact between the two rock types (Am Mam-type material and the 

rhyodacite) is observed and crystal phenocryst and lithic clast transfer can be seen 

(Fig. 3.17c). Thin (~ 3 m), epiclastic sandstone country rocks (coarse grained, well 

sorted, weakly bedded, pale to cream coloured early Palaeocene sandstones; see 

Emeleus 1997), which overlay the Corrie Dubh-type breccias, show intensive thermal 

baking at this location.

The Am Mam intrusion breccia is dissected by numerous basaltic dykes with rare 

examples rich in peridotite clasts exist (probably related to the later layered 

intrusions). The Am Mam intrusion is also cut by the Inner ring fault and at the very 

north of Am Mam hill [NM 38251 98888] it seems to have been affected by fault 

movements and brittle fracturing along the Main Ring Fault (Fig. 3.11).

The Am Mam intrusion breccias relationship with the Western Granite (Fig. 3.3) and 

Long Loch granite is unclear. However, considering that the Western Granite is also 

affected by movements on the Main Ring Fault (Black 1954) and intruded by the 

ultrabasic layered series rocks (e.g. Greenwood 1990; Emeleus 1997) a close 

temporal connection is most probable.
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3.3.1.2 The Ring Fault Zone, Northern Marginal Zone

A group o f small (1 m^), low-lying outcrops, which form linear clusters within an 

otherwise peat-covered area north of Coire Dubh [NM 3947 9830], contain xenoliths 

of partially melted Lewisian gneiss within a medium-grained, non-foliated igneous 

rock. The matrix comprises abundant normally zoned phenocrysts of plagioclase with 

elongate, completely altered, grains of clinopyroxene within a feldspar and quartz- 

rich matrix. Solidified melt in the Lewisian clasts comprises a fine granophyre, with 

rare quartz paramorphs after tridymite in enclosed, melt-bearing fractures. The 

Lewisian gneiss xenoliths contain abundant mm-scale shear zones, and evidence that 

deformation began at high temperatures is provided by the bending of dendritic 

outgrowths of plagioclase grains. Some outcrops contain Torridonian silt/shale clasts 

with a spherulitic texture which probably formed due to the solidification of partially 

melted arkose (Holness 2002). Post-solidification shear zones appear to cut these 

outcrops. Further north, is a group o f three, closely-spaced, low-lying outcrops [NM 

39442 98368]. The easternmost outcrop is comprised of a set of fault-bounded, 

sheared lenses, up to 40 cm long, containing a range of partially melted gneiss, 

Torridonian arkose, or a fine-grained dark-coloured homogenous igneous rock 

containing abundant xenocrysts and xenoliths (< 1 cm in diameter) of Lewisian 

gneiss. The shear zones cut a set of basic dykes at a high angle.

The metamorphic grade (on a regional scale), associated with the intrusion of the 

Rum Igneous Complex, for the Torridonian rocks is just on the microcline-out 

isograd (Holness & Isherwood 2003), i.e. well below the onset of melting within a 

Lewisian gneiss (Thompson 1981). The spherulitic Torridonian within these 

intrusions is, therefore, at a much higher grade than expected and the partial melting 

of the fragments and clasts of Torridonian and of the Lewisian gneiss is most likely a 

consequence of heating by the associated host igneous rock at depth.

3.3.1.3 Southern Mountains Zone

Intrusion breccias in the Southern M ountains (Fig. 3.3, 3.18) show a matrix that 

appears particulate to crystalline, contains euhedral crystals o f plagioclase and 

numerous lobate mafic inclusions (Fig. 3.9). These intrusion breccias envelop clasts 

of sandstone, dolerite, gabbro and gneiss up to several metres in diameter. In the 

SMZ, this rock type has previously been mapped and described as intrusive tuffs and
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tuffisites (Hughes 1960; Emeleus 1997), however, its lithological features, internal 

structure, structural and stratrigraphic position, petrography, geochemistry {Chapter 

5) and timing of emplacement are very similar to the Am Mam intrusion breccia of 

the Northern Marginal Zone described above (also see Chapter 5). It is proposed 

here, that based on the similarity of the rocks and their relationship to the other rock 

types in the Southern Mountains Zone, these intrusive tuffs shall be considered as the 

lateral equivalents of the “Am Mam-type breccias” of the Northern Marginal Zone. 

From this point onwards these similar rocks, within the Southern Mountains Zone, 

shall be called the “Am Mam-type breccias”.

These Southern Mountains Zone Am Mam-type breccias form the lower land to the 

south west of the Dibidil River and the southern slopes of Sgurr nan Gillean (Fig.

3.18). The Am Mam-type breccia intrudes into Torridonian sandstones (TCDF) along 

the course of the Dibidil River which forms the north-eastern boundary to the 

intrusion (Fig. 3.19). Sedimentary derived breccias (similar in form and structure to 

those described in the north i.e. the Corrie Dubh-type breccias; Emeleus 1997; Troll 

et al. 2000), form the country rock to the intrusion along the north-western boundary 

in the Dibidil River valley and on the southern slopes of Sgurr nan Gillean (Fig. 3.18,

3.19). The Am Mam-type breccias also intrude and surround several discrete bodies 

of Lewisian gneiss. The southern boundary of the intrusion is generally located on or 

near the Main Ring Fault and probably controlled by it, as observed at several 

locations on the slopes of Sgurr nan Gillean (Fig. 3.19, 3.20, 3.21).

Thin intrusive rhyodacite bodies (~ 0.5 -  1 m) with abundant lobate mafic inclusions 

occur along the course of the Dibidil River in a series of low river-bank outcrops 

(Fig. 3.18, 3.20). This material margins and mirrors the western edge of the Am 

Mam-type intrusion breccia against the Torridonian siltstones (TCDF), but it is often 

unclear if the rhyodacite intrudes the Am Mam-type breccia or vice versa as no 

indication of chilling of either rock type is visible. However, a rhyodacite dyke-like 

body can be seen to chill sharply against sandstone (TCDF) on the eastern side of the 

Dibidil River [NM 39435 92925], but grades westwards into rock very similar to the 

Am Mam-type intrusive breccia matrix. On the south-west side of the river, along 

strike of this rhyodacite-sandstone contact, a similar transition from rhyodacite into 

intrusive breccia matrix is visible just below the river-bank [NM 39408 92946].
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Downstream of these two points, there is no intrusive breccia or rhyodacite exposed 

on either side of the river. The rhyodacite seems to be marginal to the Am Mam-type 

intrusive breccia body (at least locally), and has been mapped running for over 400 m 

along the eastern bank of the Dibidil River, suggesting a close temporal association 

between the two lithologies.

The marginal facies to the Am Mam-type intrusion breccia can also be observed 

running for around 500 m from the Dibidil River up the lower slopes and onto the 

shoulder of Sgurr nan Gillean constituting the northern boundary to the intrusion 

(Fig. 3.18, 3.19, 3.20). This area, from the Dibidil River west to the mouth of 

Nameless Corrie, the large corrie just north of Sgurr nan Gillean (the ‘Stony Corrie’ 

of Hughes 1960), defines the single largest mass of Am Mam-type intrusion breccia 

mapped (Fig. 3.18, 3.19). Here, metre-scale blocks of gabbro, dolerite, Torridonian 

sandstone, and Lewisian gneiss are enveloped within the creamy matrix of the Am 

Mam-type intrusion, which also contains numerous lobate fine-grained mafic 

inclusions with a size range of 1 - 6 cm (Fig. 3.9).

Along the northern margin of this section, reddish crags of feldspathic-sandstone- 

dominated sedimentary derived “Corrie Dubh-type” breccias (Fig. 3.7b) are the 

country rock to the Am Mam-type intrusion (Fig. 3.18). The contact between these 

two very different rock types is directly observable at [NM 38993 92940]. At this 

location relatively fine and somewhat crushed-looking “Corrie Dubh-type” breccia 

overlies the Am Mam-type intrusive breccia along a sharp contact that dips about 50° 

to the north-west. A 1 - 2 cm thick, dark grey zone with a fine-grained matrix and 

scattered feldspar phenocrysts marks the contact on the intrusive breccia side. The 

dark outer zone comprises intrusive breccia with strongly contact-parallel aligned 

mafic inclusions; the Am Mam-type intrusion breccia matrix and the dark outer zone 

away from the margin are however undeformed.

Where observed, the margin to the Am Mam-type intrusion is generally marked by 

the presence of a dark, fine grained basaltic margin, (see Chapter 5 for 

geochemistry), for example at [NM 38725 92370] (Fig. 3.22a). This mafic margin 

often varies in thickness from a maximum of Im to not being present at all. Internal 

to this mafic margin is fine-grained porphyritic dacitic to rhyolitic material (see
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Chapter 5). The contact between the two is variable, often sharp but with no clear 

indication of chilling observed while partial mixing between the two magma types 

can often be seen. The porphyritic rhyodacite-like material often grades into the Am 

Mam-type matrix over several tens of cm, with sharp boundaries difficult to establish 

(Fig. 3.22).

Further examples of the marginal facies can be observed up the slopes of Sgurr nan 

Gillean (Fig. 3.19, 3.21). For example [NM 38255, 92453] at about 420 m, where a 

continuation of the sharp NW-dipping contact of the light-grey Am Mam-type 

intrusion can be observed against the dark-red sandstone-rich mesobreccias, which 

appear to be crushed near the contact (Fig. 3.18, 3.22b). The Am Mam-type intrusion 

matrix locally penetrates into, and encloses fragments of the mesobreccia, and 

displays a strong foliation parallel to the contact. This foliated grey rock appears to be 

a localised outer facies of the Am Mam-type breccia, mapped separately as on

figure 3.18. Between the more typical Am Mam-type breccia and this foliated outer 

facies are patches of rhyodacite-like material. A few metres upslope in a west-south- 

west direction at [NM 38233 92439], rhyodacite occurs in sharp contact with the 

mesobreccia without the presence of the mafic or foliated outer margins. Adjacent to 

this exposure, the rhyodacite has an intimate, intermingling contact with the Am 

Mam-type breccia matrix. In an exposure 40 m further upslope [NM 38190 92423], 

rhyodacite is chilled sharply on one side against “Corrie Dubh-type” breccia, but has 

a diffuse contact to Am Mam-type breccia matrix on the other.

Porphyritic rhyodacite (or similar material) thus seems to locally form a marginal 

facies to the Am Mam-type intrusive breccia, as seen on the slopes of Sgurr nan 

Gillean and along the eastern bank of the Dibidil River (Fig. 3.18). Confirmation of 

this relationship is seen to the west on the plateau below the Sgurr nan Gillean peak 

[NM 38074 92415], where rhyodacite and Am Mam-type breccia respectively form 

the margins and core of a composite dyke-like protrusion into the “Corrie Dubh-type” 

breccia; the rhyodacite is chilled only against the “Corrie Dubh-type” breccia (Fig. 

3.23). These relationships demonstrate that the Am Mam-type breccia post-dates the 

lower parts of the caldera in-fill succession (the Corrie-Dubh type) and therefore 

show an intrusion age that is the same as the rhyodacite volcanic episode.
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This basaltic-rhyolitic-Am Mam-type marginal sequence is nearly always observed in 

contact with the “Corrie Dubh-type” breccia and Torridonian country rocks and very 

rarely against the gneiss (Fig. 3.18 & 3.21). In one location [NM 38511 92482] 

Lewisian gneiss was observed with a fine-grained dark grey intrusion at its margins 

(sampled for geochemistry; SMZ-AMG-01, 68 wt% Si02). Internal to this material 

was porphyritic rhyodacite-like material in contact with the gneiss. In this location 

the gneiss appeared in a state of partial melting and large areas (several to tens of m ) 

of the gneiss took on a granophyric appearance. This marginal facies links up with 

the main mass of Am Mam-type intrusion breccia 20 m further upslope to the north 

(Fig. 3.18).

The Papidil Granite has observed crosscutting relationships to the Am Mam-type 

intrusion breccia and rhyodacites (both extrusive and intrusive) on the lower slopes of 

Sgurr nan Gillean (Fig. 3.18), but somewhat more gradational contacts were observed 

against the Lewisian gneisses. These gneisses contain Am Mam matrix-like pods on 

the lower slopes of Sgurr nan Gillean. However, the exposure of the Papidil granite is 

often obscured with scree and large steep cliff faces make thorough examination of 

contact features difficult and dangerous. The two rock types do seem, however, to be 

closely related in space and time (see Chapter 5 geochemistry). The outer ring fault 

(Fig. 3.18, 3.21) cuts the Am Mam-type intrusion and the Papidil Granite and also 

postdates the middle and inner ring fault movements due to the presence and 

locations of foliated outer facies of the Am Mam-type breccia, (X^”̂ ^), which thus 

appears to be coeval with the movement on the inner ring faults (Fig. 3.18).

3.3.1.4 Beinn nan Stac

While technically part of the Southern Mountains Zone, the lower slopes of Beinn 

nan Stac deserve special mention. Basalts believed to belong to the Palaeocene Eigg 

Lava Formation (Emeleus et al. 1985) occur on the lower slopes of Beinn nan Stac 

(Fig. 3.18, 3.24), along with quartzose sandstone and metamorphosed limestones 

believed to be correlative to the Lower Jurassic Broadford Beds of Skye (Smith 

1985). These rocks occur along the trace of the Main Ring Fault system and have 

been preserved due to Palaeocene caldera subsidence (Smith 1985, Emeleus 1997). 

Within this collection of down-faulted Mesozoic sediments and early Palaeocene 

lavas is a 200 x 50 m fault-bounded (and locally heavily brecciated) ‘whaleback’
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block of Lewisian gneiss (Fig. 3.24a), excellently exposed at [NM 4033 9343]. The 

banding and foliation o f the gneiss is steep to vertical, 160/80° W, across the 

direction of elongation of the outcrop. Its southernmost end is in contact with an 

intrusive body of porphyritic rhyodacite. To the north the gneiss is adjacent to north

east-dipping exposures of Torridonian sandstones: Fiachanis Gritty Sandstone 

(TCDF) and Laimhrig Shale (TCDL).

The amphibolite-facies assemblages in this Lewisian gneiss block have been 

extensively over-printed, presumably during contact metamorphism, with the higher 

metamorphic grades preserved in the south o f the outcrop. There is neither pristine 

hornblende nor unaltered biotite within the Lewisian block and at the northern end 

biotite and hornblende are heavily chloritised, and the gneiss contains pockets of 

epidote, chlorite and actinolite set in albite, suggestive of extensive hydrothermal 

alteration in the greenschist facies (Holness & Isherwood 2003). Epidote-filled veins 

are common throughout the gneiss block and feldspar is invariably highly turbid (in 

contrast to the outcrops of Lewisian gneiss at Priomh Lochs and Fiachanis; Holness 

& Isherwood 2003). Evidence o f an increase in metamorphic grade towards the south 

of the block is provided by the numerous basaltic dykes which cut the Lewisian 

block: those in the north have chilled margins, while those in the south commonly 

have no chills and are cut by coarse-grained back-veins of felsic material sourced 

from the surrounding gneiss (Fig. 3.5b, 3.24). The gneisses in the southernmost third 

of the block have been extensively melted and contain disrupted rafts of migmatite. In 

the vicinity of [NM 40330 93462], in the south west end of the Lewisian block, the 

partially melted gneiss contains a variety o f rounded clasts of mafic and ultramafic 

cumulates, 5 -  10 cm long (Fig. 3.24b). One such block is a peridotite, which appears 

indistinguishable from those of the Layered Suite, containing rounded cumulus 

olivine grains.

Towards the south o f the outcrop [NM 40304 93472] a light grey coloured felsic rock 

at least 5 m across, with euhedral plagioclase crystals can be seen, which in places 

(pod-like) resembles the rhyodacite. Also present with diffuse margins against these 

rhyodacite-like rocks are areas and patches of another grey to beige felsic rock that 

contains small mafic inclusions, rounded Lewisian gneiss and small Torridonian 

siltstone clasts (Fig. 3.24c). The matrix of this rock resembles the Am M am-type
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intrusion breccia matrix described above. Both felsic rock types are surrounded by 

mafic rocks, the contact relationships are poorly exposed but seem to be gradational 

rather than showing any sharp chilled margins.

The isograds in the Lewisian block run approximately parallel to the short axis of the 

block, while the isograds in the main aureole associated with the Eastern Layered 

Intrusion (ELI) run parallel to the long axis of the block. Isograds have not been 

mapped further south than the Allt nam Ba (Holness & Isherwood 2003). However, 

extrapolation to the Beinn nan Stac area suggests that temperatures in the main 

aureole, associated with the ELI (Holness & Isherwood 2003), were much lower than 

the temperatures necessary to produce in-situ melting of the gneiss block (cf. 

Thompson 1981). The lack of correspondence of metamorphic grade in the gneiss 

block with the isograds in the main thermal aureole suggests that this fault-bounded 

block of Lewisian gneiss was metamorphosed during an early high-temperature event 

which predated the emplacement of the block in the Main Ring Fault zone as well as 

the intrusion of the layered suite.

3.3.2 Field Relationships: Early Gabbro

The gabbros contained as clasts and blocks within the Am Mam intrusion breccia 

(Fig. 3.10) have been mapped and found to occur throughout the Am Mam in the 

NM Z (Fig. 3.11) with smaller quantities of gabbro observed in the SMZ. The rock is 

a two pyroxene gabbro, containing coarse (cumulate-like) plagioclase with primary 

Fe-Ti oxides and very little olivine. In general the gabbros clasts are rounded to sub- 

angular and they maintain their coarse-grained character throughout, lacking any 

indication of a chilled margin (Fig. 3.15) against the Am Mam-type matrix. However, 

at one locality [NM 38223 98722] east of Loch Gainmhich (Fig. 3.11, 3.16) a (70 x 

150 m), composite block comprising coarse, weakly laminated gabbro shows an 

intrusive contact with Lewisian gneiss (Fig. 3.25). The Lewisian gneiss far from the 

contact is coarse-grained and is either amphibolite or biotite quartzo-feldspathic 

gneiss (Fig. 3.25). Biotite is generally partially replaced by chlorite and Fe-Ti oxides. 

The Lewisian block seems to have undergone contact metamorphism to variable 

extents and shows evidence of partial melting. Textures inferred to have resulted 

from the solidification of partial melting found within the gneiss include the 

development of well-equilibrated string-of-beads along quartz-feldspar grain
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boundaries (Fig. 3.26b), while larger pools contain euhedral crystals of feldspar or 

facetted overgrowths of adjacent restitic feldspar enclosed by oikocrystic quartz (Fig. 

3.26c, d). Close to the contact with the gabbro, the chloritised biotite grains are 

surrounded by rounded, sub-equant, clots of sheet silicates which are interpreted as 

pseudomorphs after orthopyroxene (Fig. 3.26e). At the contact, the Lewisian gneiss 

comprises sieve-textured rounded grains of restitic feldspar and pseudomorphs 

probably after orthopyroxene set in a fine groundmass of euhedral, randomly 

oriented, plagioclase grains with interstitial quartz (Fig. 3.26f).

The gabbro itself has a well-developed chilled margin with grain sizes of ~1 mm up 

to 1.5 m from the contact, while 10 m from the contact the grain size is > 5 mm (Fig. 

3.25). The gabbro contains euhedral, randomly oriented laths of plagioclase, abundant 

Fe-Ti oxide grains, clinopyroxene and euhedral apatite, together with rare, 

completely replaced, grains of what were probably olivines (Fig. 3.27a). Within a few 

metres of the contact the gabbro is rich in orthopyroxene, and contains granophyre- 

filled pockets that are interstitial to the euhedral plagioclase laths. It contains 

brecciated seams with cataclastic deformation. Although the gabbro is generally 

highly altered, with poorly visible clinopyroxene-plagioclase grain boundaries, a 

population of 30 clinopyroxene-plagioclase-plagioclase dihedral angles (cf. Holness 

et al. 2005) were measured in a sample 1.4 m from the contact (i.e. within the 

relatively fine-grained chill zone) and show a median of 109°, (example in Fig. 3.27b, 

see Nicoll et al. 2009, for full details of the thin section petrography undertaken on 

these rocks by Marian Holness). The dihedral angles observed in this gabbro deviate 

significantly and are higher then those developed in the later gabbro intrusive bodies 

which cut the Eastern Layered Intrusion (Holness 2005). Dihedral angle 

measurements are significant as they provide important information about the 

physical and chemical properties of a two phase system. The angle is controlled by 

the relative magnitudes of the energy of the grain boundary and that of the fluid-solid 

interfaces (Holness 2006). In this case, these angle measurements can be used to infer 

the length of time needed for the mineral phases to obtain the angles measured. 

Higher dihedral angles require longer periods of equilibration and therefore cooling 

(see Section 3.4.4 for further discussion).
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3.3.3 Field Relationships: Rhyodacite

Harker (1908) gave the first detailed account of the petrology, chemistry and field 

relationships of these rocks. He considered these rocks to be younger than the 

ultrabasic intrusions, while work by Bailey (1945) showed that the rhyodacites are 

older than the central mafic intrusions due to crosscutting and back-veining 

relationships. Hughes (1960) and Dunham (1964) both conducted detailed 

examinations of these rocks and their relationships in the overall evolution of the 

Rum igneous centre in the SMZ and NMZ respectively. Williams (1985) made a 

significant observation that the rhyodacites on Cnapan Breaca [NM 394 976] (Fig. 

3.2, 3.3, 3.8) have many features typical of pyroclastic rocks and concluded that they 

represented extrusive ignimbrite sheets. Detailed recent work on these rocks has been 

undertaken by Emeleus 1997; Troll et al. 2000, 2004, while Donaldson et al. (2001) 

gives a detailed account of the changing nature and nomenclature (intrusive dyke-like 

to extrusive ignimbrite sheets) that was used to describe the rhyodacites and the other 

early caldera rocks. Most of the previous work on the rhyodacites has been conducted 

in the NMZ with the exception of Hughes (1960) and also a reinvestigation by M. 

Errington (unpublished) as well as Emeleus (1997) for the Rum Memoir. This study 

reinvestigated the rocks of the NMZ and the considerably larger area of rhyodacite in 

the SMZ and thus bases its conclusions from a whole island perspective.

3.3.3.1 Northern Marginal Zone

As mentioned above (3.3.1.1) there appears to be a closer connection of the 

rhyodacite with the Am Mam intrusion breccia then previously thought. Both of these 

units share a basaltic margin such as that visible north of Meall Breac and at the 

southern end o f Am Mam hill (Fig. 3.11). A basaltic margin to the rhyodacite mass 

which cross cuts epiclastic sandstone and Corrie Dubh-type exposed on Am Mam hill 

indicates that the rhyodacite outcrops at this location are intrusive not extrusive as 

previously thought (to look at changing ideas about the nature of the rhyodacite see 

Judd 1874; Geikie 1897; Dunham 1968; W illiams 1985; Emeleus 1997, Troll et al. 

2000 in Donaldson et al. 2001). However, they may potentially represent very 

shallow level or near surface vent facies. The southern end of Meall Breac preserves 

extrusive rhyodacite ignimbrite sheets while the northern end of the hill is composed 

of intrusive rhyodacites as noted by Emeleus (1997) and Troll et al. (2000). The 

intrusive portion o f the rhyodacite on northern Meall Breac can be traced for a
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distance ~ 500 m by mapping out the presence of the ~ 0.5 m basaltic margin (Fig. 

3.11, 3.12). Complex rhyodacite relationships were observed about half way along 

Meall Breac on its western side [NM 38439 98109]. At this location, at least two 

generations of rhyodacite can be seen, a rhyodacite sheet intrudes into rhyodacite 

country rock and it cuts a thin (40 cm) basaltic dyke in the earlier rhyodacite material. 

This is potentially indicative of several pulses of rhyodacite or represents a location 

where early extrusive material is cut by later intrusive rhyodacite as the active 

magmatic front migrated upwards and started to intrude earlier products.

3.3.3.2 Southern Mountains Zone

A similarly close connection between Am Mam-type intrusion breccias and 

porphyritic rhyodacite marginal facies can be seen in the SMZ. Apart from the 

volumetrically minor marginal facies rocks related to the Am Mam-type intrusive 

breccias, considerably larger amounts of rhyodacite of both intrusive and extrusive 

varieties occur in the SMZ. The southern mountains preserve the single largest body 

of rhyodacite on Rum (Emeleus 1997), with rhyodacite rocks found on Beinn nan 

Stac, in the Dibidil River valley and the largest mass forming the ridge between Sgurr 

nan Gillean, Sgurr nan Goibhrean and Ainshval (Fig. 3.3, 3.18, 3.19).

On Beinn nan Stac, sedimentary-derived breccias (Corrie Dubh-type), dominated by 

clasts of Torridonian, the Laimhrig Shale Member (TCDL) and coarser sandstones 

belonging to the Fiachanis Gritty Sandstone Member (TCDF), are overlain by 

rhyodacite which dips at about 50° to the west, for example at [NM 39938 92976]. 

The rhyodacite is not obviously chilled at the basal contact against the Corrie Dubh- 

type breccia. Rhyodacite and breccia interfinger, and may be somewhat gradational 

through a lithic tuff, similar to that described by Troll et al. (2000) from Cnappan 

Breaca. Within the rhyodacite just upslope from the basal contact, abundant fiamme 

are visible and define a foliation that is parallel to the lower contact. Further upslope 

[NM 39770 94004], the rhyodacite can be found in sharp contact with an overlying 

mass of Corrie Dubh-type breccia with abundant sandstone clasts. Another body of 

rhyodacite crops out with a sharp and unchilled basal contact against this mesobreccia 

layer further upslope (Fig. 3.18). This breccia body is well exposed along strike 

around the south-west side of Beinn nan Stac and it maps out as a discrete layer 

sandwiched between the two rhyodacite sheets (Fig.3.18). The upper rhyodacite sheet
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on the summit of Beinn nan Stac [NM 39659 94028], shows distinct white- and 

black-weathering fiamme types (Fig. 3.28a). Sedimentary breccias overlying the 

upper rhyodacite sheet form the peak of Beinn nan Stac, 550 m OD [NM 3963 9409]. 

At the summit the breccia forms zones of pale-grey, massive, well-sorted, quartzose 

sandstone. This somewhat brecciated sandstone resembles the distinctive ‘epiclastic 

sandstone’ found just below the extrusive rhyodacite sheets of Cnapan Breaca, M eall 

Breac and is crosscut by a basaltic margin to the rhyodacites at the southern end of 

Am Mam hill in the NMZ (Fig. 3.11, 3.17). It potentially offers a means of 

correlation, although the successions differ somewhat in detail. The brecciated nature 

of the sandstones could point towards further rhyodacite eruptions since eroded.

A large mass of rhyodacite caps the Sgurr nan Gillean summit and forms the ridge 

that extends for ~ 1.5 km to Aishval (Fig. 3.18, 3.19). W ithin the north of Nameless 

Corrie and on the southern side of Sgurr nan Gillean this rhyodacite sheet rests on a 

thin layer of sedimentary breccia (~ 10 -  30 m thick), containing clasts of gneiss and 

feldspathic sandstone, which overlies pinkish sandstones (TCAM). At the contact 

between the two rock units, for example at [NM 37831 93297], the lower metre or so 

of the rhyodacite sheet displays alternating layers of fine tuff and crystal tuffs with 

wavy and planar bedding that grades into fiamme-rich rhyodacite. The foliation of the 

fiamme is again parallel to the layered tuffs and the contact against mesobreccia 

below.

Near Fiachanis, within Sandy Corrie to the north of Sgurr nan Goibhrean (Fig. 3.18) 

the basal unconformity between the Lewisian gneisses and Torridonian rocks can be 

observed (Nicholson 1992b). Here a basal conglomerate com posed of gneiss clasts is 

overlain by very coarse, gritty, often cross-bedded sandstones (TCDF, see Fig. 3.6), 

which dip at about 45° to the east. Conformably overlying the sandstones (TCDF) 

beds are siltstones and mudstones (belonging to the TCDL). This whole package of 

rocks has been uplifted by at least ~ 1.5 km relative to the Torridonian rocks of the 

Scresort Sandstone M ember (TCAS) exposed externally to the ring fault, see figure 

3.6 for estimated thicknesses (after Nicholson 1992a, b).

Upslope within the corrie at [NM 37637 94009], clast-supported brecciated rocks 

with Torridonian sandstone clasts (mainly derived from TCDL, see Fig. 3.6), grade
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through a zone of lithic tuff to overlying rhyodacite. This overlying ~ 25 m thick 

rhyodacite body contains light- and dark-weathering fiamme which dip at 2 0 -3 5 °  to 

the east-south-east. Towards the top of this rhyodacite sheet some of the fiamme are 

up to 1 m long and 15 cm thick. Overlying the rhyodacite body is a 30 m thick mass 

of matrix-supported sedimentary breccia of predominantly sandstone clasts. Greenish 

sandstones cap this breccia, which is in sharp contact with a larger mass of 

rhyodacite. This second rhyodacite body makes up the remainder of the hill and can 

be traced around and links up with the rhyodacite mass on Sgurr nan Gillean and 

Sgurr nan Goibhrean (Fig. 3.18).

Several relatively thin (several tens of metres thick) intrusive rhyodacite sheets occur 

within the extrusive rhyodacite/mesobreccia succession and the Tonidonian 

sandstones on the southern slopes of Sgurr nan Gillean (Fig. 3.18). These bodies are 

typically concordant with the bedding in the Coire Dubh-type breccias and so can be 

difficult to differentiate from nearby bodies of extrusive rhyodacite. Those classified 

as intrusive lack fiamme and have 2-6 cm thick, amydaloidal (chlorite/epidote) 

basaltic upper and lower margins. The basaltic margins generally are undulose, but 

usually sharp in contact with the rhyodacite. Mixing and inclusion of the basaltic 

material with and within the rhyodacite is commonly observed (Fig. 3.28c).

Within Nameless Corrie, an intrusive rhyodacite contact against tightly folded and 

hornfelsed Torridonian rocks can be observed [NM 38275 93460]. The Torridonian 

rocks locally display a crush fabric adjacent to the contact, which may indicate some 

fault control on the intrusive rhyodacite’s emplacement. The intrusive contact can be 

traced for several 100 m up through the steep back wall of the corrie (Fig. 3.19). A 

fine-grained, dark mafic rock marks the contact, which shows a very sharp outer chill 

against Torridonian siltstones and sandstones (TCDL and TCAM) in the south of the 

corrie and against sandstones (TCDF) to the north (Fig. 3.18). Internal of this 10 -  50 

cm thick basaltic margin (see Chapter 5 for geochemistry, ~ 52 wt% Si02) is 

unchilled rhyodacite, which exhibits several internal facies variations. The internal 

contact between the two rock types is in places gently sinusoidal, with thin fluidial- 

looking rhyodacite protrusions into the mafic zone, and is intricate and lobate on mm- 

scale in thin section (Fig. 3.28b). Local dyke-like protrusions of the main 

mafic/rhyodacite contact into the Torridonian country rocks, display a mafic zone on
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both sides of the rhyodacite. The mafic zone again chills sharply against the 

Torridonian, but not against the rhyodacite in the centre of the protrusion (Fig. 3.29). 

Evidence for complex mingling, mixing, and hybridisation between the rhyodacite 

and basalt magmas is seen locally. Although often elongate, the mafic inclusions have 

no obvious alignment. Fiamme are absent in this rhyodacite facies-type, which 

resembles that in a plug north of Cnapan Breaca in the Northern Marginal Zone (see 

Troll et al. 2000, 2004).

About a metre north (i.e. inward) from the mafic margin, white-weathering 

rhyodacite is in contact with darker, smoother-weathering rhyodacite that also bears 

mafic inclusions. This rhyodacite facies also has narrow protrusions into the basaltic 

margin (Fig. 3.29). Several meters within the large intrusive mass, the darker 

rhyodacite displays a steep fiamme-like foliation that dips parallel to the outer basalt- 

sandstone contact. Further upslope along the intrusive contact [NM 38148 93442] the 

marginal facies are again visible but in a different order; with the zone of the ‘white- 

weathering’ rhyodacite facies occurring in sharp contact with, but at this location 

internal to, the dark strongly-foliated rhyodacite facies. There thus seems to have 

been multiple emplacement episodes of these different facies within this intrusive 

rhyodacite body, all occurring however, within a very short period of time. Figure 

3.28b shows a scanned thin section across this basaltic/rhyodacitic marginal zone and 

shows extensive mingling and an intricate lobate contact between the two rock types 

and a slight chilling of both against each other. These features are indicative of a 

liquid-liquid relationship (of. Petugini & Poli 2005) between the basalt and 

rhyodacite, both of which must have been emplaced within a very close space of 

time, if not simultaneously, to form this composite margin to the rhyodacite intrusion.

Within this large intrusive rhyodacite mass, fiamme with very low width/length 

aspect ratios and concordant to graded breccia zones can be seen at many points away 

from the marginal basaltic outer contact. These variations are generally confined 

within the central part o f Nameless Corrie and are lithologically more akin to the 

moderately welded ignimbrites seen elsewhere. These relationships therefore record 

the intrusive emplacement of coherent non-fragmented rhyodacite followed by 

fiamme-bearing fragmented rhyodacite, both of which dip steeply and cross-cut the 

surrounding country rocks over a considerable vertical distance. This area may
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represent a feeder and eruptive vent system for the extrusive rhyodacites (Fig. 3.30). 

Evidence for this can be found along the ridge of rhyodacite material linking Sgurr 

nan Gillean to Ainshval (Fig. 3.18), for example at [NM 37831 93297] described 

above. Close to this location the contact between extrusive rhyodacite in basal contact 

with mesobreccia abruptly disappears into more or less massive rhyodacite. The 

intrusive basaltic margin to the Nameless Corrie rhyodacite mass, described above, is 

traceable to within just a few metres below this point (Fig. 3.18, 3.19). The 

characteristic basaltic margin disappears and the steeply-foliated intrusive rhyodacite 

apparently truncates the extrusive rhyodacite sheet (or at least its base).

3.3.4 Field Relationships: Granite

There are three main areas of granitic rocks preserved on Rum, ranging from 

“granophyre”, generally comprising drusy cavities, to fine-grained microgranite the 

largest of which are the Western Granite 14 km^, the Long Loch Granite 0.25 km^ 

and the Papidil Granite 0.25 km^ (Fig. 3.3). Harker (1908) provided a brief account of 

the granites, while Black (1952) significantly identified weathered granite underlying 

the lavas on Orval (Fig. 3.3, 4.12) and a faulted contact against the Torridonian rocks 

(Black 1954). Dunham & Thompson (1967) first considered that the granitic magmas 

were generated by the fusion of Lewisian and Torridonian rocks. Dunham (1968) 

proposed chemical and petrograhical similarities between the granitic and the 

rhyodacitic rocks (see Chapter 5 for geochemical and isotopic comparisons). A more 

detailed account of the granite bodies and their petrography is given by Emeleus 

(1997).

Significandy for this study, on Ard Nev (Fig. 3.3, 4.12) a possible roof to the Western 

Granite body can be found (Dunham & Emeleus 1967). The Lewisian gneiss at this 

location [NM 346 986] is baked and was found to have a somewhat gradational 

contact with the medium to coarse-grained enclosing granophyre. The Long Loch 

granite is generally poorly exposed but within this granite body several dykes and 

pod-like areas of porphyritic rhyodacite exist. However, all have gradational contacts 

and no sharp chilled margins were observed. In the SMZ, exposures of light-grey 

microgranite that are lithologically and chemically very similar to the Western 

Granite occur (cf. Hughes 1960). Small phenocrysts of feldspar are recognisable in a 

matrix of intergrown quartz and feldspar crystals. There are also abundant mafic
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minerals and numerous small rounded, fine-grained mafic inclusions. Hughes (1960) 

noted that unlike the rhyodacite, quartz phenocrysts are rare or absent within this 

granite body. The microgranite occupies most of the ground that slopes from Sgurr 

nan Gillean’s steep south-west cliffs down to the Papadil Lodge (Fig. 3.18). 

Although, the contacts are poorly exposed and understood, the Papadil microgranite 

appears to truncate the sedimentary Corrie Dubh-type breccias, rhyodacite, and Am 

Mam-type breccias, and so post-dates all of these units. Gradational contacts were 

mapped between the Lewisian gneisses on the southern slopes of Sgurr nan Gillean 

and the Papadil Granite. Samples were taken from the Western Granite and the 

previously unsampled Long Loch and Papadil granites, for geochemical investigation 

(see Chapter 5).

3.4 DISCUSSION

3.4.L Am Mam-type intrusion breccia

The Am Mam-type intrusion breccias intrude along the course, and in the vicinity of 

the Main Ring Fault zone (Fig. 3.11 & 3.18). The intrusion of felsic and mafic 

magmas into this highly fractured and shattered zone of country rock may potentially 

account for the quantity and composition of some of the clast types within the Am 

Mam-type intrusion breccias. Evidence for early felsic melt generation and migration 

is preserved within the Lewisian gneiss blocks within, or in close association to, the 

Am Mam-type intrusions. Hence, the Am Mam-type intrusions on Rum preserve 

within them by way of these megablocks a record of early anatectic processes, which 

are often assumed but rarely seen in the North Atlantic Igneous Province (cf. Emeleus 

& Bell 2005). The partial melting observed within the uplifted gneisses provides a 

unique window into the generation and migration of the voluminous felsic 

magmatism on Rum during the early Palaeocene.

The Am Mam breccia was previously considered to occur only in the Northern 

Marginal Zone and little was known about its structure. The breccia was thought to 

have been emplaced earlier than all the other phase 1 felsic rocks, as well as the 

sedimentary breccias and sandstones of the caldera in-fill (Emeleus 1997; Troll et al.

5 8



Chapter 3 -  Rum Felsic Field Relations

2000). The detailed remapping of the Am Mam breccia and intrusive tuffs shows that 

the Am Mam intrusion breccia was emplaced in both the Northern M arginal Zone 

and the Southern M ountains Zone. M oreover, the field relationships described herein 

indicate that basalt, non-foliated rhyodacite, Am Mam intrusion matrix, and foliated 

rhyodacite were intruded in close succession to form sheet-like (or even partly 

funnel-like) composite intrusions (Fig. 3.30, 3.32, 3.33). This supports the 

conclusions of Hughes (1960) that the Am M am-type breccias em placement post

dated the Coire Dubh-type breccias and was lithologically and temporally linked with 

the rhyodacite.

Overall, the Am M am-type intrusion tends to have steep sided contacts that dip 

inwards towards the centre of the island, the proposed centre of magmatism (Bailey 

1945). However, the Am Mam-type magmas do seem to intrude along pre-existing 

anisotropies including: bedding planes (Torridonian sediments), pre-existing 

foliations (Lewisian gneisses) and fault lines and this is particularly clear along the 

eastern edge of Loch Gainmhich, in the NMZ (Fig. 3.16), where the Am Mam 

intrusion can be seen to follow and parallel the strike and dip changes in the local 

Torridonian (TCDF) country rocks (Fig. 3.11).

The field evidence shows that emplacement of the Am Mam intrusion breccia 

occurred much later than previously thought, and may even have taken place in close 

association with major pyroclastic eruptions and caldera formation. First, 

emplacement of these composite Am Mam intrusions demonstrably post-dated the 

lowermost sections of the caldera infill (Coire Dubh-type breccias). Second, in the 

Southern M ountains Zone, the emplacement of the Am Mam intrusion breccia either 

post-dated, or was synchronous with, movement on the inner strand of the Main Ring 

Fault. This inner fault strand accommodated caldera subsidence. Third, emplacement 

of the Am-Mam intrusion breccias was temporally and spatially associated with 

intrusion of foliated (fiamme-bearing) rhyodacite in both marginal zones. In the 

Northern M arginal Zone, the composite intrusion, of which the Am Mam breccia is a 

part, links into what is interpreted as a major rhyodacitic ignimbrite feeder system {cf. 

Troll et al. 2000). A similar relationship may exist between the Am Mam-type 

breccia and a major ignimbrite feeder system in the Southern M ountains Zone (Fig. 

3.30, 3.32, 3.33).
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In both the Northern Marginal Zone and the Southern Mountains Zone, emplacement 

of the Am Mam intrusion breccia seems to have been strongly controlled by faults, 

especially the Main Ring Fault (Fig. 3.11, 3.18). The intrusion of felsic and mafic 

magmas into this zone of fractured and shattered rock (gneiss and Torridonian 

sandstone) may account for the quantity and composition of some of the clast types 

within the Am Mam intrusion breccias, as the majority of clasts are sourced locally. 

The presence, however, of entrained exotic coarse gabbros and thermally altered 

gneisses may point to substantial exhumation and some degree of magmatic transport 

to account for these allochthonous-entrained clasts.

The presence of previously undocumented smaller outcrops of mafic to felsic matrix 

material containing country rock clasts intruding along the course of the Main Ring 

Fault (3.3.1.2), e.g. at [NM 39442 98368], would seem to occur within the felsic 

phase of igneous activity and as such potentially extends the presence and importance 

of the Am Mam-type intrusions. Geochemical and isotopic data (see Chapter 5) show 

that the matrix of these small ring fault intrusions is of a very similar composition to 

the Am Mam-type intrusion matrix from both the NMZ and SMZ.

The geochemical data (see Chapter 5) support a close genetic connection of the Am 

Mam intrusion matrix and the rhyodacites, as inferred from the revised field 

relationships. These rocks form a geochemical suite consistent with mixing of 

variable amounts of mafic magma with Lewisian-derived felsic partial melts (see 

Chapter 5). Evidence for early felsic melt generation and migration is preserved in 

the Lewisian gneiss blocks contained in and associated with the Am Mam intrusions. 

This provides a unique record o f early anatectic processes on the Isle of Rum and 

may hold a key in investigating the origin of felsic melts in the North Atlantic 

Igneous Province.

3.4.2 Rhyodacite

The evolution of geological thought on the origin of the Rum rhyodacites has been 

somewhat cyclical (Donaldson et al. 2001). Judd (1874) initially regarded the 

rhyodacites as lavas, but Geikie (1897) reclassified them as intrusive sills. The latter 

interpretation remained until the 1980s, when the similarity of the Northern Marginal
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Zone rhyodacite sheets to ignimbrites was noted (W illiams 1985; Emeleus 1997). An 

initial reinteqjretation of several rhyodacite sheets from the Southern M ountains as 

ignimbrites was proposed by Errington (in Emeleus 1997).

The observations described from this fieldwork in the above sections also confirm an 

extrusive emplacement origin for many of the NMZ and SMZ rhyodacite sheets as 

pyroclastic density current deposits (ignimbrites). The extrusive rhyodacite sheets are 

generally concordant with the bedding in the underlying Coire Dubh-type breccias 

and locally display wavy and planar-bedded ash horizons at their base. The 

rhyodacite sheets exhibit a strong internal eutaxitic fabric defined by fiamme 

(demonstrating explosive fragmentation), a stratification of ground layer deposits 

(graded basal lithic tuffs), pumice concentration zones (graded fiamme swarms), and 

co-ignimbrite ash surge/fall horizons (massive fine-grained fiamme-free horizons), all 

o f which are characteristic of idealised ignimbrite flow units (Schmincke & Swanson 

1967; Sparks 1976; W olff & W right 1981; W alker 1983; Branney & Kokelaar 1992). 

The sedimentary breccias in between the ignimbrites on Beinn nan Stac and within 

Sandy Corrie (Fig. 3.18) have little by way o f rhyodacite or any other igneous 

material within their matrix. As such, these breccia layers are not simply large syn- 

eruptive breccia lenses within an ash flow depositional event (Lipman 1976). Any 

pause in ignimbrite deposition may potentially have been short. However, the 

preservation of well sorted quartz sandstones and tuffs on top of the middle breccia 

units implies at least two discrete phases of ignimbrite deposition within the Southern 

M ountains Zone, in contrast with the one major phase preserved in the Northern 

Marginal Zone on Cnapan Breaca and southern Meall Breac (Troll et al. 2000). 

However, Troll et al. (2000) postulated at least three cycles of ignimbrite eruption 

within the rhyodacites for the Northern Marginal Zone and also report the presence of 

breccia lenses.

Emeleus (1997) and Troll et al. (2000) have both described the ignimbrite vent-like 

characteristics o f prominent structures within the NMZ, particularly on northern 

Meall Breac and within Coire Dubh. In the SMZ, the deeply dissected and well 

exposed mass of intrusive rhyodacite described from within Nameless Coire (Fig. 

3.18, 3.19, 3.30) shows strong similarities in terms of the geometry and facies 

architecture to that proposed in the NM Z and those described elsewhere (cf. Almond
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1977; Freundt et al. 2000). The combination of an intrusive, rhyodacite-basalt 

marginal facies, which shows unfragmented rhyodacite and lobate contacts against 

the basaltic material (Fig. 3.28b) and a more fragmental (possibly extrusive?) interior 

facies of rhyodacite, both of which dip steeply and discordantly to the surrounding 

country rocks (Fig. 3.19) is striking. These facies relationships and the intrusion 

geometry may potentially be explained by an initial intrusion of a composite basalt- 

rhyodacite dyke-like body, into the pre-caldera basement, which subsequently 

breached the surface resulting in explosive, fragmental felsic magmas being erupted 

as pyroclastic density currents. These in turn were deposited as ignimbrite sheets 

along what is now the Sgurr nan Gillean -  Ainshval ridge. Continuous and/or 

subsequent eruptions of rhyodacite through this structure could have produced the 

apparently discordant relationships between the lower parts of the caldera fill (Fig. 

3.18). Multiple phases of eruption from within the vent structure is marked by the 

intrusion of fragmental and non-fragmental magmas (Fig. 3.29), which is matched 

well by the evidence for multiple phases of ignimbrite deposition, e.g. on Beinn nan 

Stac and within Sandy Corrie (Fig. 3.18).

The similarly-inclined boundary between the Fiachnais Gritty Sandstone (TCDF) and 

Laimhrig Shale Members (TCDL) in Forgotten and Sandy Corries (Fig. 3.18) would 

appear to be vertically offset by 600 to 1000 m by this vent structure. This apparent 

discontinuity may be due to a fault; a candidate fault surface is the sharp, E- to SE- 

inclined intrusive rhyodacite margin in Nameless and Forgotten Corries (Fig. 3.18, 

3.19, 3.29). This large fault may also offer a partial explanation to the complex, 

repeating, geology mapped on the southern slopes of Sgurr nan Gillean (Fig. 3.18). 

Reverse ring faults, though rarely seen in the field, have been invoked to solve the 

‘space problem’ of caldera subsidence (cf. Anderson 1936), and have been regarded 

as potential conduits for syn-caldera magma transport and eruption (cf. Richey & 

Thomas 1932; Roche et al. 2000; Kokelaar & Moore 2006, Kokelaar 2008).

3.4.3. Correlations between the NMZ and SMZ

The Am Mam-type intrusions whilst not directly correlatable between the Northern 

Marginal Zone and the Southern Mountain Zone do, however, pose almost identical 

lithological features, internal structures, structural and stratigraphic positions, 

petrography, geochemistry (see Chapter 5) and intrusion geometry. Therefore, given

6 2



Chapter 3 -  Rum Felsic Field Relations

the limited time constraints implied from recent age dating (Chambers et al. 2005; 

Chapter 4) a similar timing of the two geographical sets of intrusions is envisaged, 

which may be termed the main rhyodacite intrusion and eruption event.

Correlation between the ignimbrite successions within the Southern Mountains Zone 

is hampered by several structural uncertainties. However, in general the Beinn nan 

Stac and Sandy Corrie sections show a very similar lithostratigraphic succession, with 

clast-supported TCDL-dominated basal breccias, and two ignimbrite sheets 

sandwiching a matrix-supported, TCDF dominated breccia sheet. A laterally 

continuous breccia layer, roughly in the middle of the Sgurr nan Gillean peak 

extrusive rhyodacite sheet (Emeleus 1994; Errington in Emeleus 1997), might define 

a two-fold subdivision similar to, and perhaps correlatable with, that seen in the 

Beinn nan Stac and Sandy Corrie successions. Exactly how these link to the lower 

Sgurr nan Gillean succession (Fig. 3.18) is presently unclear, with the potential 

presence of a large reverse fault and ignimbrite vent system obscuring the exact 

relationships.

Correlation with the Northern Marginal Zone is similarly uncertain. However, the 

‘epiclastic-like’ sandstone discovered near the peak of Beinn nan Stac may correlate 

with a similar horizon located between the Coire Dubh-type breccias and the Cnapan 

Breaca ignimbrite sheet in the Northern Marginal Zone (Troll et al. 2000). If so, this 

would imply that two major ignimbrites were erupted in the south whilst breccias and 

tuffs were still being deposited in the north, with the active magmatic centre 

potentially moving to the vent location on Meall Breac and Am Mam hill in the NMZ 

shortly thereafter.

3.4.4 Megablocks and evidence for early mafic magmas

The large areas of gabbro mapped out in the Northern Marginal Zone were previously 

considered to be plugs (e.g. Dunham 1968; Emeleus 1980), however, 

petrographically and temporally comparable rocks to the gabbros within the Am 

Mam-type intrusion breccia are not found in the surrounding country rock. These 

gabbros as well as the other exotic rocks contained within the Am Mam-type rocks 

have alternatively been suggested to be megablocks (Emeleus 1997) transported from 

depth.
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Interpretation of the solidified melt pools within the Lewisian gneiss fragments 

exposed along the course of the Main Ring Fault enclosed within the Am Mam-type 

intrusions necessitates them to be set into context. Textures formed during the 

solidification of migmatites are a function of cooling rate and the size of the melt 

pool (Holness & Sawyer 2008). Shorter times for solidification result in fine 

granophyric intergrowths, while igneous-type textures with euhedral grains enclosed 

by an oikocryst of another phase require much longer solidification times (Holness & 

Isherwood 2003). Granophyric textures are rare or absent in rocks solidified at depths 

of more than a few kbar; instead these develop igneous-type textures (Dunham 1965).

Previous work on the Lewisian gneisses of Rum have shown that the solidification 

textures visible include granophyric rims separating restitic quartz and feldspar, 

incipient coarse granophyre, string-of-beads texture, and pools of euhedral 

plagioclase enclosed by quartz (Holness & Isherwood 2003). Granophyre is absent 

from the Lewisian gneiss around Fiachanis (northwest corner of Fig. 3.18) while it is 

common in the gneisses around Priomh Lochs (Emeleus 1997). Quartz paramorphs 

after tridymite are locally present in the Priomh Lochs granophyres, which lead 

Holness & Isherwood (2003) to suggest that the Priomh Lochs gneisses were 

metamorphosed at a shallower depth than those of the Fiachanis area.

The small fragments of Lewisian gneiss entrained in the Am Mam-type intrusion 

breccias contain quartz paramorphs after tridymite. The fine-grained granophyric 

texture that has developed in the melt rims separating quartz and feldspar in these 

xenoliths highlights that the melt solidified quickly at shallow levels, consistent with 

a rapid uplift as well as their presence within relatively small intrusions that exploit 

the Main Ring Fault zone. The solidified melt textures observed in the fault-bounded 

block of gneiss at Beinn nan Stac are similar to these xenoliths, although they contain 

rather coarser-grained feldspar. The mafic cumulate fragments observed in the highly 

disrupted Lewisian migmatite on the lower slopes of Beinn nan Stac (Fig. 3.24b), 

suggest that the southern part of this gneiss block grades into possibly an Am Mam- 

type magma, indicating a significant contribution of crustal components to these early 

felsic melts (see Chapter 5). This particular block of Lewisian can be interpreted as a 

large xenolithic block which was entrained by a felsic, crustally-derived, liquid. The
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block o f gneiss contained partial melt during its entrainment and solidified relatively 

rapidly at, or close to, the present level of exposure.

Importantly, the presence of the peridotite, gabbroic and olivine cumulate nodule 

xenoliths of varying sizes within the Am M am-type intrusion breccias associated with 

partially melted Lewisian gneisses, near to the Am Mam-type rocks, points to the 

presence of a highly differentiated body of mafic melt at depth in the crust prior to 

caldera formation and the onset of major explosive felsic volcanism. It would appear 

that these early gabbroic rocks, seen within the Am M am-type intrusions, are 

compositionally (and isotopically) very different from the gabbros of the Eastern 

Layered Intrusion (see Chapter 5) and also from the source magmas inferred to have 

fed the layered intrusions (Upton et al. 2002; Chapter 5). Eastern Layered Intrusion 

rocks only rarely contain apatite. Orthopyroxene is also not very common in the 

ultrabasic intrusions of Rum (Emeleus 1997) and has only been described from a 

xenolith from within the Eastern Layered Intrusion, Unit 3 (Faithfull 1985).

This early mafic magma body must, therefore, have had a well-established magma 

chamber system at depth during an early stage in the Palaeocene igneous evolution of 

the Rum complex. It must also have underwent fractionation to form the peridotitic 

cumulates, which are compositionally indistinguishable from those seen in peridotites 

from the Eastern Layered Intrusion (cf. Emeleus 1997) and a large mass o f coarse 

gabbro. A crystal mush that developed on the floor of this early chamber must have 

been sufficiently thick to induce compaction of the olivine grains. The similarity in 

grain-size and texture of these peridotite xenoliths to the peridotites of the Eastern 

Layered Intrusion (Emeleus 1997) suggests that this early mafic body potentially may 

have been of a similar size, but located at a much greater depth. The large blocks of 

coarse gabbro entrained within the Am Mam-type intrusion breccia (Fig. 3.10, 3.11), 

provide further evidence for the presence of a large, well developed and deep seated 

mafic body which pre-dates caldera collapse and the eruption of the early felsic suite. 

The clinopyroxene-plagioclase-plagioclase dihedral angles observed within these Am 

Mam hosted gabbros are amongst the highest yet measured on Rum, and higher than 

those developed in the later gabbro intrusive bodies which cut the Eastern Layered 

Intrusion (Holness 2005).
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Analogous gabbros from within the Skaergaard Intrusion generally have very low 

clinopyroxene-plagioclase-plagioclase angles (Holness et al. 2005), interpreted to 

show that the Skaergaard liquid had cooled below the closure temperature for 

dihedral angles to change (Holness et al. 2007). The Skaergaard gabbros generally 

have dihedral angles lower than 109° (Holness et al. 2007). In order for an evolved 

(and therefore relatively cool) gabbro to undergo such a significant textural 

maturation it must have cooled slower than the Skaergaard intrusion. Therefore, this 

points towards this early coarse gabbro body on Rum being either a larger intrusion 

than the Skaergaard (8 x 11 x 4 km, Nielsen 2004) or a moderately sized body that 

was crystallizing at a greater depth (> 2 km).

Textures in the uplifted block of Lewisian gneiss with an original intrusive contact 

against gabbro near Loch Gainmhich are consistent with melting and solidification at 

depth. The solidification textures do not include granophyre, and have more in 

common with the Fiachanis gneiss block (Holness & Isherwood 2003), than with the 

gneiss around Priomh Lochs, which is at the same elevation now' as the gneisses in 

the Am Mam-type intrusion. This Lewisian block preserved within the Am Mam-type 

intrusions therefore, potentially underwent contact metamorphism and associated 

anatexis very early in the history o f the Rum volcano. The heat source for this must 

have been a large, deep, body of mafic magma, now only represented by the coarse 

gabbro blocks within the Am Mam-type intrusion. The gabbro block near Loch 

Gainmhich that displays a chilled margin, which solidified completely before 

entrainment by the Am Mam-type felsic rocks. The Am Mam-type felsic rocks must, 

therefore, also have had a relatively deep source. The implications of these lines of 

reasoning are that the bulk of the anatexis observed in the Lewisian gneiss around 

Fiachanis must also have occurred at depth. Hughes (1960) suggested at least 2 km of 

uplift for these rocks, while the Priomh Lochs anatexis (Holness & Isherwood 2003) 

occurred at the present level of exposure due to the shallow-level intrusion of the 

Eastern Layered Intrusion (Emeleus 1997).

The uplifted and entrained blocks of coarse gabbro and thermally altered Lewisian 

gneiss within the Am Mam thus represent relics of the early crustal melts on Rum in 

deep-seated magma reservoirs. The megablocks and clasts within the Am Mam-type 

breccias are therefore not in their original position, but are now found close to the
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original Palaeocene palaeo-surface (or less than 200 - 300 m from it), as can be seen 

by the contacts and close association with the sedimentary-derived Coire Dubh-type 

breccias at the southern end o f Loch Gainmhich and north-eastern Meall Breac (Fig. 

3.11). Magma generation beneath the Rum volcano would have occurred significantly 

deeper than these near-surface levels (Greenwood et al. 1990; Emeleus 1997; Holness 

& Isherwood 2003; see Chapter 4). The present location of the coarse gabbro blocks 

within the ring fault zone is most likely the result of a rapid and violent uplift along 

the ring fault zone during a time of caldera collapse and the injection of liquid and 

partial liquid components from that chamber system and its contact aureole (cf. 

Garner & McPhie 1998; Kennedy et al. 2008).

3.4.5 Megablock emplacement

Density and viscosity was calculated for the intrusive Am Mam-type dacite matrix 

obtained from major element geochemical data, see Chapter 5, (after Dingwell & 

Webb 1989; Pinkerton & Stevenson 1992) using a range of H2O concentrations at an 

assumed intrusion temperature of ~ 800° C (Fig. 3.31a). In a simple system, gabbro 

(3.03 g/cm3) and gneiss (2.80 g/cm3) blocks, both calculated with ~ 5% melt, will 

not be neutrally buoyant within the dacitic Am Mam-type magma (2.54 g/cm3) + 2% 

water content. However, within a convecting magma the net settling velocities of 

these blocks will be modified due to rising currents. Rayleigh Numbers calculated for 

a simple convecting, dacitic magma (within an assumed 300 m wide conduit, the 

maximum width of the Am Mam-type intrusion observed at the present level of 

exposure) indicate that convection currents may only have been strong enough to 

keep block fragments <75 cm in suspension. The felsic Am Mam-type magma would 

also have possessed a considerable yield strength, which would potentially support 

clasts in the size range of between 5 and 20 cm. Despite the array of uncertainties 

involved, the geochemically derived data (see Chapter 5) support the view that 

blocks over this dimension (i.e. no bigger than ~1 m) could be held in suspension in 

upward currents. Larger blocks (>1 m) would, however, sink at varying velocities as 

soon as they have broken away and become detached from source (Fig. 3.31b). 

Additionally, settling velocities increase with block size in accordance with Stokes’ 

Law (Fig. 3.31b). In most places the clast distribution within the Am Mam-type 

intrusion breccias reflects the adjacent country rock succession (dominant or very 

abundant). Therefore, some of the clasts/blocks within the Am Mam-type breccia are
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not likely to have travelled a large distance, having been broken off conduit walls by 

the dacite/rhyodacite intrusion, thereby sourcing clasts locally (e.g. Torridonian 

sandstones). However, many of the blocks contained within the breccia are exotic 

with no observable local equivalents (coarse gabbro, thermally metamorphosed 

gneiss). This implies that greater forces then the combination of yield strength and 

convection within the felsic magmas was at work to achieve the transportation of 

these blocks, many of which are significantly larger then 1 - 2 m, to their presently 

high structural level within the ring fault zone.

The large blocks and numerous smaller clasts of coarse gabbro and thermally altered 

gneiss represent products of an early magma reservoir that interacted at depth (>2 -  3 

km) with crustal rocks to produce crustal partial melts. These ‘megablocks’ and clasts 

are therefore not in their original position. A combination of Palaeocene tectonic 

uplift and erosion, followed by subsequent entrainment and transportation of these 

large xenolithic blocks within rising mixed mafic-felsic intrusions, is proposed to 

explain the present location of the coarse gabbro blocks and thermally altered 

gneisses within the ring fault. The intrusion occurred during large-scale caldera 

collapse of ~ 1 km, associated with the eruption of rhyodacite flows, as has been 

suggested previously for the early Rum caldera (Smith 1985; Emeleus 1997; Troll et 

al. 2000). During the eruption and the accompanying roof segment collapse, piston

like, forceful injection of liquid and gaseous/volatile components from the underlying 

chamber system and its contact aureole would have been injected into the opening 

ring fissure (c/. G am er & McPhie, 1998; Kennedy, Jellinek, & Stix, 2008). This 

violent style of eruption is envisaged as the mechanism to transport the exotic blocks 

within the Am Mam-type intrusions to their current high stratigraphic position.

Thus, the once considered enigmatic. Am Mam-type intrusion breccias can be seen to 

preserve a record of the initial early mafic magmas responsible for considerable 

amounts of anatectic melting and the production of voluminous felsic magmatism at 

the Rum centre during the early Palaeocene. This intrusion breccia may hold a key in 

investigating the origin of felsic melts generated through anatexis of metamorphic 

basement within the North Atlantic Igneous Province.
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3.5 CONCLUSIONS

The Am Mam intrusion breccia in the Northern Marginal Zone represents a lithic- 

rich, intermediate (andesite/dacite) product of Lewisian partial melts and intruding 

mafic magmas. The rocks in the Southern M ountains Zone, formally classified as 

tuffistes or intrusive tuffs, comprise a lithologically, temporally and structurally 

identical intrusive suite, here re-classified as part of the Am M am-type intrusion 

breccia. The geom etry and structural settings of the Am M am-type intrusions in both 

the Northern M arginal Zone and Southern M ountains Zone are strongly controlled by 

pre-em placement anisotropies, in particular faults (especially the Main Ring Fault 

system), bedding in sedim entary rocks and foliations in the metamorphic basement.

The Am M am-type intrusion breccia is not, as previously thought, the earliest 

lithological unit formed during the Palaeocene on Rum; rather it was coeval with the 

main phase of felsic magmatism and clearly postdates the lower ‘caldera’ 

sedimentary infill sequence. It results from the heating and partial melting of 

Lewisian crustal rocks, forming felsic melts which mixed to varying degrees with 

early basaltic magmas in a contact aureole to the evolving felsic system. The Am 

Mam-type intrusion breccia is thus contemporaneous and related to the other felsic 

magmas on Rum.

The Southern M ountains Zone preserves an uplifted and tilted rock sequence of the 

lower regional stratigraphical succession, which highlights uplift of around 2 km in 

this part of the Rum Complex prior to caldera collapse. Upon this uplifted country 

rock sequence lie sedimentary-derived breccias and at least two individual pyroclastic 

density current or ignimbrite sheets. These ignimbrite sheets can be correlated across 

the whole Southern M ountains region and a connection is proposed to the single large 

ignimbrite sheet that contains three pulses preserved in the Northern M arginal Zone. 

W ithin the Southern Mountain Zone there is a relatively undisturbed and well 

exposed section through an ignimbrite vent structure. Importantly this vent can be 

traced upwards to cut the surface pyroclastic deposits and preserves at least two 

phases of through-flow, which potentially correlates with the two igimbrite sheets 

seen on Beinn nan Stac and within Sandy Corrie.
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Overall, the early Palaeocene successions on Rum reflect sedimentary and eruptive 

responses to a complex history of intrusion-related uplift and caldera subsidence. 

They also help reinforce and shed light upon the importance and nature o f volcano 

sedimentary and volcano-tectonic processes in the evolution of igneous complexes 

within the British-Irish Palaeocene Igneous Province. Uplifted caldera floor up 

through to a thick volcano-sedimentary infill succession as well as associated 

ignimbrite source vent structures, are well preserved on Rum and are rarely found 

within the North Atlantic Igneous Province or within the geological record in general.

Significantly, evidence of the earliest mafic magmas on Rum, during the Palaeocene, 

and associated large-scale crystal anatexis is superbly preserved by megablocks of 

coarse gabbro and thermally altered Lewisian gneiss within the Am Mam-type 

intrusion breccias. Coarse gabbro blocks within the Am Mam-type breccia are not 

found external to the Am Mam-type intrusion. The presence these gabbroic cumulate 

xenoliths suggests that discrete magma reservoirs developed within the crust prior to 

caldera collapse potentially associated with the early doming and uplift o f the area. 

These gabbros therefore, preserve a unique glimpse into a deeply-seated and 

potentially large mafic body that initiated extensive crustal melting ultimately leading 

to the voluminous felsic volcanic activity on Rum during the early Palaeocene.

A combination of Palaeocene tectonic uplift and erosion, followed by subsequent 

entrainment and transportation of these large xenolithic blocks within rising mixed 

mafic-felsic intrusions, can explain the present location of the coarse gabbro blocks 

and thermally altered gneisses within the ring fault. The intrusion occurred during 

large-scale caldera collapse and the accompanying, piston-like, forceful injection of 

liquid and gaseous/volatile components from the underlying chamber system and its 

contact aureole into the opening ring fissure.
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F igu re  3.1 Map o f  the Isle o f  Rum and the surrounding Palaeocene central igneous centres and 
associated lava fields (including estimated off-shore extensions, Fyfe el al. 1993). Surrounding igneous 
centres: S = Isle o f  Skye, A = Ardnam urchan, M = Isle o f  Mull and B = Blackstone Bank (submerged).
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Figure 3.5 a) Lewisian gneisses outcrop near Priom h-lochs, Northern M arginal Zone, show ing feldspathic 
banding and thin am phiboiitic layers, (modified after Em eleus 1997). b) Banded felspathic gneiss form ing 
a prom inent w haleback outcrop (400 x 50 m), SE slopes o f  Beinn nan Stac, Southern M ountains Zone, 
c) Close up view o f  the intensely therm ally m etam orphosed and deform ed gneiss with partial m elting 
present in the more felsic portions.
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Sgorr Mhor Member (TCSM)
Facies /. Fine to  medium grained arkoses and lithic arkoses. Also some 
subordinate sandstones, siltstones and mudstones. No 'exotic' pebbles, but 
commonly micaceous (abundant detrita l muscovite) and contain heavy 
minerals (detrital).

Scresort Sandstone Member (TCAS)
Fades 1: Medium to  coarse grained, th ick-bedded (1-3 m) arkosic
sandstones. M inor mud, silt, and fine sandstones. Very feldspathic and 
orange-reddish brown oxidised clay matrix. Coarser grained sandstones 
have 'exotic' pebbles o f e.g. chert, vein quartz, volcanics, etc. Some beds are 
micaceous.Cross-bedding and soft-sediment deformation are abundant.

Allt Mh6r na h-Uamha Member (TCAM)
Fades J: Laminated to  wavy bedded siltstones and very fine sandstones 
(10-50 cm thick), w ith  rare mud.

Fades 2: Tabular, th ick (up to  6 m) bedded, fine to  medium grained 
sandstones w ith  orange-pink to  red-brown weathering surface. 
Cross-bedding and soft sediment deform ation common. Coarser beds 
predominate and thicken toward top  o f succession to  become very coarse 
and feldspathic.

Laimhrig Shale Member (TCDL)
Fades 1: 'Shales' - laminated dark mudstone-siltstone couplets, and th in  
(1-5 cm) laminated to  rippled very fine sartdstones.

Fades 2: Thin (5-20 cm), light grey sandstones w ith  occasional cross 
lamination. Number and thickness o f these beds increases toward top o f 
section.

Fiachanis Gritty Sandstone Member (TCDF)
Fades 7; Granular and coarse quartzose sandstones. Beds 3-20 cm thick, and 
internally cross- and planar bedded. Grain size and bed thickness dim inish 
up-section,and unit grades into shales and fine sandstones.

Fades 2: Matrix supported basal breccias w ith  gneiss clasts.
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(T-4)

(T-3)

(T-2)
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Figure 3.6 Stratigraphy o f the Torridon Group on Rum (after Nicholson 1992a, b).
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Figure 3.7 a) Close-up view o f  the Coire D ubh-type Breccias, showing a com m inuted sandstone m atrix 
and various rounded Torridonian sandstone derived clasts, Northern M arginal Zone, b) Bedded 
m esobreccia with alternating layers dom inated by gneiss and by feldspathic sandstone. South side o f  Sgurr 
nan Gillean, Southern M ountains Zone, c) Close-up o f  a lens-shaped sandstone-dom inated bed (red, above) 
and a gneiss-dom inated bed (white, below).



Eastern La> ered Intnisioiis

Marginal Gabbro

Caldera infill material, 
breccias and ignimbrites

F ig u re  3.8 Panoram a show ing  the contact zone between the caldera infill rocks o f  Stage 1 on the left-hand side o f  picture, Marginal gabbro  in the centre and the layered 
ultrabasic rocks o f  Stage 2 on the very right, Coire Dubh, N orthern  Marginal Zone.



F ig u re  3.9 a) Representative view o f  Am Mam intrusion breccia matrix containing a variety o f  lobate 
inclusions as well as sedim entary and m etam orphic xenoliths, Northern M arginal Zone. Pound coin is 
2cm in diameter, b) Am M am -type intrusion breccia, showing a Torridonian sandstone clast. Southern 
M ountains Zone, c, d ) Cut section showing the Am Mam intrusion breccia matrix containing num erous 
plagioclase freldspars, Lewisian gneiss fragments and dark mafic inclusions, scale bar in mm. e) Thin 
section view o f  the Am Mam intrusion breccia matrix from samples c and d, from the Southern 
M ountains Zone, show ing a potentially gneiss derived crystal clot o f plagioclase, hornblende and 
biotite within fine grained matrix. Field o f  view is 10mm across, f) Thin section view o f  the Am Mam 
intrusion breccia matrix, from the Northern M arginal Zone, showing plagioclase and m inor am ounts o f  
quatrz and biotite. Field o f  view is 6mm across.
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Figure 3.10 a) Portion o f  the Am Mam intrusion breccia with coarse gabbro biocics. Close to the NE shore 
o f  Loch Gainm hich. b) Block o f  gabbro intruded by dacitic m atrix o f  the Am M am, in-between Meall 
Breac and Am Mam hill. Ham m er shaft ca. 30 cm.



Figure 3.11 Geological map of the niiiiii area 
of Am Mam intrusion breccia outcrop to the 
w est of Loch Gaiimiliich. Northern Marginal 
Zone. See figure 3.32 for line of section X-Y.
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Basaltic margin to both the^ 
Am Mam intrusion breccia 
and the intrusive rhyodacite

Intrusive rhyodacite

TCDF

intrusion taecc'a

F ig u re  3.12 A rea north and w est o f  M eall B reac w ith  a co lour overlay  to h igh ligh t the m ain rock types, colours are the sam e as the geo log ica l m ap p roduced  for th is area 
(Fig. 3.11). The Am M am  intrusion b recc ia  can be seen to  intrude the Lew isian gneiss located near the ring  fault, how ever no ch illing  is observed , w hile signs o f  partial 
m elting  are v isib le. W here the in trusion breccia  is in contac t w ith the Torridonian  (T C D F) a basaltic m argin is locally apparen t and the sam e m afic m argin  is also presen t at 
the contac t betw een T C D F and the in trusive rhyodacite  m ass tha t m akes up M eall B reac. A tongue o f  the in trusive rhyodacite  can be seen to in trude the Am M am  intrusion 
b reccia  north o f  M eal! B reac, how ever on c loser inspection  liquid-liqu id  relationsh ips are visible all a long th is con tac t (Fig. 3.14). T he A m  M am  m agm as can also  be seen to 
in trude, surround and underlie  a large m ass o f  coarse  gabbro , located in the centre o f  the figure (see Fig. 3.15).
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F igu re  3.13 a) East looking view o f  the intrusive rhyodacite and Am Mam intrusion breccia, showing a 
steep inward inclination, intruding into Lewisian gneiss and Torridonian sedim ents, north o f  Meail Breac, 
NMZ. b) C lose-up view o f  the outer basalt-rhyodacite-Am  Mam matrix contact zone to this intrusive mass, 
c) Close-up view o f  the chilled basaltic margin contact to the Torridonian, which is lacking against the 
inner rhyodacite contact, bottom o f  picture.
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F ig u re  3.14 Photos show ing fluid-fluid contact relationships between grey/lilac intrusive rhyodacite and 
beige/cream y Am Mam m atrix, in outcrop on the she lf north o f  Meal! Breac, Northern M arginal Zone, 
a) Portion o f  the Am M am -type m agm a observed as inclusions within intrusive rhyodacite. Lobate 
m argins are visible between the two m agm a types and no chilling is observed. M afic inclusions are also 
present throughout both magmas, b) Portions o f  rhyodacite m agm a seen with lobate contacts and no 
chilling visible, within the Am Mam intrusion breccia, c) Contact between intrusive rhyodacite and the 
Am Mam intrusion breccia, note lobate m ingling relationships and a lack o f  chilling, d) C lose-up o f  Am 
M am (beige) veins or streaks in the rhyodacite, with rhyodacite inclusions also within the Am Mam and 
the transfer o f  a Torridonian sandstone clast from the Am Mam to the rhyodacite m agm a.



F igu re  3.15 a) West end o f  the large and coarse Three Lochs gabbro, it is underlain by beige Am Mam, 
and has m ingling contacts to the light grey weathering intrusive rhyodacite at the outcrop base, b) Close 
-up o f  mingling between beige Am Mam m atrix and light-grey/lilac rhyodacite. N ote inclusions o f  the Am 
Mam m atrix within the rhyodacite with pyroxene xenocrysts, possibly gabbro-derived. c) Contact between 
Am Mam matrix and large gabbro body at Three Lochs. N ote that the gabbro remains very coarse right up 
to the contact, d) Veins o f  Am Mam matrix in gabbro, NW end o f  Am Mam hill, e) Coarse angular gabbro 
'blocks' enclosed in Am Mam matrix, NW  end o f  Am Mam hill. This area is close to the northern contact 
with the main ring fauh zone and Torridonian units TCDF/TCDL.
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F ig u re  3.16 The geology  o f  the area to the east o f  Loch G ainmhich, Northern Marginal Zone (also see Fig. 3.11). This area show s a coarse gabbro  block w hich has an 
original intrusive contact against therm ally  m etam orphosed  Lewisian gneiss. Also highlighted is the close association o f  the A m  M am  intrusion breccia  to the intrusive 
rhyodacite and how  the Am M am intrusions are strongly controlled by pre-emplacement anisotropies, in this case bedding  in the Torridonian rocks (see Fig. 3.11), see text 
for details.
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Figure 3.>7 Contact relationships between grey/lilac intrusive rhyodacite and beige to creamy coloured 
Am Mam matrix, in outcrop at the southern end o f Am Mam hill, Northern Marginal Zone, a) Sketch of 
the contact relationships observed. Note the wavy gradational contact between the rhyodacite and Am 
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process o f  transferral between the two magmas.
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Figure 3.19 Panorama and geological outline o f the lower south-west side o f Glen Dibidil and the Sgurr nan Gillean-Ainshval Ridge, viewed from the south-east side o f 
Beinn nan Stac, S M Z.
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Figure 3.20 Annotated, panoramic view o f the north-east side o f Glen Dibidil with geological outline, viewed from the lower south-east side o f Sgurr nan Gillean.
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F ig u re  3.22 a) M argin o f  the Am M am -type intrusion breccia on the southern slope o f  Sgurr nan G illean, 
showing a basaltic and porphyritic rhyodacite margin chilled against, and intruding into m esobreccia, but 
showing m ixing relationships w ith the Am Mam breccia, b ) Foliated outer facies o f  Am M am -type breccia 
intruding mesobreccia. Southeastern slope o f  Sgurr nan Gillean. Scale: ham m er shaft ca. 35 cm.
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clasts w ithin dark mafic material, c) Area o f felsic and mafic rocks with diffuse contacts 
against the gneiss, d) Geological map o f  the area, modified after Smith (1985), see Fig. 3.18.
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Figure 3.25 a) Potential original contact preserved between coarse gabbro and Lewisian gneiss east shore 
o f  Loch Gainmhich. A 2m transitional contact zone as well as partial melting and mobilisation o f the felsic 
gneiss can be observed, b) Close up view o f the Lewisian gneiss in contact with the gabbro. c) Wide angle 
photo showing the intrusive rhyodacite cutting the Lewisian gneiss (see Fig. 3.11).



Figure 3.26 a) Xenolith o f Lewisian gneiss entrained within the Am Mam-type breccia, showing rounded 
restitic grains o f  quartz and feldspar separated by parallel-sided seams o f fine granophyre. Image is 4.5 
mm across, b) Lewisian gneiss from the large block entrained in the Am Mam, NMZ. Grain boundaries 
between quartz and feldspar are filled with small grains interpreted as formed from solidifying melt (the 
string-of-beads texture). Other grain boundaries are highly convoluted due to incipient granophyre 
formation. Image is 1 mm across, c) Textures developed from the solidification of large melt pools. Note 
the clusters of well-formed feldspar grains set in oikocrystic quartz forming fine-grained polycrystalline 
seams separating large restitic grains. Image is 4.5 mm across, d) Euhedral overgrowths (marked by 
asterisks) on restitic feldspar, enclosed by oikocrystic quartz. Image is 1 mm across, e) Melt pool 
containing rounded pseudomorphs after orthopyroxene, euhedral plagioclase grains and oikocrystic quartz. 
Image is I mm across, f) Partially melted restitic feldspar grains set in fine-grained matrix o f euhedral 
plagioclase with interstitial quartz. Sample Gb-GnI collected from the contact with the gabbro block. 
Image is 4.5 mm across. Work undertaken by M.B. Holness in Nicoll et al. (submitted).



Figure 3.27 a) Gabbro from the chilled margin 1.4m from the contact with the Lewisian, east o f Loch 
Gainmhich, NMZ. Image is 4.5 mm across, b) Clinopyroxene-plagioclase-plagioclase junction displaying 
a dihedral angle o f  96°, clearly higher than the original impingement angle. Note the change in curvature 
at the junction itself, indicative o f  sub-solidus textural maturation. Image is 0.45 mm across, c) Sample 
R212 from the "whale back", Beinn nan Stac, SMZ [NM 40292 93428] showing a fine-grained granophyre 
separating restitic quartz and feldspar. Note the fine dendritic outgrowths from the restitic feldspar 
implying a rapid solidification. Image is I mm across, d) Sample SR 695 collected < 15 m from a 
peridotite tongue at Priomh Lochs [NM 3713 9864], containing quartz paramorphs after tridymite in the 
granophyre (the elongate white features overgrowing the left-hand restitic quartz grain and forming the 
silica component o f  the granophyre patch between the two restitic quartz grains). Image is 1 mm across. 
Work undertaken by M.B. Holness in Nicoll et al. (2009).
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Figure 3.28 a) Vie\\ of extnish e rln odacite near the jjeak of Beiiui luin Stac. SMZ. Note the w lute to gre> 
weathering fiamnie present. Sound of Rum and tlie Isle of Eigg (see Chapter H) \ isible in the background, 
h) Scan of a thin section show ing the basaltic niargni to the intnlsi^ e rh> odacite from Nameless Corrie 
(see Fig. 3.29). note the lobate contact between the t\vo rock t> pes and slight cliilling of the basalt against 
the rln odacite. image is 4 cm across, c) Mafic inclusions w itliin intnisi\ e rln odacite show ing cn stal 
tninsfer and lobate margins, southern slopes of Sgiirr nan Gillean. o\ er looking Papidil. SMZ.
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breccia layers within 
ignimbritic core.

Basalt and unfragmented 
rhyodacite composite 
intrusive margin.

F ig u re  3.30 Si<etch show ing the relationship o f  the ignim brite feeder system to the caldera infill material, 
examined in N am eless Corrie, Dibidil, SMZ (adapted from Freundt et al. 2000).



Se
ttl

in
g 

Ve
lo

ci
ty

 
(m

et
re

s 
pe

r 
da

y)
 

V
is

co
si

ty
 

(lo
g 

P
a

s
)

a
0%

1%6
2%

3%5
0%

4 1%8%
2%10%

3%3
6%  5%

2 8%10%
1

0 I—  
2 .4 5 2.6 2 .652 .552 .5

Density (g/cm^)
•Mg Matrix 3 
■Mg Matrix 4

100000
Blocks can potentially be supported

10000

1000 -

100 -

10 -

400 500100 200 300

0.1

Block size (cm )
£ % H 2 0  

• —  1%  HnO

For Blocks with 
~ 5 %  Melt

Figure 3J1 a) Density and viscosity with variable H2 O (0 - IWo) for the Am Mam intrusion breccia dacite matrix based 
on geochemical compositions, see text for details, b) Plot of settling velocities for gabbro blocks of varying sizes within 
the Am Mam dacite matrix with variable water contents 0 - 2% H2 O.



Am Mdm

,  Main Ring ,  
I Fault ZoneBarkival

epiclastic s an d sto n e  overlain 
by extrusive rhyodaclte

iM ti l'VU iin

(present level 
of exposure)

Zone of partial melting

A rchaean  Rocio

|~F I Lewisian Gneiss (F)

Proteroiroic Rocks 

S aeso rt M em bei CTCA9 

AltnahU am haM enibef(TCA M ) 

Laimhfig Shale M ember (TCDO

1^*-^ R achanis Grit Member (TOiF) 

-------------- Unconfofmity

P alaeogerte  Volcanic & S ed im en tary  Rocks

I?-h Extrusive Rhyodadte(R"J

G 3ireO ii)h-rypebrecdas 
and sandstones

P alaeogerte  In trusive Rocks

B Phase 2 U ttrabask & 
Hybrid PkjtorVcs (U)

- w  Intrusive Contact

i l r  S 3  Am M ^ - t^ > e  Brecda (X***)

111 C[ I ^itrusiveR hyodadte(R '^

Gabbro within th e  Am M v n - t ) ^  
b recd a

^  Domed and  o utw ard tilted Torridonian S andstones 

^  Uplifted, outw ard-tilted f tfd d e d  basem ent.

^  P a laeo topo^aphy  (m conform ity) produced by erosion o l uplifted basen>ent.

Basal sedim entary breccias & sandstones (debris flow & stream flow deposits), commonly of local derivation, deposited  on  uplifted basem ent

Sheets of extrusive rhyodadte fignimbrite] underlain by. b u t a lto  in terbedded with, sheets of sedim entary breccia (debns flow depostts]

Eruptions associated w ith o n te t  of m crem ental caldera c d ap se .

kitrusion of Am M ^ - ty p e  brecdas 14> along th e  m ain ring fault and  in d udon  of large gabbro  blocks from d epth  durir>g initiation of caldera collapse.

Steeply-indiiwd, fault-related conduit for non-fragnrwnted & fragm ented rhyodad te  (feeding ignimbrite-forming e ruptions with p o s sU e v e n tsa t A m M ^ ,  Meall Breac arxJ wtihin G xrie  DubhX 

C ontinued d epo6itionofign im brite^>eets and  sedim entary brecdas.

@  lnrrusk>nofLayeredU ltrabasicSuiie(gabbro5& peridotites).

Figure 3.32 Interpretative cross-section through the Northern Marginal Zone. There is no vertical 
exaggeration, however, geology at depth and above the present exposure level is speculative.
See figure 3.11 for line o f  section (X-Y).



Sgurr nan GilieanSgurr nan Goibhrean

"  R"

0 m OD

Oownthrown Loch 
Oubh an Sgoir block.

Uplifted,outward-tilted&falded basement.

Palaeotopogiaphy(unconfofmi(y)pfodix:edbyeros)on 
of uplifted basement

^  Basal sedimentary brecdas& sandstones (debris fknv&sff earn fk»v
depoats), commonty o f local derivation, deposited on uplifted basement

Sheers o f extrusfve rfiyodaa'te Ognimbrite) underlain by, but afso interbedded with, sf>eets o f sedmentary 
btecda (debris flow deposits). Eruptions associated wrth onset of inaemental calderacdlapse

Steeply-inclined, fault-related conduit for non-fragmented &fiagmented rhyodadte(feedir>g ignimbrite-forming eruptions)

Basement block^dowDfauhed inside pieviousty i^^lifted Uodcs - snuctural evidence for caldera coMapse. Am Mam-type brecda intruded 

Basement thrust ovei Palaeogerte sedirr>entary succession (resurgerKe fdated?) 

htiusion of Layered Ultrabasic Suite (gabbros&peridotite^

Afchdean Rocks

I p I l£wi9an Gneiss (F)

Pioteto^otc Rocks

} Scresort Member (TCAS)

{ A lt na KUamha Member (TCAM)

I Laimhf ig Shale Member CTCDL)

Ftachanis Grit Member (TCDF)

— UnconforrrWty

Pa(aeoger>e Voicar>ic & Sedimentary Rocks

■ | a  s s
S 2

II

[j-— I Extrusive Rhyodadte (H*̂ )

Ccire Dubh-typebrecdas 
arxJ sandstor>es(Z^’^

— Unconformity

Palaeogene Intrusive Rocks

B
Phase 2 U itiabasK  & 
H ^ t d  Pfcjtonics (U)

Inlruave G>r»Bci

A m M ^  typeBrecda(X** 

I I kitrusrve Rhyodadte (R^

Figure 3.33 Interpretative cross-section through the Southern Mountains Zone. There is no vertical 
exaggeration. See Figure 3.18 for line o f section (X -Y ) .  Relationships around Sg urr nan Giliean Peak are 
projected from the SW onto the plane o f section. Numbers 1 to 9 list in approximate chronological order 
the main geological features/events, as reconstructed from this study. Figure modified afiter Holohan e/ al. 
(2009).



Chapter 4 Timing o f Rum felsic magmatism

CHAPTER 4 -  TIMING OF RUM FELSIC MAGMATISM

4.1 Declaration

Prof. V. Troll collected and prepared the feldspar crystals for age determination in 

this study. The samples were analysised under arrangement by Dr. P. Van den 

Bogaard at the GEOM AR Research Centre, Kiel, Germany. Oxygen isotope analysis 

was carried out at the University of Cape Town, South Africa by Dr. C. Harris. I have 

undertaken the optical microscopy and part of the electron microprobe analysis as 

well as having been responsible for the interpretation of results and the drafting of all 

diagrams. My total contribution to this work is estimated at ~ 50%.

The data presented in this chapter has been submitted and accepted for publication; 

T roll, V.R., N icoll, G.R., Em eleus. C.H. & D o naldson , C.H. 2008. Dating the 

onset o f volcanism  at the Rum Igneous Centre, NW  Scotland. Journal o f  the 

Geological Society, London, 165, 651-659.

4.2 Introduction

The estimated duration of Palaeogene magmatic activity on the Isle o f Rum has 

steadily been reduced over the last few decades through continuing detailed research 

and improvements in isotopic dating techniques. Early estimates range from several 

million years for the duration o f the life time of igneous activity, and with the age 

relationships of the rocks on the island not being readily resolved (M ussett et at. 

1988), to the most recent age and duration estimate of approximately 1 Ma (Chambers 

et al. 2005). The earliest felsic volcanic rocks on Rum, the rhyodacites, have not 

previously been dated. This thick pile of intra-caldera ignimbrite deposits is of 

particular relevance as it provides constraints on the timing of the centre by marking 

the onset of surface volcanism (see Chapter J). This study presents the first "'°Ar/^^Ar 

age dates for the major rhyodacite event on Rum and places these early eruptive 

events of the Rum volcano within an evolutionary sequence. It also provides an
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Chapter 4 Tim ing o f  Rum felsic m agm atism

independent age constraint for the onset o f volcanic activity within the Rum central 

complex and placed within the framework of previous data, is a test for the internal 

consistency of geological events and the available radiometric dates.

The Rum rhyodacites (Fig. 4.1) represent one of, if not the best-preserved example of 

voluminous, explosive, surface volcanism within the British and Irish Palaeogene 

Igneous Province (see Fig. 1.3). Other, but volumetrically smaller and/or less well 

exposed examples include the D onald’s Hill Ignimbrite Formation (DHIF) in N.W. 

Ireland (Mitchell et al. 1999), the Kilchrist vent area on Skye (Bell & Emeleus 1988), 

the Sgiirr of Eigg (Dickin & Jones 1983a; Emeleus 1997; Chapter 8) and the Tardree 

and Sandy Braes complex in N.W. Ireland (Mitchell 2004). A significant number of 

vents and shallow felsic intrusions are preserved on Skye (Harker 1904; Bell 1985), 

Mull (Bailey 1924; Sparks 1988), Arran (King 1955) and at Slieve Gullion (Richey & 

Thomas 1932; McDonnell et al. 2004), suggesting that explosive felsic volcanism 

must have been an essential, voluminous and wider spread part o f the igneous activity 

in the province as a whole.

4.3 Analytical methods

See Chapter 2 for details of the analytical methods that were used for the 

determination and interpretation of the age dates from the intrusive and extrusive 

rhyodacites on the Isle of Rum (Fig. 4.2) including: oxygen isotopes, “̂ ^Ar/^^Ar 

analysis and electron microprobe work on the geochemical composition of feldspars 

within the Rum Lewisian gneiss and the rhyodacites.

4.4 Results

4.4.1 Oxygen Isotopes

Prior to age determination, a feldspar separate from the Isle of Rum rhyodacite was 

analyzed for oxygen isotopes to test for potential hydrothermal overprint caused by 

the later ultrabasic material that is found in proximity to the rhyodacites (> 1 km, see 

Chapter 3). The oxygen isotope analysis was carried out at the University o f Cape
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Chapter 4 Timing o f Rum felsic magmatism

Town by Dr. C. Harris, (see Harris et al. 2000 for analytical procedures). The 

rhyodacite feldspars give 5 '^ 0  = 6.88 +/- 0.15 %o (Fig. 4.3), thus falling within the 

range expected for magmatic phenocrysts (5.5 -  7.5 %o, Hoefs 1997), but also that of 

the Lewisian gneisses in the area (approxim ately 5 - 8  %o, Thompson et al. 1986). 

The 5’^0 value of the rhyodacite feldspars does not, however, fall within the much 

lower range that is usually associated with high-temperature hydrothermal alteration 

( «  5 %o), or the much higher range associated with low-tem perature weathering ( »  

9 %o) (e.g. Hoefs 1997; Hansteen & Troll 2003). Oxygen isotope data in Emeleus 

(1997), suggest that some of the Lewisian and rhyodacite whole-rocks have been 

partially affected by high temperature alteration. Despite this, the rhyodacite feldspars 

sampled have largely escaped alteration indicating that the samples are fit for age 

determination (c/. Cousens et al. 1993). Numerous petrographic investigations of the 

rhyodacites by Hughes (1960) Dunham (1965, 1968), Emeleus (1997) and Troll et al. 

(2000, 2004) also highlight that the majority of the feldspars within these rocks are 

unaltered and fresh.

4.4.2 “̂^Ar/’^Ar of single crystal plagioclase feldspars

The rhyodacite samples were collected from the southern end of Meall Breac and the 

northern end of Am Mam in the Northern Marginal Zone (see Fig. 3.2, 3.3 & 3.11) 

and prepared as described in Chapter 2. Results were obtained for each of the 

individual rhyodacite sample sites:

(i) Am Mam hill = 8 crystals (Fig. 4.4), with isochron calculations (York

1969) yielding an isochron age of 60.6 +/- 0.8 Ma and an initial ^^Ar/*^Ar

ratio of 294 +/- 3.0 (MSW D = 5.6).

(ii) Meall Breac = 12 crystals (Fig. 4.5), with isochron calculations (York

1969) yielding an isochron age of 61.0 +/- 0.6 M a and an initial "^^Ar/*°Ar

ratio of 296 +/- 1.0 (MSW D = 2.3).

The Am Mam hill samples were obtained from an intrusive rhyodacite feeder system 

(see Fig. 3.11). The Meall Breac samples come from the south end of this hill where 

the rhyodacite is believed to be extrusive in nature (Troll et al. 2000, 2004; also see 

Chapter 3). These two individual isochrons were combined to produce an overall 

rhyodacite age (Table 4.1, Fig. 4.6). This combination was deemed reasonable as the
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intrusive and extrusive nature of the rhyodacite must be intimately linked both 

temporally and spatially (see Chapter 3 for discussion).

The combined data of the '̂ ^Ar/̂ ^Ar single crystal analysis produce and define an 

isochron that yields a weighted mean apparent age of 60.83 +/- 0.27 Ma, showing an 

analytical uncertainty o f <1% and a MSWD of 3.65 (Fig. 4.6, Table 4.1). On an age 

versus probability plot the feldspars do not show a simple Gaussian distribution. 

However, there are three distinct feldspar populations within the data set (Fig. 4.7), 

with a major peak at 60.33 +/- 0.21 Ma and two smaller peaks at approximately 61.4 

Ma and 63 Ma.

4.4.3 Microprobe analysis

The Torridonian sandstones on Rum contain alkali feldspar (Emeleus 1997; Holness 

2 0 0 2 ), and the early mafic plutonic rocks, coarse gabbroic intrusions now preserved 

as isolated blocks within the Am Mam-type intrusion breccia, contain calcic 

plagioclase (Emeleus 1997; Troll et al. 2000; see Chapter 3). Neither type of feldspar 

is commonly found within the rhyodacite, which carries oligoclase as its dominant 

feldspar (Troll et al. 2004). Attention was therefore focused on the Lewisian gneisses 

as a possible xenocryst source. A substantial number of microprobe analyses into the 

chemical compositions o f plagioclase crystals from the rhyodacite and from Rum 

Lewisian gneisses were obtained (Fig. 4.8, 4.9, Table 4.2 and Appendix 1). This data 

set is one of very few currently available on the chemical composition of Rum 

Lewisian gneiss feldspars (c/. Greenwood 1987) and also regionally for Lewisian 

gneiss feldspars in general.

Plagioclase in the Rum Lewisian gneiss ranges from An 5 to An 7 4  (n = 85), with a 

major peak between An 26 and An 29 and a small shoulder at about An 10. The majority 

of the rhyodacite feldspar analyses (n = 230) fall within the An 16 to An 25 range (Fig. 

4.8). The rhyodacite and Lewisian gneiss feldspars thus show a considerable overlap 

in chemical composition (Figure 4.9 and Table 4.2).
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4.5 Discussion

4.5.1 Rhyodacite and Lewisian gneiss feldspar compositions

In this section it is argued that the smaller age peaks determined (Fig. 4.7) represent 

older, crustal-derived xenocrysts that are present beside juvenile feldspar phenocrysts. 

The rhyodacite feldspars frequently show complex zoning patterns (Emeleus 1997; 

Troll et al. 2004) and analyses of rhyodacite crystal cores show compositions that 

match the most abundant Lewisian feldspar group (An 26 to An 29; see Fig. 4.8, 4.9, 

Table 4.2 dind A ppend ix  1). Sieve-textured plagioclase crystals have been described in 

association with rhyodacites from the Northern M arginal Zone (Troll et al. 2004). 

Several plagioclase crystals within the rhyodacites show sieve-textured zones in the 

interior of the crystals but have euhedral overgrowth zones (Fig. 4.10).

W hen the Lewisian gneiss is heavily thermally metamorphosed its plagioclase takes 

on a very distinctive ‘sieve texture’ (Emeleus 1997). This petrographic line of 

evidence along with the chemical compositional data (Table 4.2) strongly supports the 

presence of xenolithic cores within some of the rhyodacite plagioclases and may give 

a possible explanation to the older age dates that would appear to be mixed and 

partially re-equilibrated ages.

4.5.2 Age date distributions

The trimodal distribution and the high MSW D of 3.65 imply the presence of up to 

three individual feldspar populations and point to significantly older xenocryst 

material amongst juvenile feldspar phenocrysts of the rhyodacite (Fig. 4.7). The small 

age peak formed by three (15%) of the analysed crystals, at approximately 63 Ma, is 

pre-British Palaeogene Igneous Province in age (Emeleus & Bell 2005), and certainly 

predates igneous activity on and around Rum (see Chambers et al. 2005). The argon 

content of these xenocrysts may have been modified by interaction with pre-eruptive 

acid magma o f the rhyodacite rocks now exposed on Rum. This oldest peak is thus 

interpreted to represent partially re-equilibrated feldspars, perhaps present as cores in 

rhyodacite feldspar, derived from a crustal source. For a xenocryst to retain 

measurable quantities of 'old' argon, the residence time within the magma must have 

been very short (on the order o f several years, Gansecki et al. 1996). For example. 

Singer et al. (1998) report 374 Ma crustal xenocrysts having lost radiogenic argon to
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give apparent ages of 46 Ma in no fewer than 20 days of magma residence. Small 

Lewisian clasts are frequently observed within the rhyodacite and previous studies 

(Geldmacher et al. 2002; Troll et al. 2004) showed that the rhyodacite is composed of 

up to 70% of a Lewisian amphibolite-facies gneiss-derived component (also see 

Chapter 5). These authors report that plagioclase separates from the rhyodacites are 

more radiogenic in Sr and Pb isotopes than the already very radiogenic whole-rock 

samples and suggest the presence of Lewisian-derived xenocrysts.

Foreign crystals may have been picked up late, during magma ascent through the 

crust or even at very shallow levels. These ‘old’ feldspar crystals resided only very 

briefly in partial melt pockets within the country rock that eventually coalesced into a 

major magma reservoir or were picked up from conduit walls on ascent. Xenocrysts 

present were erupted while the process of equilibration to new chemical conditions 

was underway and they probably acquired new feldspar overgrowths within the early 

rhyodacite chamber system established on Rum (see Troll et al. 2004). In addition, 

figures 4.8 and 4.9 highlight the overlap and similarity of chemical compositions for 

both the Lewisian and rhyodacite feldspars. This close chemical composition between 

the feldspars of the rhyodacites and the Lewisian gneiss complex on Rum is another 

line of evidence for the Lewisian being a main source for rhyodacite magma-genesis.

The larger, middle age peak at ~ 61.4 Ma, formed from around eight (40%) of the 

analysed crystals, most likely represents crustal feldspars that resided for slightly 

longer periods within pre-eruptive and ascending rhyodacite magma. However, the 

possibility of excess argon trapped within inclusions in the feldspars cannot be fully 

ruled out as another possible source for some of these older ages. It is conceivable, 

however, that this age may represent xenocrysts related to the intrusion of the earliest 

Palaeocene igneous rocks (coarse gabbros and early mafic magmas, see Chapter 3), 

thus perhaps giving a proxy for the initiation of doming and the earliest magma 

generation at the Rum centre. This date is also close to that derived for the Eigg Lava 

Formation; 60.65 +/- 0.07 Ma, Chambers et al. (2005). It potentially indicates a time 

of initial magma impingement under the Rum and Small Isles area (see Fig. 4.1, 

4 .11), which was first expressed as fissure-fed basaltic lava flows on or near the Isles 

of Eigg and Muck, followed by doming, deformation, magma ponding, fractionation 

and partial melting of the Lewisian gneiss crust at the Rum centre.
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The major peak at 60.33 +/- 0.21 Ma is formed from nine (45%) of the analysed 

crystals.

The rhyodacite has a weighted mean apparent age from all the data points of 60.83 +/- 

0.27 Ma (Fig. 4.6). However, on the probability-density curve (Fig. 4.7) the age 60.33 

+/- 0.21 Ma has the highest probability as discussed above. The older age bench 

marks on the probability curve (61.4 & 63 Ma, Fig. 4.7) are likely to be due to older 

crystal cores and xenocryst inclusions (see above). The presence of these older 

crystals within the analysed population will drag the mean apparent age of the 

rhyodacite away from the actual age of eruption and intrusion, thereby producing an 

older age. This discrepancy in the data highlights one of the potential flaws in the use 

of total fusion ages relative to single crystal dating techniques. While the total fusion 

method of age dating has been used successfully (Bogaard 1995, Bogaard & 

Schminke 1998) extra care must be taken when interpreting the results, especially 

when xenocrysts or older crystal cores are expected to exist within the population.

Therefore, the youngest peak on the probability curve, 60.33 +/- 0.21 Ma, is 

interpreted here to represent the actual age of the intrusion and eruption of the 

rhyodacites, marking the onset of voluminous felsic volcanism at the Rum Igneous 

centre.

4.5.3 Duration of Rum magmatism

To evaluate the timing of events within and around the Rum volcano, the age for the 

rhyodacite is compared in figure 4.11, with previously published dates for the Rum 

Igneous Centre. The ‘lifetime’ of Rum igneous activity is bracketed by two separate 

lava formations, both of which are related to igneous activity during the Palaeocene 

(Fig. 4.1). They emanated from fissure eruptions and nearby igneous centres at some 

distance from the Rum volcano (Emeleus & Bell 2005).

Down-faulted slivers of lower Jurassic sediments and Palaeocene basalts are found 

within the Rum Main Ring Fault in the Southern Mountains Zone (Emeleus et al. 

1985; Smith 1985; see Chapter 5). The basalts are thought to represent lavas of the 

Eigg Lava Formation (Emeleus et al. 1985), dated at 60.45 and 60.65 +!- 0.07 Ma
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(Chambers et al. 2005). This basaltic eruptive event was followed on Rum by violent 

rhyodacite eruptions and caldera collapse at 60.33 +/- 0.21 (this study); thus as little 

as 40,000 or as much as 600,000 years would have potentially separated the Eigg 

lavas and the onset o f volcanism on Rum. Given the well-established field 

relationships between the rhyodacite and ultrabasic intrusions, this figure however, is 

probably closer to the shorter time span (see Fig. 4.11).

The rhyodacite eruption age, when taken in conjunction with the overlapping age for 

the cross-cutting and therefore younger, layered ultrabasic suite 60.53 +!- 0.04 Ma 

(U-Pb zircon age obtained from a late stage pegmatite vein, Hamilton et al. 1998), 

implies a rapid migration and emplacement history for these ultrabasic magmas. A 

large basaltic volcano superimposed on the earlier caldera structure (see Fig. 4.15), 

was probably constructed concurrently with this renewed intrusive phase, over as 

little as 100,000 years or less.

Textural (Holness 8c Isherwood 2003; Holness 2005; O ’Driscoll et al. 2007) and 

isotopic (Tepley & Davidson 2003) studies have pointed independently to a rapid 

em placement and cooling history for the layered ultrabasic suite, which cross-cuts 

both the rhyodacites and microgranites of the early felsic phase, thus being consistent 

with a rapid succession of events at that point in the Rum volcano’s evolution.

The Western Granite, (60.01 +/- 0.45 Ma. Chambers et al. 2005), is unconformably 

overlain by basaltic lavas (Fig. 4.12) of the Canna Lava Formation (59.98 +/- 

0.24Ma, Chambers et al. 2005), that are related to the Skye Lava Group (Emeleus & 

Bell 2005). Interbedded within these basaltic lava flows are several conglomerate 

units that contain clasts derived from the ultrabasic layered series, the Western 

Granite and the rhyodacites of Rum (Emeleus 1973, 1985, 1997).

This emphasises that the Rum igneous centre had ceased activity and already been 

unroofed by erosion prior to the eruption of these lavas at 59.98 +!- 0.24Ma, leaving 

potentially 800,000 years or less total duration for the ‘igneous lifetim e’ of the Rum 

Centre (see F ig.4.11).
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All the ages now available for the felsic magmas on Rum (Western granite and 

rhyodacite) are within en o r of each other (see Table 4.3 and Fig. 4.11). It seems 

likely that these units can be considered as a singular magmatic event in the 

geological history o f the Rum igneous centre. This is reinforced given the 

observations recorded in Chapter 3 providing new field relationships, and the new 

geochemical data (see Chapter 5) for these units. There are well established field 

relationships between the felsic units and the clearly younger ultrabasic layered 

intrusions (Emeleus 1997, also see Fig. 4.13). A short duration of magmatic events, 

all with overlapping age uncertainties, for the whole period of magmatic activity 

related to the Rum Central Igneous Complex is proposed here, and is illustrated in 

figure 4.11 with all the magmatic events clustering around ~ 60.45 +/- ~ 0.2 Ma.

It is relevant here to consider that U -Pb  zircon ages are often “older” than "*°Ar/^^Ar 

feldspar ages on the same sample (Schmitz & Bowring 2001; Min et al. 2001). This 

discrepancy is also illustrated in figure 4.11, for the age dates for the Muck tuff at the 

base of the Eigg Lava Formation (Chambers et al. 2005). Here the same unit has been 

dated using differing radiometric methods and a clear discrepancy exists (see 

Chambers et al. 2005 for a detailed discussion). Renne et al. (1998) argued that the 

decay constants used for Ar/Ar dating generally yield ages which are in the order o f 

1% younger than those derived from U/Pb dating. Schmitz & Bowring (2001), for 

example, attribute a 0.2 Ma difference in ages for zircon and sanidine crystals from 

the Fish Canyon tuff (ca. 28 Ma) to an uncertainty in the “̂ ^Ar decay constant and the 

m onitor ages used to calculate the ''^Ar/^^Ar ages.

Care and consideration of the above points must be exercised when directly 

comparing the U/Pb dates for the ultrabasic intrusion (Hamilton et al. 1998), those for 

the rhyodacite (this study), and the other high quality Ar/Ar dates for the Small Isles 

(M ussett et al. 1984; Chambers et al. 2005). Taking this discrepancy into 

consideration when examining the age dates available for Rum and the surrounding 

area, it may indicate a possible lifetime for Rum igneous activity that is as short as 

500,000 years or less. This also resolves any apparent disparity between the ages for 

the rhyodacite (this study) and the clearly younger ultrabasic intrusions (Emeleus 

1997; Hamilton et al. 1998).
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4.5.4 Implications of the new age date for Rum magmatism

Besides the short-lived nature of the Rum Centre, a question that arises from the 

eruption age of the rhyodacite is the spatial and structural connection between the 

ultrabasic suite and the felsic igneous rocks of Rum.

The field relationships show beyond doubt (Emeleus 1997 and references therein) 

that the layered ultrabasic suite postdates the W estern Granite (Fig. 4.12) and the 

rhyodacites (Fig. 4.13). This is elegantly shown in figure 4.13 where the rhyodacite 

can be seen to be intruded, remobilised and back-veined into the intruding ultrabasic 

magmas. In addition, the presence of coarse gabbroic and rare feldspathic peridotite 

inclusions in the pre- to syn-caldera felsic Am Mam-type intrusions (Emeleus 1997; 

Troll et al. 2000; see Chapter 3) provides incontrovertible evidence that basic to 

ultrabasic magmas were already available at depth during the early felsic phase of 

activity. It is very likely that these ultrabasic/basic magmas supplied the necessary 

heat to produce the range of felsic rocks observable on Rum.

The felsic rocks were generated by combining basic magmas with melts derived by 

partial melting and the assimilation of significant volumes of the surrounding country 

rocks. This permitted the incorporation of melts that were considerably more 

‘evolved’ than the bulk composition of the affected country rocks (Emeleus 1997; 

Troll er al. 2004; see Chapters 3 & 5). It can thus be argued that the ultrabasic 

intrusion was already forming at depth during the early felsic phase and quickly 

thereafter migrated upwards to shallow structural levels, intruding the products of the 

lower caldera succession, while contemporaneously a basaltic volcano built up (see 

Fig. 4.15).

The suggested close temporal association between the mafic plutonic rocks and the 

felsic eruptives may be explained by a magma plumbing system of separate but 

concurrent mafic and felsic magma chambers (Fig. 4.14, model 1) or by the 

coexistence of felsic and mafic magmas in a larger “m ush-like” chamber (Fig. 4.14, 

model 2), with felsic magmas residing in the cupola of such a system (cf. W alker 

1975; Sparks 1988).
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Several lines of evidence support model 2. Felsic magma is most effectively 

produced near or in contact with a large heat source (e.g. Hobson et al. 1998; Holness 

2002); in the Rum case this is provided by ultrabasic intrusions. In addition, small- 

scale examples of model 2 (e.g. partial melting and rheomorphic mobilization) can be 

observed frozen in the marginal intrusion breccias that exist between the 

mafic/ultramafic rocks and the Western Granite, rhyodacite (e.g. Fig. 4.13), 

Torridonian sandstones and Lewisian gneisses in several locations around the igneous 

centre (Greenwood 1987; Greenwood et al. 1990; Emeleus 1997; see Chapter 3). It 

remains not fully resolved, however, as to which model in figure 4.14 is more 

applicable to the large-scale magmatic system of the Isle of Rum, with the possibility 

of both occurring in succession over a period of time. In later reconstructions of the 

Rum magma system, model 2 (Fig. 4.14) is taken as a basis to suggest the 

conceivable alternative of a single, larger and intricate chamber system, instead of the 

more traditional two-chamber model in which chambers are separated not only in 

space but also in time.

4.5.5 Depth of the Ultrabasic Magma Chamber

Several authors have previously postulated a very shallow emplacement depth ( 1 - 2  

km) for the layered ultrabasic suite that intruded the products of the earlier caldera 

phase, on the basis of both structural and petrographic constraints (Greenwood et al. 

1990; Emeleus 1997; Holness & Isherwood 2003). Work by these authors implies 

that the highest peak on the island, the summit of Askival (812 m), is only a few 10s 

or 100s of metres below the former roof of the layered ultrabasic intrusion, within the 

heart a major basaltic volcano (Fig. 4.15).

In order for eroded pebbles from the Rum Igneous Centre to be found in 

conglomerates inter-bedded within the Canna lavas (Emeleus 1985), erosion rates 

after the cessation of magmatic activity at the Rum Centre must have been very high. 

This erosion must have removed a significant amount of overburden (the basaltic 

volcano) from above the currently exposed ultrabasic intrusions (the former magma 

chamber) and the Western Granite (see Fig. 4.12).

Probably taking the form of giant landslides and deeply dissecting fluvial erosion, 

this removed all evidence for the putative basaltic volcano, except for potentially
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some enigmatic theoleiitic basaltic pebbles found within the conglomerates that 

underlie the Canna Lava Formation east of Fionchra (Emeleus 1997). Intense initial 

erosion rates ( 1 - 3  mm/yr) at volcanic edifices have been emphasized by Ruxton & 

McDougall (1967) and Oilier & Brown (1971), with comparable rates of erosion to 

those observed in the Himalaya today ( 2 - 3  mm/yr; Galy & Christian 2001), which 

represent some of the highest erosion rates in the world. Bearing in mind the 

analytical errors of between 0.27 and 0.83 Ma (see Fig. 4.11) between the combined 

ages for the lifetime of the Rum igneous centre including: the rhyodacite (this study) 

which marks the onset o f magmatism, the ultrabasic intrusion (Hamilton et al. 1998) 

marking the final phase of magmatic activity on Rum and the Canna Lava Formation 

(Chambers et al. 2005) representing post-Rum igneous activity lavas, a further 

constraint to the depth of ultrabasic magma intrusion can be inferred.

If similar erosion rates to those seen in the Himalaya today are supposed for the Rum 

Centre during the Palaeocene, then a thickness of rock in the range of ~ 0.7 -  2 km 

can have been eroded from above the former ultrabasic magma chamber within the 

time constraints considered.

Given the time constraints implicit in the ages obtained from these varying rocks, 

significantly slower erosion rates (to those seen in the Himalaya today) would require 

the removal o f a smaller amount of overburden to expose the ultrabasic intrusions and 

Western granite (therefore indicating an initially shallower intrusion depth), which is 

considered unlikely, given the well established plutonic character of the ultrabasic 

layered rocks.
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4.6 Conclusions

The new age data for the rhyodacite highlights the need for care when dealing with 

single crystal Ar/Ar age dates. Distinguishing phenocrysts from xenocrysts is of 

critical importance to fully understand the detailed sequence and tim ing of events on 

Rum.

The rhyodacite has a weighted mean apparent age of all the data points of 60.83 +/- 

0.27 Ma. However, on a probability-density curve the age 60.33 +/- 0.21 M a has 

maximum probability with xenocrysts inclusions being responsible for the older ages. 

This younger age is taken to represent the rhyodacite eruption/intrusion event. This 

event overlaps, within error, the clearly younger ultrabasic layered intrusions. 

Ultrabasic and basic magmas are, however, shown to have been present throughout 

the lifetime of the Rum igneous complex. They are thus effectively coeval with the 

rhyodacites and could have provided the heat necessary for melt generation during 

the early felsic phase of activity. The ultrabasic magmas would have rapidly migrated 

upwards through the country rock and intruded the lower caldera infill deposits 

shortly thereafter, contemporaneously constructing a basaltic volcano in potentially 

less than 100,000 years after the felsic phase o f activity.

The combination o f the rhyodacite age date with constraints im posed by previously 

published age data and detailed field observations underpins the very rapid 

succession o f events that occurred on the Isle o f Rum and suggests a very close 

temporal, and spatial, link between the felsic and ultrabasic magma systems.

The sequence o f events on the Isle of Rum - from violent ignimbrite eruptions, 

intrusion of granite and the ultrabasic layered suite, to the rapid erosion of 0.7 -  2 km 

of overburden down to the heart of the Rum volcano - occurred potentially within less 

than 500,000 years.

117



Chapter 4 Tim ing of Rum felsic magmatism

- Tables and Figures -

Chapter 4

118



Table 4.1 '“^Ar/^^Ar dating ages of rhyodacites from Rum.

Sample UDPNTLH RDP Combined

Location North Am Mam hill South Meall Breac hill

Unit Type Intrusive RDP Ash Flow

MSWD 5.6 2.3 3.56

N 8 12 20

Isochron +/- error 

(Ma)

60.6 + / -  0.8 61 + / - 0.6 60.73 + / -  0.27

Initial +/- e rro r 294 + / - 3.0 296 + / -  1.0 296 + / -  1.1

Mean +/- e rro r  

(MA)

60.83+/- 0.27
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Table 4.2. Rq)resentative piagioclase analyses from rhyodacites and Rum Lcwisian gneisses (see Appendix I for fiill data set)

GPS Locaton
RhyodacKe 
f367S 98451 [3969 94001 1398093851

Rum L ew itian g n e iss  
[3360 00401 [3939 92941

Sam ple name 
Position

Fsp 45-14 (NMZ)
1(rim) 2 3 5 7(core)

RDP-BnS-2(SMZ)
1(rim) 3 4 5(core)

RDP-BnS^(SM Z)
2(rim) 3 6 7(core)

Sr 321-4
1 2 3 4

R-GN-4
293 294 295 296

Si02 64.37 63.58 63.55 62.29 62.60 64.74 64 19 61,61 60 59 64 89 64.29 6322 64.29 61,11 61,25 61 13 60.75 58.96 602 2 59.74 60.08
AI203 22.90 23.07 23.21 23.59 23.29 24.02 23,26 24,19 2458 22 34 22.55 23,18 23.17 25,05 24.62 24,87 24.50 26.44 26.03 25.80 26,02
FeO 0.15 0.21 0.33 0.26 0,21 0 0 6 0,41 0,30 0,53 0.32 0 1 5 0,35 0.35 0,00 0.02 0,01 0 0 6 0.22 0,12 0,14 0,21
CaO 3.59 4.21 4.32 5.13 4.68 46 4 4,31 6.01 682 4 11 4 0 0 5,08 4.36 5,95 5,72 581 5.78 8 1 4 6 8 8 7,58 7,24
Na20 9.83 9.09 9.04 8.76 9.02 6.94 7,71 7.75 6,53 8,28 7.84 7,75 7.35 8,06 8.43 8 4 0 8.45 7.01 7,05 6,95 7,01
K20 0.13 0.39 0.51 0.42 0.19 0.37 0,71 0.31 0 5 6 0 6 3 0.70 0,83 0880 0,27 0,18 0.26 0.34 0.20 0 4 0 0 4 8 0.16
Total 100.97 00.54 100.95 100.46 99.99 100.77 100.59 100.17 99.61 100.57 99.53 100.41 100.40 100.44 100.23 100.48 99.88 100.97 100.70 100.69 100.72

0 3,043 3,024 3,031 3.009 3.003 3,061 3,036 3,002 2980 3.035 3 011 3 016 3.032 3,010 3,004 3.009 298 7 3,004 3.013 3,002 3.012
Si 2.817 2 800 2 792 2.757 2.776 281 6 2,816 2.732 2.707 2 847 2843 2,791 2,823 2,703 2,715 2.705 270 8 2.613 2,661 2,650 2,656
Al 1.181 1.197 1.202 1,230 1.217 1 231 1,202 1,264 1,294 1.155 1 175 1,206 1.199 1.306 1,286 1.297 1 287 1.381 1.356 1,349 1,355
Fe 0,005 0 008 0012 0.010 0,008 0 002 0,015 0011 0 020 0012 0 006 0013 0,013 0,000 0,001 0.000 0 002 0,008 0 004 0,005 0,008
Ca 0.168 0.199 0.203 0.243 0,222 0.216 0,203 0.286 0,326 0.193 0,190 0.240 0 20 5 0,282 0,272 0.276 0.276 0,387 0.326 0,360 0,343
Na 0.834 0.776 0.770 0.752 0,776 0 585 0.656 0666 0 566 0,704 0.672 0 663 0.626 0.691 0,725 0.721 0.731 0.602 0.604 0,598 0.601
K 0.007 0.022 0.028 0,024 0.011 0.021 0,040 0,018 0,032 0035 0.039 0.047 0.049 0,015 0.010 0.015 0.019 0.011 0.023 0,027 0.009
Total 5.013 5.001 5.007 5.016 5.009 4.871 4.931 4,977 4945 4.946 4.925 4.961 4.915 4.997 5.009 5.014 5.023 5.003 4.974 4.988 4.971
An 16.8 20.4 20.9 24.5 22.3 27.0 23.6 30.0 36.6 21.5 22.0 26.6 24.7 29.0 27.3 27.6 27.4 39.1 35.03 37.6 36.3



Table 4.3 Ages for the Felsic units on Rum.

Unit Age Error Method Author

Western Granite 59.80 +/- 0.40 Ar/Ar Mussett et al. 1984

Western Granite 60.01 +/- 0.45 Ar/Ar Chambers et al. 2005

Rhyodacite 60.33 +/-0.21 Ar/Ar This Study

1 21



Figure 4.1 Map o f the Isle o f  Rum and the surrounding Palaeocene central igneous centres and associated 
lava fields (including estimated off-shore extensions, Fyfe et al. 1993). Also shown are the local crustal 
terrane elements. Surrounding igneous centres; S = Isle o f  Skye, A = Ardnamurchan, M = Isle o f Mull 
and B = Blackstone Bank (submerged).
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Figure 4.3 OxTgen isotope \ allies (d  *^0 %o) o f aiiah sed rii\ odacite feldspars (note error is smaller tliaii 
size of symbol). The ranges o f Lewisian gneiss, igneous rocks in general, and high- and low-temperature 
hydrothermal alteration are indicated (see text for details).
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Figure 4.10 a,b) Photomicrograph o f  quartz phenocrysts within the rhyodacite and c - h) zoned 
plagioclase feldspars with sieve-textured cores and euhedral overgrowths. Field o f  view ca. 1.5 mm, PPL. 
(Adapted and modified after Troll et al. 2004).
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Orval.
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melted and rem obilised by the intruding ultrabasic m agm as, picture 1.5 m across.
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CHAPTER 5 -  GEOCHEMICAL EVOLUTION OF THE 

PALAEOCENE IGNEOUS ROCKS, ISLE OF RUM

5.1 Declaration

Several of the diagrams, some of the geochemical data and text in this chapter have 

already been published, are in press or have been submitted for publication (see 

below). W here stated, parts of the rare earth elem ent modelling presented in this 

chapter have been undertaken in collaboration with Romain M eyer and Jan Hertogen, 

Katholieke Universiteit, Leuven, Belgium. I am, however, the original composer of 

the majority o f diagrams and the text used in this chapter. My total contribution to the 

work presented in this chapter is ~ 90%.

•  N icoll, G.R., Holness, M.B., Troll , V.R., Holo han , E.P., D o n a ld so n , C.H., 

Em eleus, C.H. & C hew , D.M. 2009. Early mafic magmatism and crustal anatexis 

on the Isle of Rum: evidence from the Am Mam intrusion breccia. Geological 

M agazine, 146, 368-381.

•  M eyer , R., N icoll, G.R., Hertogen , J., Troll , V.R., Ellam , R.M. & Em eleus, 

C.H. 2009. Trace elem ent and isotope constraints on crustal anatexis by upwelling 

mantle melts in the North Atlantic Igneous Province: an exam ple from the Isle o f  

Rum, NW  Scotland. Geological M agazine, 146, 382-399.

The work presented in this chapter represents the largest data set yet available for the 

felsic rocks preserved on the Isle o f Rum. As such, the remaining data presented here, 

particularly the new isotope results as well the new major, trace and rare earth 

element data are intended to be sent for publication e.g. Journal of Petrology.
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5.2 Introduction

Following on from the integrated reinvestigation of the field relationships for the 

early mafic and felsic rocks preserved on the Isle of Rum {Chapter 5) and the timing 

of the early felsic system {Chapter 4) the primary aim of this chapter is to constrain 

the petrogenesis of the felsic rocks that were erupted/emplaced in the early stages of 

Palaeocene magmatism on Rum. The rhyodacites on Rum have been recently 

reinvestigated (Williams 1985; Emeleus 1997; Troll et al. 2000, 2004) and are seen 

as the products of advanced (>50 %) melting of Lewisian amphibolite gneiss (Troll et 

al. 2004). However, the other extensive felsic units on the island have not received 

equal investigation since first delineated in the mid 20'^ Century (Black 1952, 1954; 

Hughes 1960; Dunham 1964, 1965, 1968), most probably due to their remote outcrop 

occurrence and distribution over the island (Emeleus 1997).

Samples from the earliest mafic and felsic intrusive rocks as well as the extrusive 

rocks were collected from the Northern Marginal Zone (NMZ), the Southern 

Mountains Zone (SMZ) and the Western Granite from around Ard Nev (Fig. 5.1). For 

a full discussion on these outcrops and their field relationships see Chapter 3. 

Samples were also analysed from previously undescribed radial basaltic porphyry 

dykes (post felsic-pre-ultramafic phase), in addition to a traverse through Unit 9 of 

the Eastern Layered Intrusion, from the slopes of Halival (Fig. 5.1) and samples of 

late-stage picrite dykes, from various locations on Rum (see Table 5.1 -  5.5). The 

reference samples from Unit 9 of the ultrabasic layered intrusion were analysed to 

compare the style and nature of contamination between the varying stages. Five 

Lewisian gneisses from the Isle of Rum were analysed and have been selected to 

serve as analogues for the isotopic and trace element composition of the local upper 

Lewisian crust. Two of these Lewisian gneisses were obtained from Palaeocene 

conglomerates underlying the Canna Lava Formation (major and trace element data 

in Emeleus 1997, Troll et al. 2004), in the west of the Island (Fig. 5.1). These 

boulders represent products eroded off the early Rum ediface shortly after the 

cessation of magmatism. They have been described by Emeleus (1985, 1997) and 

their significance is also discussed in Chapter 4.
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W hole rock and mafic inclusion separates were sampled for major, trace and rare 

earth elem ents as w ell as Sr, Nd and Pb isotopes with an aim to elucidate the 

petrogenesis o f the Rum magmas, including quantification o f their relationship with 

each other and the crust through which they have passed (see Table 5.1 -  5.5). The 

data collected for this chapter represents the single largest collection o f  geochem ical 

data currently available for the felsic rocks o f Rum. With the addition o f the mafic 

(pre- and post-felsic) rock samples, this dataset allows for insight into the detailed 

geochem ical evolution o f the Rum Igneous Centre during the Palaeocene.

This chapter presents new isotopic and geochem ical data for a large selection o f the 

Palaeocene igneous rocks and the host country rocks from the Isle of Rum. including:

Lewisian gneiss country rock.

Early coarse gabbro (enclosed within the Am M am-type intrusion breccia).

Basakic to basaltic-andesite inclusions and margins to the Am M am-type 

intrusion breccia and intrusive rhyodacite (NM Z and SMZ),

Am M am -type dacite matrix (NM Z and SMZ),

Rhyodacite (intrusive and extrusive samples from both the NMZ and SMZ), 

W estern Granite,

Long Loch and Papadil Granites,

Hi

a

Radial basaltic porphyry dykes (post felsic - pre ultrabasic layered suite 

intrusions).

U ltrabasic layered intrusion (Unit 9, Eastern Layered Intrusion),

Late-stage picritic dykes.
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5.3 Analytical methods

Major and trace elements were determined on a Spectro X-Lab EDP XRF at the 

University of St. Andrews, Scotland. Where stated, a smaller sample set was 

determined at the Centre d’Analyses Minerale, University of Lausanne, Switzerland 

using a Phillips PW 1400, in conjunction with Dr. David Chew. The rare-earth 

element concentrations were determined by inductively coupled plasma mass 

spectrometry (ICP-MS) using a Agilent 7500 CE, at the Scottish Universities 

Environmental Research Centre (SUERC), East Kilbride, Scotland and where stated a 

limited sample set was obtained on a Hewlett Packard 4500 at the Institute F. - A. 

Forel, Versoix, Switzerland by Dr David Chew. 14 samples from the Western 

Granite, Isle of Rum were jointly collected with Dr. Michael Petronis, but analysed 

by Dr. Petronis at the Department of Geology, Colorado College, USA, for major and 

trace element data which are also shown alongside data from this study for a more 

comprehensive petrogenetic comparison (see Table 5.2).

Sr-, Nd-, and Pb-isotope analyses were conducted on whole rock and mafic inclusion 

separate samples. The analytical work was performed at the Scottish Universities 

Environmental Research Centre (SUERC), East Kilbride, Scotland. A smaller sample 

set (eight samples) for Sr, Nd and Pb isotope analyses was carried out at the 

Department of Mineralogy, University of Geneva, Switzerland by Dr David Chew. 

See Chapter 2 for a full description of all the analytical techniques used in this study. 

All isotope ratios in this chapter were age-corrected to 60.5 Ma according to the time 

of igneous emplacement (60.53 ± 0.04 Ma. U-Pb, Hamilton et al. 2000; 60.33 ± 0.21 

Ma, Ar-Ar, Chapter 4). See Appendix 2 for all measured isotope values.

Feldspar phenocrysts, groundmass and basaltic inclusions from the rhyodacites and 

feldspars from the radial basaltic porphyry dykes (pre-layered suite intrusions) were 

analysed using a microdrill micro sampling machine in the University of Durham, 

UK. These samples were analysed for Sr isotopes at the micro-Sr facility in the 

University of Durham on a Thermo-Finnigan Triton thermal ionisation mass 

spectrometer. See Chapter 2 for a full description of these analytical techniques.
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5.4 Results

The main area of investigation focused on whole rock samples obtained from 

Lewisian gneiss, early coarse gabbro from within the Am Mam-type intrusion 

breccias, and mafic inclusions from within and the felsic matrix too the Am Mam- 

type intrusion breccia (Chapter 3). Samples from the Western Granite, around Ard 

Nev (Fig. 5.1), and rhyodacites, both intrusive and extrusive, were obtained to 

compare with the Am Mam-type intrusion breccia matrix and complete a large suite 

of data on the Rum felsic rocks (Table 5.1 - 5.5). Also in Table 5.2, major and trace 

element data from Troll et al. (2004) on the rhyodacites are reported for a full 

comparison of the early mafic and felsic Palaeocene rocks on the Isle of Rum. Rare 

earth element and isotopic (Sr, Nd, Pb) data for these samples from Troll et al. (2004) 

and Troll (unpublished) are also shown for comparison (see Table 5.2, 5.4). Samples 

were also examined from numerous mafic and ultramafic rocks from the Isle of Rum 

to help place and constrain the origin and significance of the early felsic rocks within 

the magmatic evolution of this igneous centre.

5.4.1 Major and Trace Elements

On a Total Alkali vs. Silica classification diagram (Fig. 5.2), the matrix of the Am 

Mam-type intrusion is dacitic (62.58 -  64.06 wt% Si02), while the mafic inclusions 

show a larger spread in chemical composition (50.04 -  56.09 wt% Si02), ranging 

from basaltic to trachy-andesite. The mafic inclusions from within the Am Mam-type 

intrusion breccia appear to be very similar to the mafic inclusions found within the 

rhyodacites by Troll et al. (2004). Data from Troll et al. (2004) highlight a large 

range of mafic inclusion compositions within the rhyodacite from 51.55 to 58.61 wt% 

Si02. The external mafic margins to both the Am Mam-type intrusion breccia and the 

intrusive rhyodacite (see Chapter 3) are similar (51.89 -  53.13 wt% SiOi) and plot 

close to the composition of the mafic inclusions within both felsic rock types. The 

rhyodacites form a relatively tight compositional cluster (69.63 -  71.37 wt% Si02), 

while the granites show considerable variation but all plot in the rhyodacite to 

rhyolite fields (69.06 -  73.60 wt% SiOi), while the data supplied by Dr Petronis 

expands this range (66.86 -  74.46 wt% Si02), see Table 5.2. The most evolved 

igneous samples yet observed from Rum, however, come from the rhyodacite-like 

margins of the Am Mam-type intrusion breccia (see Chapter 3) but this marginal
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material a lso  sh ow s a large range o f  com positions (63 .48  -  74 .79  wt% S i0 2 ), w ith the 

sam ples from  the Northern M arginal Zone being m ore evo lved  (Fig. 5 .2 , Table 5 .1 ). 

The w h ole rock values o f  the L ew isian  gneiss sam ple (R -G n-1) p lace it in the basaltic  

com positional field  (5 0 .6 0  wt% S i0 2 ), w hile data in E m eleus (1997) show  a much  

w ider range for the gn eisses (5 9 .9 0  -  6 9 .92  wt% S i0 2 ). The coarse gabbros from  

within the A m  M am -type intrusion breccia also plot in the basaltic field  (4 6 .3 6  -  

5 3 .2 0  wt% S i0 2 ). The m ost prim iuve sam ples analysed are the picrite dykes (4 3 .1 0  

wt% S i0 2 ) and the radial basaltic porphyry dykes (46 .98  -  4 7 .3 6  wt% S i0 2 ).

D ue to the large amount o f  major and trace elem ent data obtained from the various 

rock types on Rum for this study, the data are plotted in tw o sets to ease  

interpretation. Figures 5 .3  and 5 .4  show  data from  the A m  M am -type intrusion  

breccia and its com ponent parts (including its dacitic matrix from the Northern  

M arginal Z one and Southern M ountains Z one), m afic inclusions, the m afic and fe lsic  

margins as w ell as the rhyodacites for com parison. Figures 5.5 and 5 .6  show  all the 

data obtained from the Rum igneous centre during the course o f  this study, including  

that already show n in figures 5.3 and 5 .4  to a llow  for a full overv iew  o f  all the 

Palaeocene igneous rock types.

On a T i0 2  vs. S i0 2  plot, all the fe lsic  sam ples form a coherent linear trend from the 

Am  M am  to the granite sam ples (Fig. 5 .3 , 5 .5 ). The majority o f  the m afic rocks 

sam pled form  a different, T i-enriched trend with the early coarse gabbro and m afic  

inclusions in the A m  M am  and rhyodacite being the m ost enriched. T hey fall on a line  

linking the picrite dykes to the m afic marginal rocks o f  the rhyodacite w hich  show  the 

highest concentrations o f  Ti. O f note is a selection  o f  the early gabbros and m afic  

inclusions to the A m  M am  w hich  plot trending towards the fe lsic  rocks and gneisses. 

In terms o f  AI2O 3 all the fe ls ic  rocks again form a tight linear trend, w h ile  all o f  the 

m afic rocks particularly the early coarse gabbros show  a much m ore variable and 

scattered distribution. M gO  vs. S i0 2  a lso show s a strong linear trend o f  decreasing  

M gO  w ith increasing S i0 2  for all o f  the sam pled rocks (Fig. 5 .3 , 5 .5). T his plot also  

highlights the high lev els  o f  M g present w ithin  the picrite rocks show ing, by 

defin ition, concentrations six tim es that o f  all the other lithologies on the island. M nO  

highlights decreasing trends at fixed  S i0 2  for the A m  M am  and granitic rocks w h ile  

the rhyodacites all cluster together. A gain  tw o trends are seen within the m afic rocks.
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An increasing trend w ith S iO i ex ists b etw een  the picrite dyke to the quenched m afic  

margins o f  the fe ls ic  intrusions w hile a second  decreasing trend ex ists  for som e o f  the 

early coarse gabbro and m afic inclusions w ithin  the fe ls ic  rocks. K iO  values sh ow  a 

large amount o f  variation for all o f  the rocks, even  w ithin sim ilar sam ples, at constant 

S i0 2  values. N a iO  values a lso  show  variation at constant S i0 2  values but exhibit less  

scatter than K 2O values, and there are distinct, increasing trends v is ib le  w ithin the 

m afic rocks from  the picrite dyke to the m afic inclusions w ithin the A m  M am. T he  

m afic rocks sh ow  an increase in P2O 5 concentrations with increasing S i0 2 , w h ile  the 

fe ls ic  rocks sh ow  a marked decrease in concentration with increased evolution  (Fig. 

5.3 , 5 .5). The fe ls ic  rocks sh ow  a very lim it change o f  CaO over the 60  -  75% wt S i0 2  

range. In contrast the m afic rocks, includ ing the radial porphyry dykes, all show  

elevated  lev e ls  o f  calcium  apart from the picrite dyke and one contam inated m afic  

inclusion  w ithin the A m  M am . In terms o f  FeO  concentrations, the early coarse  

gabbros and the m afic inclusions w ithin  the A m  M am and rhyodacite sh ow  the 

highest concentrations.

Coherent trends on Harker diagram s for related volcan ic rocks can be produced  

through p rocesses o f  fractional crystallization, differential partial m elting, m agm a  

m ixing and crustal assim ilation , or any com bination  o f  these. T he interm ediate A m  

M am -type matrix sam ples do not seem  to fo llo w  a fractionation trend, i.e . there are no 

characteristic dips in the variation trends (e .g . G eldm acher et al. 1998), but rather the 

sam ples appear to lie  on straight lines b etw een  the basaltic and rhyolitic sam ples. The 

field  observations su ggest {Chapter 5 )  that all three o f  these m agm a types w ere  

probably intruded within a very short period o f  tim e. A s su ggested  by Dunham  

(1968) the granite and rhyodacite rocks are geoch em ica lly  very sim ilar (Fig. 5 .2 , 5 .5 , 

5.6), con sisten tly  grouping together (Fig. 5 .5 ) w ith the granites in general sh ow in g  a 

large-spread in the data points.

The trace elem en ts Zr, Th, Ba and Rb (Fig. 5 .4 , 5 .6 , Table 5 .1 , 5 .2  & 5 .3 ) fo llo w  a 

general trend o f  increasing concentration with S iO i. H ow ever, both the rhyodacites 

and the A m  M am  dacites sh ow  som e degree o f  enrichm ent or dep letion  at constant 

S i0 2  values aw ay from the main linear trend e.g . Rb and Ba vs. S i0 2  (Fig. 5 .6 ). In 

general, concentrations in the rhyodacites are m uch higher than those in the L ew isian  

gneiss, w h ile  the A m  M am  dacites generally  have sim ilar or higher concentrations
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than the gneiss (Fig. 5.9). The spread in data values for the granites is generally larger 

but linear trends of elemental increases with SiOa are visible in all plots (Fig. 5.6, 

Table 5.2). Also the granites can be seen to overlap with the rhyodacites and Am 

Mam dacites. The rhyodacites form a rather homogeneous group, and for most trace 

elements, the average concentrations of the rhyodacites and dacites are, however, 

distinctly different. The basic margins to Am Mam-type dacites and the rhyodacites 

are usually somewhat intermediate with elemental concentrations that plot between 

the rhyodacites and the picritic and ultrabasic rocks.

In terms of their trace element characteristics the granitic and rhyodacitic rocks can 

be readily distinguished from each other (Fig. 5.6). they do not group together as 

closely as seen from the major element data (Fig. 5.5), with the rhyodacites generally 

being closer to the Am M am-type matrix than the granites in trace element vs. trace 

element plots. The Nb vs. Zr plot shows a general straight line correlation (through 

the origin) for the whole data suite from picrite to evolved granite. Y vs. Zr shows 

two trends. The mafic rocks show a steeper trend from the origin with the early 

coarse gabbro and picrite plotting close together and trending towards the quenched 

mafic margins and the Lewisian gneiss. The felsic rocks show a much larger spread 

in the data but form a coherent linear trend from the rhyodacite margins of the Am 

Mam to increasing concentrations o f Y and Zr within the granites. TiOi vs. Zr plots 

also highlights the Ti-enriched trend for the suite of more mafic rocks particularly the 

early coarse gabbro and the mafic inclusions associated with the felsic rocks. In turn, 

the felsic rocks show a large range of Zr values with little to no Ti variation (Fig. 

5.6).

5.4.2 Rare Earth Elements

Chondrite-normalised values (after Boynton 1984) for the granites, rhyodacites and 

the Am Mam-type intrusion breccia matrix are graphed in figure 5.7 and the mafic 

rocks sampled from around the Isle of Rum are shown in figure 5.8. There is a large 

degree of overlap in the felsic rock signatures (Fig. 5.7). All of the felsic rocks are 

marked by a large degree of LREE enrichment (Ce/Yb)N = 3.95 - 12.56 with the 

different units showing wide ranges e.g. 8.33 -  12.56 (Am M am-type dacite matrix), 

8.42 -  11.58 (rhyodacite) 3.95 -  10.86 (granite). Most of the felsic rock types also 

display negative Eu anomalies (Eu/Eu*) = 0.61 -  1.11. Again large variation is
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present within the various units, e.g. 0.75 -  1.08 (Am Mam-type dacite matrix), 0.84 

-  0.93 (rhyodacite) 0.61 -  1.11 (granite), with the granites showing the greatest 

variability. The Eu depletion shown by the majority of the evolved rocks is most 

likely a result of plagioclase fractionation and crustal contamination. The absence of a 

prominent negative Eu anomaly in the rhyodacite also indicates that dacitic inclusions 

within the rhyodacite matrix (Troll et al. 2004) and the matrix of the Am Mam-type 

intrusion are not the end-products of protracted fractional crystallisation of a basic 

magma. The REE patterns for the Rum felsic rocks (Fig. 5.7) plot in between the 

values of the Lewisian gneiss and basaltic margin and inclusion samples (found 

against and within the Am Mam-type and rhyodacites, see Chapter 5), pointing 

towards a possible mixed origin for some of these felsic rocks and highlighting the 

importance of crustal contamination and magma mixing in their formation (see 

Chapter 3). Figure 5.9 shows a bar chart for the Am Mam-type dacites and the 

rhyolites showing enrichment factors for selected trace and rare earth elements 

relative to the Lewisian amphibolite-facies gneiss (R-Gn-1). Both seem remarkably 

similar except for excess Zr and Hf in the rhyodacites relative to the Am Mam-type 

matrix.

An excess of Eu relative to the neighbouring rare-earth elements of Sm and Gd 

signifies that the gabbro samples (Fig. 5.8), found within the Am Mam-type intrusion, 

are most likely plagioclase cumulates (as suggested petrographically in Chapter 3). 

Positive Eu anomalies can be attributed to the preferred incorporation of Eu into 

plagioclase crystals (Schnetzler & Philpotts 1970). The gabbro possesses a slightly 

elevated pattern relative to the picrite dykes (Fig. 5.8). While the pattern for the post- 

felsic basaltic porphyry dykes do not resemble the early gabbros at all. REE patterns 

(Fig. 5.8) highlight that the late stage-picritic rocks on Rum are the most primitive 

rocks sampled on the island. They can potentially be considered as close analogues 

for the mantle-like melts that caused crustal anatexis and similar magmas have been 

proposed as the parental melts of the Rum Layered Suite (Upton et al. 2002). These 

mantle melts have close affinities with Mid Ocean Ridge Basalt (MORB).

5.4.3 Sr, Nd and Pb Isotopes

The isotope results are plotted in figures 5 .1 0 -5 .1 4 . In all diagrams the size of the 

data symbol is larger then the associated analytical error for that data point. The age
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corrections for the measured isotope data are in general very minor, and any 

uncertainties on the geochronological age of emplacement has a negligible affect on 

the overall petrogenetic interpretations and conclusions presented below. See 

Appendix 2 for the measured isotope data. The isotopic data from the felsic rocks and 

associated mafic inclusions and margins are given in Tables 5.4. Table 5.5 shows 

isotopic data obtained from the Lewisian gneiss, early coarse gabbros, pre-layered 

intrusion radial basaltic porphyry dykes, a representative traverse through Unit-9 of 

the Eastern Layered Intrusion as well as late stage picrite dykes.

The isotopic data show that all of the Rum felsic rocks are strongly enriched in 

**̂ Sr/̂ ^Sr (0.711 - 0.715; Fig. 5.10), with reasonably low, but remarkably consistent 

'43Nd/''^Nd (0.5112 - 0.5117) values with a significant displacement towards the 

composition of the local Lewisian crust sampled on Rum. Interestingly, the mafic 

inclusions (basalt to trachy-andesite) associated with the Rum felsic rocks (see 

Chapter 3) show a much larger spread in both ^^Sr/^^Sr (0.703 - 0.717) and 

'■’'^Nd/''^''Nd (0.5112 - 0.5128) values, potentially highlighting a large range of 

degrees of crustal melting and variability of contamination components (Fig. 5.10). 

The early coarse gabbros found within the Am Mam-type intrusions (see Chapter 3) 

also show elevated *’Sr/*^Sr (0.709 - 0.710) and reduced ‘̂ ^Nd/'^^Nd (0.5117 - 

0.5122) values. The felsic components of the Palaeocene Rum Igneous Centre all plot 

close to the composition of the Lewisian amphibolite-facies gneisses sampled from 

the present-day surface of Rum. The pre-layered suite, early coarse gabbros found 

within the Am Mam-type intrusions (see Chapter 3), the basic margins/inclusions of 

the Am Mam-type intrusions and the rhyodacites are all positioned on mixing lines 

between Lewisian gneisses and primitive mantle components, represented by the late- 

stage picrite dykes (Fig. 5.10). Figure 5.11 uses the marginal gneissic partial melt 

sample SMZ-AMG-1 (see Chapter 3 for location details) as an end-member and 

highlights an interesting aspect observed from the trend produced by several of the 

mafic inclusions sampled from within the rhyodacite and Am Mam-type intrusions. 

The data suggests that the rhyodacites along with some of the granites and Am Mam- 

type matrix samples are mixtures between basaltic mantle-like melts that have been 

contaminated by varying amounts of a deeper crustal Lewisian gneiss (granulites- 

facies gneiss, cf. Dickin 1981) before interacting with large amounts of shallow 

crustal gneiss, similar to that uplifted and exposed on the surface today (amphibolite-
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facies gneiss, cf. Dickin 1981), in a two-step crustal contamination pathway (also see 

Chapters 6, 7 & 8). If this is the case, interpretation schemes for Rum may have to be 

refined to allow for up to 5 - 20% admixture of a deeper crustal gneiss (granulite- 

facies type gneiss), a component previously not identified as a crustal contaminant in 

studies of the Rum rhyodacites (Troll et al. 2004). See Chapter 7 for a more in depth 

discussion of the isotopic signatures of Lewisian gneisses in NW Scotland sampled 

during the course of this study, the conclusions of which are consistent with the 

notion that the Lewisian was tectonically assembled from disparate terranes (Friend 

& Kinny 2001; Kinny et al. 2005)

There is, however, a strong and clear isotopic distinction between the early igneous 

rocks on Rum, during the Palaeocene, (e.g. early coarse gabbros, the felsic rocks and 

associated mafic inclusions) to the later stage mafic and ultramafic rocks (Fig. 5.10). 

The early stage igneous rocks all show varying amounts of crustal contamination by 

Lewisian gneiss (amphibolite- and granulite-facies), while the later stage rocks show 

overall very little, or no crustal contamination displaying near mantle-like 

compositions. The radial basic porphyry dykes are enriched in radiogenic *’Sr/^^Sr, 

with constant Nd isotopic ratios, relative to the most primitive picrites and the layered 

suite rocks from Unit-9. This may point to hydrothermal alteration with Sr-rich and 

REE-poor fluids and/or minor amounts of shallow-level contamination by 

Torridonian sandstones.

The Pb isotope data for the Rum igneous rocks show considerable variability (Fig. 

5.12 -  5.14). At first glance, the Pb data appear more complex, even chaotic and do 

not necessarily highlight the clear linear trends visible in the Sr vs. Nd data (Fig. 

5.11). Ellam & Stuart (2000) defined a single Pb isotope end-member throughout the 

North Atlantic Igneous Province with a signature of ‘°^Pb/“°'^Pb -17.5, ^^^Pb/^ '̂^Pb ~
208  "̂ 0415.4, Pb/‘ Pb -37.4. This end-member point can be viewed as a good reference to 

understanding the Pb isotope data obtained from igneous rocks within this region. In 

all the Pb isotope figures (in this and subsequent chapters) this end-member is shown 

by a black square and can be viewed as a mantle-like proxy for the North Atlantic 

Igneous Province. The data of Ellam & Stuart (2000) was compiled from large data 

sets from across the North Atlantic, however, the data they used from Skye, Mull and 

the Antrim lavas (references therein), shows a shift in the average “̂ ’̂ Pb/“°'*Pb value

14 7



Chapter 5 -Geochem ical Evolution. Rum

away from the North Atlantic end-member composition to ^^^Pb/^'^Pb -18.2, whicl is 

very similar and more consistent with the large amount of the Pb data obtained in tiis 

study (Fig. 5.12 -  5.14). The “̂’Pb/-°^Pb and “̂^Pb/'°''Pb values obtained by Ellam & 

Stuart (2000) for the North Atlantic End Member are consistent with the more 

primitive rocks sampled during the course of this study.

Bearing in mind the potential initial starting composition of the mantle-like magmas, 

the majority of the igneous rocks sampled from the Isle of Rum show extremily 

varied radiogenic Pb isotope compositions “̂ ^Pb/^°^Pb = (15.151 - 18.527), 

207pb/204pb ^  ( 1 4 .9 7 0  . 16.908), ^°*Pb/ '̂’V b  = (36.865 - 39.083). The data ire 

generally displaced away from potential mantle-like compositions (Fig. 5.12 -  5.14, 

Table 5.4, 5.5) towards the Lewisian crustal rocks and also toward shallow-le/el 

Torridonian sandstone (cf. Dickin 1981). There is, however, a significant properton 

of the data from both felsic and mafic rock types that clusters around the mantle-l:ke 

region in isotope space, perhaps testament to a mixed origin for a large amount of :he 

sampled rock types. The Pb isotope ratios are perhaps more complicated to interpret
87  8 ")but in general the data is broadly consistent with, and thus compliments, the Sr/ Sr 

vs. '^^Nd/'‘̂ '*Nd results.

5.5 Discussions 

5.5.1 Crustal Structure

The Palaeogene volcanic and sub-volcanic rocks of Rum intrude Lewisian gn;issic 

basement overlain by Torridonian and Mesozoic sedimentary rocks (Emeleus 1997). 

The Lewisian gneiss complex has experienced several episodes of high-grade 

metamorphism producing, in this part of Scotland, geochemically distinct lower and 

upper crustal gneisses during a long and often extremely complex geological h.story 

(e.g. Dickin 1981; Weaver & Tarney 1981; Thompson et al. 1982; Kinny et al. 2005; 

see Park el al. 2002, for a full review of the Scottish Lewisian). For exampb, the 

crystalline basement below the nearby Isle of Skye (see Fig. 4.1) is composed of 

Lewisian metamorphic rocks consisting of lower crustal granulite-facies gneisses and 

upper crustal amphibolite-facies gneiss (Hamilton et al. 1979; Weaver & Timey
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1980, 1981; Dickin 1981). The Lewisian lower crustal gneisses became strongly 

depleted in K, Rb, U and Th during ancient periods of metamorphism (Weaver & 

Tarney 1981). Amphibolite-facies and granulite-facies metamorphic events have 

produced distinct ranges of Sr, Nd and Pb isotope compositions in these crustal rocks 

as well as their rare earth element concentrations (Moorbath et al. 1969; Chapman & 

Morbath 1977; Chapman 1978; Dickin 1981, e.g. see Figures 5.10, 5.13 -  5.16). The 

overlying Torridonian sediments, in general, have similar Pb isotope ratios to 

Lewisian upper crustal lithologies but display a much larger range of Sr isotope 

compositions and are more radiogenic compared with the Lewisian upper and lower 

crustal gneisses (Dickin 1981).

The Lewisian gneiss occurrences on Rum are confined to uplifted outcrops within the 

Main Ring Fault (see Chapter 3). They comprise basic amphibolite-facies gneiss (Fig. 

5.2) through to tonalitic and granodioritic varieties (see Emeleus 1997). Compared to 

the banded Lewisian gneisses on the Scottish mainland, most of the gneisses on Rum 

have undergone intense thermal metamorphism as a consequence of Palaeocene 

magmatism (Tilley 1944). The overlying Torridonian and Mesozoic rocks on Rum do 

not generally show such high-grade thermal metamorphism, apart from a few 

spectacular cases of contact metamorphism close to magmatic plugs and dykes (e.g. 

Holness 1999; Holness & Isherwood 2003).

Four Lewisian gneiss samples from the Isle of Rum were studied and compared to 

data obtained by Troll et al. (2004). The distributions of isotopic ratios (Fig. 5.10 -  

5.14) exhibits some degree of spread but are in general similar to that obtained by 

Troll et al. (2004) with the data plotting in the same region of isotope space (e.g. 

compared to data from the Isle of Skye, e.g. Dickin et al. 1980; Dickin 1981; Dickin 

& Exley 1981). There is some degree of difference in absolute abundances of major 

and trace elements, however (see data in Emeleus 1997). Although such results are 

expected for a petrographically heterogeneous group of rocks, fluid loss during 

periodic reheating in the Palaeocene could be a key reason for the consistent depletion 

of the lithophile trace elements Rb, Ba and U in the sample SR321B from Troll et al. 

(2004), which was taken from a boulder in the conglomerate that was shed from the 

dome of the early Rum volcano (see Chapter 4).
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The REE pattern of an ‘average granulite crust’ (Rudnick & Gao, 2003), as well as 

isotope data for average granulite-facies Lewisian gneiss from NW Scotland (Dickin 

1981) is shown (Fig. 5.8, 5.10 - 5.16) as crustal material of this nature is not exposed 

on the Isle of Rum. Lewisian granulite-facies crustal compositions have Nd isotopic 

ratios similar to average Lewisian amphibolite-facies gneiss. However, the Sr isotopic 

composition of the granulite-facies gneiss is much less radiogenic (Fig. 5.10), thought 

to be due to loss of Rb during high-grade granulite metamorphic events (Park et al. 

2002). The granulite-facies crust is also generally depleted in the LREE and mobile 

trace elements relative to the Lewisian amphibolite-facies gneisses sampled from the 

present day surface of Rum. See Chapter 7 for a more in depth discussion of the 

isotopic signatures of Lewisian gneisses in NW Scotland.

The isotopic data suggest a deep crustal structure beneath Rum similar to that 

proposed to underlie the near by Skye Igneous complex (Dickin et al. 1980; Dickin 

1981; Dickin & Exley 1981). in that they show the presence o f deep granulite-facies 

gneiss with geochemically discernable amphibolite-facies gneisses at shallower 

levels. Significant thicknesses of Torridonian lithologies (~ 2.5 km) are preserved 

external to the Main Ring Fault (Fig. 5.1, see Chapter 3, Fig. 3.6) and may have acted 

as shallow-level contaminants to some o f the Rum magmas upon emplacement, or as 

they travelled up along the Main Ring Fault e.g. the Am M am-type intrusion breccia 

and some of its mafic inclusions. M ost of the Mesozoic rocks from Rum were eroded 

prior to the onset of magmatism during the Palaeocene due to intrusion-related 

surface uplift and subsequent erosion and are not seen as crustal contaminants in the 

subsequent magmas (Emeleus 1997; Geldmacher et al. 2002; Troll et al. 2004).

5.5.2 Pre-Felsic magmas (early coarse gabbro)

The early (pre-felsic and pre-Layered Series) coarse gabbro rocks {Chapter 3) do not 

appear to be directly related to the later-stage basic and ultrabasic rocks, e.g. the 

basaltic porphyry dykes, Unit-9 layered intrusion rocks and the late stage picrites, due 

to greatly different Sr, Nd and Pb isotopic ratios (Fig. 5.11, 5.13, 5.14). The data 

obtained from Unit-9 of the Eastern Layered Intrusion during this work are in keeping 

with the values obtained by previous researchers (Palacz 1985; Palacz & Tait 1985), 

so comparisons can be confidently made between the early and late mafic magmas. 

Isotope work by Palacz (1985), Palacz & Tait (1985), Greenwood (1987) and Tepley
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& Davidson (2003) on the gabbros within the ultrabasic suite as well as the Marginal 

Gabbros all show a radically different, mantle-like, isotopic signature relative to the 

early coarse gabbros entrained within the Am Mam-type intrusion which display 

evidence of crustal contamination. This relatively high contamination signature can 

be also seen in ’̂Sr/^^Sr and ’"'^Nd/''^''Nd vs. Ce (ppm) diagrams (Fig. 5.15, 5.16), 

which model the contribution of mafic mantle-like magmas within the analysed rocks. 

The similarity in isotopic compositions for the early coarse gabbros and the basic 

margins and inclusions associated with the Am Mam-type intrusions and the 

rhyodacites suggests that these early coarse gabbros may have crystallised from mafic 

liquids that were similar to those now found as the quenched margins to the felsic 

intrusions. The REE patterns measured from the gabbro (Fig. 5.8) can be modelled to 

have been derived from 50% crystallisation of an adcumulate (70% plagioclase - 30% 

clinopyroxene) from magma similar to the basaltic magmas found within the felsic 

rocks (see Fig. 5.17). Partition coefficients were calculated from data in the 

“Geochemical Earth Reference Models (GERM) Data Base” (http://earthref.org) and 

listed in Meyer et al. (2009), (modelling undertaken in collaboration with Romain 

Meyer & Jan Hertogen, Katholieke Universiteit, Leuven, Belgium). The cumulate 

nature of the gabbros was suggested by petrographic examination in Chapter 3 and is 

highlighted by the low Ce concentrations modelled in figure 5.15, 5.16 where the 

coarse gabbro samples plot well off the modelled crustal mixing lines. The gabbros 

analysed represent high Ti-Fe rocks, geochemically similar to several of the mafic 

inclusions from within the Am Mam-type intrusion and from within the rhyodacite 

(Troll er al. 2004) as well as the mafic margin to both these intrusions (Fig. 5.5, Table 

5.1, 5.3). Major and trace element modelling for both of these mafic rock types 

(coarse gabbros and mafic inclusions) show fractional crystallisation of mantle melts 

to produce Ti-Fe rich fluids (Fig. 5.5, 5.6). Moreover, the lack of a steep decline of 

the REE patterns from La to Nd is an indication that these early Am Mam hosted 

gabbros did not crystallise from liquids with a marked La-Ce depletion such as the 

later radial basaltic porphyry dykes (Fig. 5.8). While the gabbro and these mafic 

inclusions were probably not liquid at the same time they are products of the early 

mafic magmas that were contemporaneous with crustal anatexis on Rum. They differ 

from the, mostly uncontaminated, later picritic magmas which fed the layered suite.
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As suggested from Chapter 3, the large blocks of coarse gabbro entrained within the 

Am Mam-type intrusion breccia potentially provide evidence for the presence of a 

large, well developed, differentiated and mid-crustal mafic body. These rocks 

therefore, potentially represent discrete magma reservoirs which developed within the 

crust early in the history of the Rum magmatic system. These gabbroic rocks probably 

represent mantle-like magmas contaminated to large degrees by amphibolite-facies 

gneisses (e.g. Fig. 5.11, 5.13), found at the present-day surface. They potentially 

highlight migration from depth of these magmas, which may have had limited storage 

at depth to allow for any significant deer crustal (i.e. granulite-facies) contamination 

(Fig. 5.11). The highly contaminated nature of these gabbros (~ 20% Lewisian 

amphibolite-facies gneiss. Fig. 5.11, 5.15) sets them apart from the later phases of 

mafic to ultramafic magmatism. The heat required to achieve the high levels of 

gneissic contamination observed within the gabbros (also see Chapter 3 for 

petrographic and field evidence) potentially contributed to the production of large 

amounts of gneissic partial melts early in the Palaeocene igneous activity on Rum.

5.5.3 Felsic and contemporaneous magmas

Detailed remapping of the Am Mam-type intrusion breccias has led to revision of its 

timing of emplacement as syn-caldera, rather than pre-caldera as previously thought. 

Textural analysis of entrained clasts and adjacent, uplifted country rocks has revealed 

their thermal metamorphism by early mafic intrusions, rather than the later central 

ultrabasic-basic layered intrusion. Moreover, this clast anatexis occurred at a greater 

depth than their present structural position. These findings shed new light on the early 

mafic magmas responsible for driving felsic magmatism on Rum and help constrain 

some of the physical parameters of this early magma-crust interaction. The field 

relationships described in Chapter 3 indicate that basalt, non-foliated rhyodacite. Am 

Mam-type intrusion breccia, and foliated rhyodacite were intruded in close succession 

to form sheet-like (or even partly funnel-like) composite intrusions. The field 

evidence also shows that intrusion of the Am Mam-type breccias occurred much later 

than previously thought, and may even have taken place in close association with 

major pyroclastic eruptions and caldera formation.

Undocumented smaller outcrops of mafic to felsic matrix material containing country 

rock clasts intruding along the course of the Main Ring Fault {Chapter 3) possess
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isotopic signatures that are very similar to the Am M am-type intrusions (e.g. the Ring 

fault intrusions - Fig. 5.11, Table 5.4). This extends the presence and im portance of 

mixing mafic and crustal partial melts in the evolution o f Rum Palaeocene 

magmatism.

There is a strong compositional overlap between the rhyodacites, Am Mam dacites, 

granophyres and granites on Rum (Fig. 5.5), which can be regarded as eruptive, 

shallow-level and deeper seated intrusive products o f the same magma (e.g. as 

suggested by Dunham 1968; Dunham & Emeleus 1967; Emeleus 1997). The close 

geochem ical and isotopic similarity between the granites, rhyodacites and the Am 

Mam indicate that they originated from a similar source. They essentially represent a 

high degree of partial melting of upper crustal Lewisian amphibolite-facies gneiss that 

has mixed to varying degrees with basaltic magmas that show a range o f crustal 

contam ination signatures.

The mafic inclusions within the Am M am-type intrusion breccia are dark, aphyric, 

cryptocrystalline basalts. These inclusions occur as blobs, streaks, schlieren and 

fragments and are found throughout the Am Mam but are often concentrated at its 

margins. In general these inclusions are very similar to those described in detail by 

Troll et al. (2004) from within the rhyodacites. Given the close temporal and spatial 

relationship of these two rock types (described in Chapter 3) it is most likely that they 

represent the same mafic magmas. Further evidence comes from the quenched 

external mafic margins to both the intrusive rhyodacite and Am Mam which are 

geochem ically identical (Fig. 5.5, 5.6). These mafic inclusions and quenched margins 

are interpreted as a liquid magma that co-existed / co-erupted with the Am M am and 

rhyodacite possessing very similar features to those observed in experimental 

simulations of two-phase conduit flow (e.g. Freundt & Tait 1986). In addition, the 

type-III andesite to dacite inclusions described by Troll et al. (2004) are potentially 

geochem ically similar to the Am M am-type dacite matrix, highlighting mixing o f the 

two magmas (Chapter 5). W hile the rare Type I inclusions of Troll et al. (2004), are 

coarse-grained plutonic xenoliths of chiefly gabbroic compositions, they are here 

proposed to represent fragments of the coarse gabbros found within the Am Mam 

(e.g. see Fig. 3.17).
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The Ti-Fe rich mafic magmas are, however, distinct from both the Am Mam and the 

rhyodacite and as suggested by Troll et al. (2004) they do not form a fractionation 

connected series to the felsic rocks (Fig. 5.5, 5.6). Instead they appear to be frequently 

mixed to varying degrees with the felsic magmas (Fig. 5.11). Troll et al. (2004) 

presented Sr and Pb isotope data on the rhyodacite and its enclosed mafic enclaves. 

Some o f the enclaves’ isotopic ratios are equivalent to essentially uncontaminated 

mantle magma compositions. Isotopic data presented in this study confirms this (Fig. 

5.11). These mafic magmas, associated with the felsic intrusions, show a large range 

of crustal contamination signatures from uncontaminated mantle-like compositions to, 

granulite-facies gneiss and amphibolite-facies gneiss as well as shallow-level 

Torridonian sandstone contamination. Therefore these minor components are amongst 

the most useful in elucidating the crustal structure beneath Rum (Fig. 5.18).

Fig. 5.9 shows the enrichment of lithophile trace elements in rhyodacites and dacites 

with respect to an assumed average Rum Lewisian gneiss composition. For most of 

the elements, the enrichment factors of the rhyodacites are as expected for substantial 

crustal anatexis (ca. 30-50%), taking into account that some lithophile trace elements 

(e.g. heavy REE) becom e less incompatible in felsic silicate systems. The high Ba 

content and the lack o f a large Eu anomaly in the rhyodacites indicate that little alkali 

feldspar remained in the residual source after melting. The enrichment factors o f the 

dacites are generally smaller than for the rhyodacites, pointing perhaps to a higher 

degree of melting o f gneiss, melting of another gneissic variety or most probably 

mixing with a more mafic magma (Fig. 5.11).

The Am M am-type intrusion dacites, intrusive and extrusive rhyodacites as well as 

the granites all have high ^^Sr/^^Sr and low '"'■^Nd/'‘̂ N d ratios that are typical of 

Lewisian gneiss in the Hebridean terrane (Fig. 5.11). The dacites and rhyodacites 

have similar REE patterns, but the absolute REE abundances are consistently higher 

in the rhyodacites than in the Am M am-type intrusion dacites (Fig. 5.7). The rather 

small variation in abundances indicates that the rhyodacitic and dacitic magmas were 

very homogeneous. The absence of a prominent negative Eu anomaly in the 

rhyodacite samples led Troll et al. (2004) to conclude that dacitic inclusions within 

the rhyodacite matrix were not the end-product of protracted fractional crystallisation
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of a basic magma. The new series of analyses shows that the absence of a negative Eu 

anomaly is a persistent feature, and supports their original conclusion.

07

Sr/ Sr ratios were also determined for the rhyodacite by micro-drilling. The whole
87rock Sr/ Sr values of the rhyodacite from across the island range from 0.712555 to

0.714488. The microdrilled samples were selected from extrusive rhyodacite on
87 86Beinn nan Stac, Southern Mountains Zone (Fig. 5.1) which has a Sr/ Sr whole rock 

value 0.714377, while the microdrilled groundmass value was 0.714112. Microdrilled
87 86core and rim Sr/ Sr values from this sample obtained from two, zoned plagioclase 

crystals was 0.714025(c) to 0.714054(r) and 0.714133(c) to 0.714004(r). These values 

show little variation within analytical uncertainty (Table 5.4) and match well the data 

obtained by Troll et al. (2004) from a Northern Marginal Zone rhyodacite plagioclase 

separate (^^Sr/*^^Sr value of 0.714209).

The isotopic data and the REE patterns of the dacites and rhyodacites are most readily 

understood if they are seen as melts generated by high degrees of anatexis of crystal 

material, to an extent where little plagioclase or alkali-feldspar was left in the residue

1.e. reasonably high degrees of partial melting (cf. Duffield & Ruiz 1998). The most 

obvious candidate for the parent crustal material is the Lewisian gneiss which forms 

the regional basement. Modelling partial melts of plagioclase-alkali feldspar- 

hornblende-quartz gneiss with REE contents of the assumed average Rum gneiss 

(average of samples R-GN-1 and SMZ-AMG-1) closely matches the pattern of the 

rhyodacite (see Fig. 5.18), (REE modelling undertaken in collaboration with Jan 

Hertogen and Romain Meyer, see Meyer et al. (2009). The important point is that 

anatexis of Rum Lewisian gneisses can produce melts with REE abundances very 

similar to those of rhyodacites, provided that degrees of melting of at least 50% were 

attained. Such a high degree of melting might not be unrealistic, considering that the 

temperature of the ascending mantle-like melts must have substantially exceeded the 

solidus temperature of the Lewisian amphibolite-facies assemblages >900° C (e.g. 

Thompson 1981; see Chapter 3).

The position of the rhyodacites and dacites on Ce vs. ''*"'Nd/''*‘̂ Nd and Ce vs. ^^Sr/*^Sr 

diagrams (Fig. 5.15, 5.16) can be explained by partial melting of a gneissic country 

rock that has interacted to varying degrees with migrating mantle-like magmas. The
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rhyodacites and the Am Mam-type dacites might have mixed with ca. 10% and 30 to 

45% basic mantle-like melts respectively. The basic margins of the (rhyo)dacites and 

the early coarse gabbro (after correction for cumulate processes (Fig. 5.15, 5.16)) also 

plot on the same theoretical mixing curves. They can also be modelled as mixtures of 

ca. 70 -  80% basic mantle melts and ca. 20 - 30% gneissic crustal melts (see 

modelling details in Meyer et al., 2009).

The granitic intrusions (see Chapter 3) have isotopic ratios and REE patterns that 

overlap with those of the Am Mam-type dacites and the rhyodacites. The absolute 

REE abundances are more variable, which is not unexpected for rocks that went 

through a complex solidification process and show substantial variation in hand 

specimen and even outcrop scales. Dunham (1968) considered the granites and micro

granites to be plutonic equivalents of the rhyodacites. The data presented for the Long 

Loch and Papidil granites would seem to confirm such a link. As can be seen in all of 

the isotope data shown (Fig. 5.10 -  5.14, Table 5.2) and supported by field 

investigations {Chapter 3), both of these smaller granite bodies often appear more 

akin to the rhyodacites and the Am Mam-type intrusions than to the Western Granite. 

They may therefore represent an intermediate level or connection between the two 

groups. The rocks to the west of the Long Loch Fault are up thrown by at least 200m 

relative to the rocks on the east of the fault as recognised in the offset of units within 

the Eastern and Western Layered Intrusions (Brown 1956; Greenwood 1987; Emeleus 

1997). Hence, the granite exposed as the Long Loch granite potentially has more in 

common with the granites at the top of Ard Nev (Fig.5.1). Both the Long Loch and 

Papidil granites potentially represent near-surface magma reservoirs closer to the 

eruption level. For example, in the Southern Mountains Zone the Papidil granite 

occurs just below the surface deposits of the rhyodacite and is spatially very close to 

the rhyodacite ignimbrite source vent discovered in Nameless Corrie {Chapter 3). 

Hughes (1960) noted this close petrographic correlation in the Southern Mountains 

suggesting that the rhyodacites in the area appear similar to degassed Papidil granite.

5.5.4 Post-Felsic magmas

Samples of radial basic porphyry dykes were analysed (FDP-02, FDP-03-M  and 

FDP-03-C). Samples FDP-03-M  and FDP-03-C come from the Three Lochs area 

west of Meall Breac in the Northern Marginal Zone (Fig. 5.1). These two samples are
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from an intrusion that shows a marked crystal and chemical zonation between the 

core and margin of a 1.5 m wide dyke. These dykes are very distinctive looking in the 

field, due to the pitted, pock-marked and dark nature of the intrusions. They are found 

throughout the marginal zone of the Rum Centre, e.g. in Coire Dubh, Three Lochs, 

Alt nam Ba and within Nameless Corrie. In all instances they possess a radial 

orientation relative to the islands centre. W ithin the south-western corner of Coire 

Dubh in the Northern M arginal Zone, a “network” of this rock type was discovered 

(FDP-02) which showed several smaller dykes merging and combining together in 

‘H ’ or mesh-type patterns, characteristic of a country rock experiencing doming 

extensional pressures during dyke intrusion (cf. W alter & Troll 2001). The country 

rock in this instance, and in numerous other locations in both the Northern Marginal 

Zone and Southern M ountains Zone, is rhyodacite and these basaltic porphyry dykes 

can be seen to be truncated by the later ultrabasic intrusion. These basaltic radial 

intiTJsions can thus be placed within a timeframe of post-felsic magmatism and were 

intruded during a time of renewed doming, prior to the emplacement of the Layered 

Ultrabasic Intrusions. These previously undocumented dykes have a primitive ,Sr, Nd 

and Pb isotopic composition (Fig. 5.10 -  5.16, Table 5.3, 5.5) and mark a return to 

mafic and ultramafic magmatism following the extensive early felsic phase. The
87 86 144 14^enhanced Sr/ Sr ratios of these rocks at constant Nd/ Nd ratios could be due to 

post-em placement hydrothermal activity, as these dykes are often altered. However, 

the prominent La-Ce-Pr-Nd depletion as compared to the picrites, e.g. B62/2 and M9 

of Upton et al. (2002) and R-McD in this study (Table 5.3), is probably not a 

secondary feature caused by alteration (Fig. 5.8). REE tend to be rather immobile 

during alteration (Dickin et al. 1980), and this seems to be borne out by the smooth 

and virtually identical patterns of the two analysed samples (Fig. 5.8, Table 5.3).
87 86Sr/ Sr ratios, determined by micro-drilling, for the large plagioclase feldspar 

crystals within these intrusions range from 0.70356 -  0.70471 with the crystals 

showing little variation between core and rim values but the whole rock ratios are in 

general more radiogenic with a *’Sr/*^^Sr range of 0.70461 -  0.70651 (Table 5.5). This 

may suggest that feldspar crystallisation occurred at much greater depths than 

em placem ent and from more primitive magmas potentially more akin to the picrites. 

The fact that plagioclase crystals and the host bulk-rock have not identical but similar 

Sr isotope ratios possibly indicates that the magma was emplaced quickly following 

the crystallization of plagioclase without major crustal contamination, or that the
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feldspars within the intrusions are less susceptible to hydrothermal alteration (cf. 

Cousens etal. 1993).

These radial basaltic porphyry dykes most likely represent an early member from a 

renewed pulse of primitive melts making their way upwards following the end of the 

felsic period of magmatism. These rocks provide details on a previously 

undocumented event occurring between the two main stages of magmatism on Rum, 

the early high-crustal component felsic magmas and the later ultrabasic, mantle-like, 

magmas, thus potentially highlighting a relatively short time period between the 

different phases of magmatism on Rum during the Palaeocene (as suggested in 

Chapter 4). However, the nature of the magma comprising these intrusions points 

towards a marked change in magmatism at the Rum Centre compared to, for example, 

the early coarse gabbros. This is potentially indicative of a new mantle melting and 

magma production regime underneath the Rum volcano corresponding to the new 

ultrabasic phase of activity, in a potentially similar fashion as seen in the evolution of 

the Mull volcanic systein (Kerr et al. 1999).

The Eastern Layered Intrusion (Fig. 5.1) has at least 16 cyclic units (Brown 1956) 

with each unit consisting of a basal peridotite (olivine cumulate), passing upwards 

into allivalite/troctolite (olivine-feldspar cumulate) and often finally into gabbro 

(olivine-feldspar-clinopyroxene cumulates). Although the petrogenesis of the Layered 

Intrusions is not the topic of this study, samples provided by Dr Brian O’Driscoll 

from Unit-9 (R-P-U9: peridotite, R-A-U9: allivalite/troctolite, R-PxG-U9; gabbro. 

Table 5.5) have been studied and analysed as representative of the mantle component 

on Rum and to characterise these later ultramafic magmas. Their Sr, Nd and Pb 

isotopic ratios are amongst the most ‘primitive’ (or ‘least contaminated’) values 

measured on Rum (also see Palacz 1985; Palacz & Tait 1985; Greenwood et al. 1990; 

Upton et al. 2002; Tepley & Davidson 2003, and their data envelope on Fig 5.11). 

Also examined were late-stage picrite dykes, two from the Long Loch area (R-M9, R- 

McD) and one from within Corrie Dubh (R-CD-Pic), (see Fig. 5.1, Table 5.3 & 5.5). 

The REE pattern of the picrites sampled in this study (R-M9, Fig. 5.8) along with 

their corresponding isotope determinations are virtually identical to those reported by 

Upton et al. (2002). The picrite dykes are olivine-cumulates, reflected by the overall 

low REE abundances. They are rather similar to the primitive ‘Transitional-to-

1 5 8



Chapter 5 -G eochem ical Evolution, Rum

Enriched’ type tholeiitic basalts that are common components of the North Atlantic 

Igneous Province (Fitton et al. 1998a). Typically they possess a concave upward REE 

pattern with a maximum enrichment at Nd, and a slight depletion o f La with respect 

to Ce and Nd (Fig. 5.8).

A *^Sr/*^^Sr vs. ^^^Pb/^^'^Pb plot suggests some degree o f granulite-facies 

contamination for the Unit-9 and picritic rocks (Fig. 5.12), however, the ^̂ ’Pb/^^'^Pb 

vs. ^^^Pb/^^'^Pb data do not clearly highlight this. A ^^^Pb/^^'^Pb vs. "'’̂ Pb/^^'^Pb plot 

allows for minor amounts of this deep contamination (Fig. 5.13). Palacz (1985) 

suggested that the ultramafic magmas of Rum were contaminated by ~ 7% upper 

crustal amphibolite-facies gneiss but was unable to rule out some small degree of 

granulite-facies gneiss enhancement (possibly between ~ 1 - 3% as suggested by the 

data in this study). Late-stage mafic to ultramafic liquids similar to the picrites are 

viable analogues for the parental melts to the Layered Intrusions (Upton et al. 2002). 

These picritic magmas are rare examples of some of the most primitive magmas 

preserved within the North Atlantic Igneous Province and can be viewed as a heat 

engine at depth responsible for the large amounts of crustal melting.

5.5.5 Crustal contamination

The earliest Palaeocene igneous rocks preserved on the Isle of Rum are gabbros found 

within the Am M am-type intrusion breccia {Chapter 3). These coarse-grained rocks 

appear to be plagioclase cumulates formed from mantle-like magmas that have been 

contaminated by 15 -  20% amphibolite-facies Lewisian gneisses, sim ilar to the 

uplifted gneisses found at the present-day surface. Field examples found to the east of 

Loch Gainmhich (Fig. 3.16) show this gabbro in contact with heavily thermally 

altered gneiss. Partial melts are observed in thin section, frozen in the process of 

migration (Chapter 3). These gabbros along with rare peridotite and olivine rich 

clasts found within uplifted, partially molten Lewisian gneisses, from the slopes of 

Beinn nan Stac, Southern M ountains Zone and those described by Emeleus (1997) 

from within the Am Mam-type intrusion in the Northern M arginal Zone, highlight an 

early phase of mafic to ultramafic magmatism. Evidence o f this previously 

undocumented and hence poorly investigated event appears to be preserved in part 

due to later felsic intrusions and associated uplifted blocks along the course of the 

Main Ring Fault zone. Identification of this early mafic phase provides an explanation
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for the large quantities of felsic magma produced on Rum early in its magmatic 

history (Emeleus 1997; Troll et al. 2004), as voluminous felsic magma derived from 

crustal anatexis is most effectively produced near, or in contact with, a large heat 

source (e.g. Hobson et al. 1998; Holness 2002).

The mafic inclusions and quenched margins within and associated with the Am Mam- 

type intrusions and the rhyodacites provide the best indication of the crustal structure 

beneath the Isle of Rum. These mafic components provide evidence of differing 

levels of contamination by at least three different crustal components. Some o f these 

minor mafic inclusions show at least 15% incorporation of granulite-like-facies 

gneiss, not currently exposed at the surface of Rum, into migrating mantle-like 

magmas (see Fig. 5.11, 5.13, 5.16). Other mafic inclusion groups show contamination 

of mantle-like magmas by up to 30% amphibolite-facies gneiss, with no granulite- 

facies component visible (e.g. Fig, 5.11, 5.13, 5.15, 5.16). Of note is that no mafic 

inclusions were sampled which showed granulite-facies contamination followed by 

amphibolite-facies contamination, similar to the pattern observed in the rhyodacites 

and Am Mam-type dacites. While another group of mafic inclusions found within the 

Am Mam-type intrusions also show contamination by minor amounts (5 -  10%) of 

Torridonian sandstones (Fig. 5 .] ] ,  5.12) after initial Lewisian amphibolite-facies 

contamination. This shallow-level of contamination would have occurred during final 

migration and emplacement along the Main Ring Fault zone. These observations 

suggest a complicated plumbing system beneath the Rum volcano with separate mafic 

magma chambers and intruding/generating areas of crustal partial melt in addition to 

the formation of discrete magmatic pathways (Fig. 5.18, 5.19).

The granitic rocks of Rum also show varying levels and types of crustal 

contamination. The Western Granite rocks show consistent levels of contamination 

that can be produced by the incorporation of ~ 40% Lewisian amphibolite-facies 

gneiss into mantle-like magmas. The granite samples collected from around Ard Nev 

(Fig. 5.1) consistently plot close together in isotope space, showing a uniform 

geochemical composition (Fig. 5.10 -  5.16) for a rock type which is often quite 

variable at outcrop scale. In comparison, the data collected from the Papidil and Long 

Loch granites places them on a two-step crustal-contamination pathway and they 

appear to have had some interaction with granulite-faces contaminated mafic
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magmas, similar to the rhyodacites (see Fig. 5.11, 5.12). These smaller granite 

outcrops are more closely related to the partial melts that were responsible for the 

formation of the rhyodacites and have been mixed with varying contaminated m antle

like components (Fig. 5.15, 5.16). The Papidil granite shows potentially a ~ 20 - 40% 

mantle-like component, while the Long Loch Granite is more akin to the rhyodacites 

showing less than 20% contamination (Fig. 5.16).

Troll et al. (2004) where the first to present Sr and Pb isotope data on the rhyodacite 

and enclosed mafic enclaves. Their data also show that some of the enclaves’ isotopic 

ratios are equivalent to essentially uncontaminated mantle-like magma compositions, 

whereas the rhyodacites have a 50 - 70% crustal in origin. The new data for the 

rhyodacites and the associated mafic inclusions agree with the initial findings o f Troll 

et al. (2004). However, when examined alongside the larger Sr, Nd and Pb 

geochemical data base established for the other high silica rocks on Rum, evidence 

for a two-component or step-wise contamination path way is visible (Fig. 5.11). This 

trend has previously not been recognised for Rum ’s Palaeocene igneous rocks.

The data obtained from this study, combined with data from Troll (unpublished), 

indicate that some of the Am Mam-type rocks, the rhyodacites and the Papidil and 

Long Loch granites contain evidence for some degree of granulite-facies gneiss 

incorporation ( - 5 - 1 5  %). However, all of these felsic rocks also show large 

amounts of amphibolite-facies gneiss incorporation, up to 70 - 80% (Fig. 5.10 -  5.16). 

Figure 5.15 shows Ce vs. '"'‘̂ Nd/'^’̂ Nd plots which highlight the high degrees of 

crustal incorporation needed to form these felsic rocks. The rhyodacites show 80% (or 

more) incorporation of Lewisian amphibolite-facies gneiss into mantle-like magmas, 

while the Am M am-type dacites show more variable amounts of crustal incorporation 

ranging from ~ 50 -  70%. Taken all together, the data indicate that migrating m antle

like magmas, some of which had already been enhanced by granulite-facies gneiss at 

depth, interacted with large amounts of crustal partial melts derived from the 

Lewisian amphibolite-facies gneisses, similar to those seen uplifted on the present- 

day surface, in order to form the areally extensive early felsic phase of magmatism at 

the Rum volcano.
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The post-felsic magmatism shows a return to more mantle-like magma compositions 

with much smaller degrees of contamination (~ 5%), e.g. the radial basaltic porphyry 

dykes. Contamination of the Rum ultrabasic intrusions by minor amounts of Lewisian 

amphibolite-facies gneiss is well documented (e.g. Palacz 1985; Renner & Palacz 

1987; Tepley & Davidson 2003) and is also shown by the samples obtained during 

this study. A well established and high-level magmatic system is envisaged to have 

been in place towards the end of volcanism on Rum.

The isotope data presented for the large suite of igneous rocks highlights various 

amounts and types of crustal contamination that occurred during the Palaeocene and 

as such this data can also be used to probe the deep crustal structure beneath the Isle 

of Rum (Fig. 5.18). There is evidence for deep granulite-facies contamination 

followed by contamination by the mid to upper crustal amphibolite-facies lithologies 

and finally shallow-level contamination by Torridonian sediments occurring upon 

emplacement. This sequence o f lithologies places the Rum crustal structure more in 

line with the Isle of Skye located only 15 km to the northeast (see Fig. 4.1). The Skye 

Main Lava Series has been shown to be contaminated by deep crustal granulite-facies 

gneiss, while the later more acidic intrusive rocks (see Chapter 8) and the Preshal 

Mhor basalts show contamination by shallower level amphibolite-facies gneisses 

(Moorbath & Thompson 1980; Dickin 1981; Thompson et al. 1982).

5.5.6 Magmatic evolution of the Isle of Rum during the Palaeocene

The varying igneous rock types observed and described from the Isle of Rum have 

greatly contributed to the development of modern views of the magmatic, as well as 

the temporal and structural evolution of the British-Irish Palaeocene Igneous Province 

and furthered understanding of the North Atlantic Igneous Province as a whole (cf. 

Bailey 1945; W ager & Brown 1951; Black 1952; Brown 1956; Hughes 1960; 

Dunham & Emeleus 1967; Donaldson et al. 1973; Emeleus 1997; Troll et al. 2000; 

Upton et al. 2002).

The earliest Palaeocene igneous activity on Rum is preserved now only as fragmental 

uplifted and entrained inclusions and blocks of mafic and ultramafic rocks found 

along the course of the Main Ring Fault zone.
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Rare earth element modelling suggests that the coarse gabbros now entrained within 

the Am Mam-type intrusions crystallised to form plagioclase-rich cumulates from 

liquids similar to the mafic inclusions found in the later felsic rocks e.g. rhyodacites 

and Am Mam dacites. Major and trace element modelling for both of these mafic rock 

types (coarse gabbros and mafic inclusions) show fractional crystallisation of mantle 

melts to produce Ti-Fe rich fluids (Fig. 5.5, 5.6). These early mafic rocks also show 

varying degrees of interaction with differing crustal lithologies (Fig 5.11 -  5.16). The 

earliest magmas at Rum were most likely the hottest, and were able to melt small 

portions of deeper granulite-facies crust, which is not seen to any great extent in the 

later larger ultramafic intrusions e.g. Eastern Layered Intrusion (Palacz 1985; this 

study).

Field evidence from a rare, original coarse-gabbro amphibolite-facies gneiss contact 

show the generation of partial melts and there is petrographic evidence that this fluid 

was in the process of accumulation and migration when it was frozen (Chapter 3). 

Peridotite and dunite fragments (see Emeleus 1997; Chapter 3) within uplifted 

partially molten country rocks and the Am Mam-type intrusion point to the 

establishment of a large mid- to shallow-level magma reservoir prior to the felsic 

phase of magmatism on Rum (Fig. 5.20). This potentially large body of mafic to 

ultramafic magma would have induced partial melting of the surrounding country 

rock and as such is envisioned to have produced significant quantities of a felsic 

partial melt.

This potentially points to varying magma reservoirs and a complex plumbing system 

present underneath the early Rum volcano (e.g. Fig. 5.19, 5.20). The geochemical 

data presented here suggests that migrating granulite-facies contaminated mafic 

magmas continued upwards and then obtained an amphibolite-faces contamination 

signature or intruded into amphibolite-facies dominated partial melt pockets. Mixing 

of variably contaminated mafic magmas and crustal partial melts produce the range of 

felsic rocks presently exposed at the Rum surface.

It is proposed that the Am Mam-type dacite magmas (see Chapter 5) represent felsic 

portions of a gneissic partial melt that has mixed to varying degrees with intruding
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early mafic magmas, now preserved as mafic inclusions and margins to the Am Mam. 

The rhyodacites, on the other hand, are composed of a larger degree (~ 70%) of 

gneissic material. Lewisian gneiss and the intruding mafic magmas can be considered 

as end member components. The rhyodacites and the Am Mam-type magmas 

potentially have similar origins but are formed due to varying degrees and amounts of 

mixing between these two end-members (Fig. 5.21). Eruption and emplacement 

segregation mechanisms may also have played a role in their appearance. The 

marginal facies basalt and basalt-rhyodacite-Am Mam-type matrix relationships 

indicate that these three magma types were contemporaneous.

Renewed doming is evident from the emplacement style of the radial basaltic 

porphyry dykes. This previously unreported stage of magmatism highlights a return to 

mafic magmatism, potentially shortly after the felsic phase (Fig. 5.22). This final 

stage of magmatism is characterised by limited crustal enhancement especially when 

compared to the earlier gabbros and mafic magmas. The radial porphyry dykes, 

layered intrusions and the picrite dykes all show mantle-like isotope compositions. 

The establishment of new magmatic pathways over the duration of the early 

magmatic activity at the Rum Centre potentially disconnect the later mafic/ultramafic 

magmas from the deeper granulite-facies crustal derived melts. This type of well- 

established magma plumbing system at depth seems to be common-place in the 

British-Irish Palaeocene Igneous Province as evidenced from the nearby islands of 

Mull and Skye (cf Kerr et al. 1999; Dickin 1981; Thompson et al. 1982; Emeleus & 

Bell 2005, Chapter 7). The ponding of large volumes of ultramafic magma at 

shallower depths within the Lewisian amphibolite-facies gneiss would allow for the 

contamination seen in the Layered Intrusions of ~ 7% (Fig. 5.22).
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5.6 Conclusions

New fieldwork has shown that the very earliest igneous activity on Rum is preserved 

now only as uplifted and entrained blocks and fragments of mafic and ultramafic 

rocks seen along the course of the Main Ring Fault zone. These findings shed new 

light on the early mafic magmas responsible for driving felsic magmatism on Rum 

and help constrain some of the physical parameters o f this early magma-crust 

interaction. These early magmas have high Ti-Fe signatures and are characterised by 

high levels o f crustal assimilation, mostly by Lewisian am phibolite-facies gneiss (up 

to 30%) but also by varying amounts of granulite-facies gneiss (up to 20%).

The new field relationships also indicate that basalt, non-foliated rhyodacite. Am 

M am-type intrusion breccia, and foliated rhyodacite were intruded in close succession 

to form sheet-like composite intrusions in close association with major pyroclastic 

eruptions and caldera formation. Geochemical data provides complementary evidence 

for the close connection of all of these rock types within the evolving early magmatic 

system on Rum.

87 86 14  ̂ 144Sr/ Sr and ‘Nd/ Nd isotopic and trace element data presented here reinforce the 

conclusion of Troll et al. (2004) that the rhyodacite volcanic rocks on the Isle of Rum 

are largely a product of high degrees of crustal anatexis by ascending mafic melts. Pb 

isotope data attest to mixing between gneissic crustal partial melts and mafic magmas. 

This mixing has given rise to a series of variously mixed early coarse gabbros, basic 

magmas and felsic rocks. The rhyodacite and Am Mam rocks are composed of high 

degrees of Lewisian amphibolite-facies gneisses (40 -  80%). They also show varying 

amounts of interaction with migrating mafic magmas, some of which were 

contaminated by deeper granulite-facies gneisses (5 -20%). The large Western 

Granite body is mostly likely produced by system o f bulk mixing between 

am phibolite-facies gneiss (40 -  50%) and mafic magmas.

The earliest magmas at Rum were most likely the hottest, and able to melt portions of 

the deeper granulite-facies crust, not seen to any great significance in the later 

intrusions. This is testament to the establishment of long-lived magmatic pathways
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(e.g. the Long Loch deep crustal fracture - M cClurg 1982) and no linkage between the 

later mafic magmas and this deep crustal material. The ponding of later ultramafic 

magmas at shallower depths, however, allowed for the contamination by ~ 7% 

Lewisian amphibolite-facies gneiss seen in the Layered Intrusions.

The late-stage picritic melts on Rum are close geochemical analogues for mantle 

melts and can be viewed as a proxy for the parental melts for the Rum Layered 

Intrusions as previously suggested by Upton et al. (2002). These mantle melts have 

close affinities to North Atlantic Mid Ocean Ridge Basalts.

Observations suggest a complicated plumbing system beneath the Rum volcano with 

separate mafic magma chambers and areas of intruding/generation crustal partial 

melts (Fig. 5 .1 9 -5 .2 2 ) .

The isotope data presented for the large suite of igneous rocks highlight various types 

of crustal contamination that occurred during the Palaeocene and as such these data 

can also be used to probe the deep crustal structure beneath the Isle of Rum. There is 

evidence for deep granulite-facies contamination followed by contamination by mid 

to upper crustal amphibolite-facies lithologies and finally shallow-level 

contamination by Torridonian sediments occurring upon emplacement. This sequence 

of lithologies places the Rum crustal structure more in line with that proposed for the 

Isle of Skye (Dickin 1981) located only 15 km to the northeast.

1 6 6
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Table S.l Representative major (wt%), trace and rare earth element (ppm) concentrations for the Am M ^ ty p e  intrusion breccia (matrix, inclusions and m ai^ns) and rhyodacite mafic margins
Rock type

Location
Sample

38755 98604 
NMZAM06

Am Mdm matrix 
NMZ

36739 96596 3655 9661 
NM2AM07 R-AMGM-TLH

39333 93066 39326 93104 
SMZ-AM-13# SMZ-AM-14#

Am Mdm matrix 
SMZ

36996 92942 36996 92942 
SMZ-AM-03 SMZ-AM-04

36217 92353
SMZ-AM-05

Am Mdm mafic inclusions Am Mdm RDP-iike margin
SMZ NMZ NMZ SMZ 

3932693104 3932693104 39366 92977 3681 9656 36611 96560 3932693104 
R-ME-8# R'ME-10# R-ME-11# NMZ-AM-RDPL NMZ-AM-RDPLM R-RDP-Mg#

SMZ
36511 92462

SMZ-AMG-1

Am Mdm Margin 
NMZ

36611 96560
NMZ-AM-BM

Rhyodacite Mafic Margins 
RDPNMZ RDPSMZ

36220 96449 36455 93551
NUZ-AM-02 SMZ-tROP-BM

SiO: 64.06 63.85 63.45 63,83 63,57 62.58 62.91 63,27 56,09 50.04 51,19 74.47 74.79 63,48 68 ,10 53,13 51,89 51,94
TiO; 0.65 0,66 0.62 0.69 0,91 0.95 0.92 0,79 0,97 2,02 1,93 0.55 0,49 0,69 0,65 2,14 1,99 2.04
AbOj 1651 16.55 16.27 16,08 14.31 14.54 14,60 15,62 18,16 13,94 1345 1248 12,57 15,79 13,74 13,57 13,45 13,33
FeO 5.56 5.47 5.48 5.44 7.15 744 7,15 5,98 696 13,46 12.89 3,95 3,76 5,88 4,97 13,59 12,39 13,74
MnO 0.09 0.08 0.08 0.10 013 0,11 0,12 0,10 0.09 0,24 0.21 0.07 0,06 0.10 0,07 0,24 0,21 0.21
MgO 2.14 205 2.09 1.89 2.01 2,62 2,97 2,11 3,85 5.03 4.66 0,38 0.37 2.33 2-48 4,41 4,76 4,84
CaO 2.84 3,02 3.32 3.19 3.52 389 3,68 3,62 246 9.64 9.38 1.09 1.08 3,94 3.04 7,91 9,18 8,19
K ;0 2.91 2.86 3.21 3.88 3,44 2.41 2,44 2,94 3,25 2,74 2.70 3,35 3,46 3.64 2,19 0,92 2,70 0,87

NaiO 342 364 3.92 3.08 2.78 3,25 3,08 3 42 8,07 0,68 1.29 2,95 2.68 2.70 3,10 2.68 1.29 2,88
P A 0.21 0.21 0,20 0.37 0.29 0,27 0.21 0,26 044 0.28 0.39 0,12 0,09 0,25 0.14 0.30 0.19 0,28
Total 98 39 98.39 98.64 98.55 98 09 98 06 98.08 9811 98 35 98 06 98.07 99,41 99.35 98,81 98,48 9889 98.03 98,32

Nb 9 9 8 8 11 9 6 10 14 6 8 11 10 3 9 5 4 4
2r 193 192 179 207 226 224 224 256 64 150 173 321 320 165 181 162 158 157
Y 23 23 20 22 29 26 26 27 16 25 28 32 31 10 18 31 31 30
Sr 475 502 455 506 351 330 337 505 417 279 256 189 177 309 302 299 274 272
U < 1 1 < <2< 2 1 1 2 2 2 1 2 1 1 1
Rb 85 82 82 71 60 59 63 74 119 23 41 98 98 39 96 27 38 18
Th 7 8 5 5 6 6 6 6 10 3 4 7 7 4 5 4 4 3
Pb 20 14 17 15 14 8 8 10 12 6 9 11 9 2 6 5 20 3
Ga 18 19 18 19 20 19 18 20 19 17 17 17 14 18 20 19 22
Zn 242 69 151 71 93 199 85 132 73 101 94 55 216 56 286 376 538 521
Cu 63 14 51 25 21 69 34 57 5 95 68 28 75 20 63 169 211 197
Ni 21 16 3 23 1734 15 10 3 22 37 34 3 3 13 17 24 28 29
Co 36 21 15 46 37 16
Or 70 87 65 67 379 47 76 62 50 87 80 3 3 52 94 3 2 15
V 91 86 81 79 132 149 160 111 66 418 347 4 4 97 104 513 548 513

Ce 69 68 59 105 87 72 71 73 61 30 39 97 94 87 61 41 40 35
Nd 36 38 31 35 34 39 28 41 35 16 21 46 42 34 26 17 23 21
8a 977 900 875 1146 738 823 789 1075 308 197 226 1013 1022 452 580 332 238 246
La 27 27 25 53 30 29 29 30 34 16 19 45 43 58 27 16 15 12
S 15 3 52 3279 70
Hf 8 1 7 10 11
Sc 10 17 38 36 13
As 3 3 3 3 3
La 32.37 31.12 45 90 42.39 34,58 34 10 33.71 16,95 21.76 46,77 38.14 17.17 14.71
Ce 67.95 66.29 77.95 76,47 74,32 71,35 61 44 34,09 42.82 95,32 69.75 39,63 34.40
Pr 8.09 7.85 9.71 9.61 8.76 8,74 847 492 5.97 11,27 9.00 5,31 4.68
Nd 31.10 30.36 37.15 37,48 34,46 34.19 35,20 22.26 26,15 42.70 35.87 23.33 21,10
Sm 5.62 5.48 6.35 7.28 6.42 608 7,37 5.66 6,45 7.67 6.34 5.40 5,19
Eu 1.45 1.43 1.76 1.85 1.70 1.75 1.85 1.92 1,95 1.73 2,10 1.78 1,71
Gd 4.66 4.50 5.30 659 5,65 5,36 6.68 6,40 7,02 6.47 5,55 5.84 5,61
Tb 0.67 0.65 0.66 0.91 0.84 0,79 1,00 0.99 1,08 0.93 0,69 0,90 0,89
Dy 3.63 3.57 3,47 4.96 4,68 4.31 5,64 5.73 6,14 5.18 3,51 5,32 5,19
Ho 0.71 0.69 0,70 1.00 0,89 0,82 1,17 1.18 1.26 0.99 0,72 1,02 1,01
Er 1.98 1.93 1 89 2,60 2,53 2,33 3,27 3,17 3,40 2.69 1,92 2,81 2,72
Tm 0.31 0.30 0.25 0,35 038 0,36 044 0,43 0,44 0.41 0,25 0,39 0,39
Yb 1,80 1.78 1,61 2,25 2,31 2,11 2,87 2,59 2,79 2.45 1.64 2,33 229
Lu 0.27 0.27 0.23 0,31 0,33 0,31 040 0,38 0,40 0,36 0.24 0,32 0.32

# = determined at the Centre d'Analyses Min^rale, University of Lausanne, S\Mtzertand.



Table 5.2 Rcpresciitative maior tftice i\»d nve eiUth clement (ppm) concentratioas tor the Rhvodacite and Orimites of Rum
R ock type

Location
Sample

Enrutive Intruilve 

SMZ NMZ 
39659 94028 38220 98449

RDP-12-BNS NMZ-ROP-AM-05

R tiyodacite

Intruiive k ilnjtive Extruttve

SMZ SMZ
36407 93736 36265 93437

R-04-iRDP-l R-04.IRDP-2 STLH "

Intruiive

NMZ

UOPN"

G ranite

Long Loch Pip id ii Pipidit Westem Granite 

NMZ SMZ SMZ NMZ NMZ NMZ 
36666 99376 37904 92316 37899 92390 346 986 346 986 346 966

NMZ-LLG-1 SMZ-PG-02 SMZ-PG-03 R-WG-1 R-WG-3 R-WG-6 WG1 WG3 WG10 WG13 WG15

W estern G ranite  

WG16 WG18 WG20 WG21 WG23 WG27 WG29 WG30 WG34
810: 70.24 69.81 69.63 70.79 71,37 70.86 71 09 70.98 69.06 70,07 7360 70.92 66.86 67.08 71.76 72.33 72.15 71,79 72.29 72.77 73,03 70.96 72,66 74.46 72,80 72.66

TIO: 0.66 0.67 0.70 0.71 0.73 0.75 0.65 0 73 051 068 0 39 0 45 0,87 0.86 0.63 0.56 0,51 0,52 0,50 0.50 0.50 0,62 045 0.33 0.61 0.73

AljCb 1234 12.77 13.07 12-84 13,07 13.11 12.20 12,67 16.25 12 89 12,65 1296 14.02 13.83 13.65 13 88 13 64 13.79 14.04 13.62 13.10 13.41 13,51 13.21 13.47 13.46

FeO 501 4.80 5.13 5.00 506 5.15 485 4 98 3,61 540 3 43 444 752 6,94 4 88 5.07 5,02 4,69 4.56 4.39 4,46 4,86 4,21 2 88 5,06 5,09
MnO 0.11 0.09 0.10 0 10 0,10 0,10 0.09 0,09 0 05 0,11 0 06 0 09 0.13 0.12 0.08 0.09 0,09 0.08 0.09 0.07 0,07 0,09 0.07 0.04 0,09 0.08
MgO 0.57 0.66 0.99 0.89 026 0,19 0.49 0,75 0,81 0 49 0 19 0.37 0.30 0.78 0 61 0.01 0,61 0.48 0.43 0.09 0.10 0.36 0.12 0.00 0.10 0.56
CaO 2.03 1.86 2,13 1.86 1.95 1,90 1.78 2,12 3,06 1 95 077 0 96 2,30 3,14 1 78 1 72 1,65 1.57 0.99 1.19 1,35 1,73 1.29 0.98 1.63 1.61
K;0 3.81 3,40 3.66 2,96 4 43 4 46 3.63 3,27 1,72 398 3 36 404 4,11 3 37 3.21 2.38 2 34 3.27 3.15 3.36 2,70 4,12 3.73 3.23 2,23 1.87

Na.O 4.25 3.82 3.85 342 3 06 3,11 3,74 3,57 386 3.40 4 16 4 20 3.57 3.36 3.21 3.74 368 3 55 3.63 3.80 3.79 3 59 3.58 4.25 3.75 3.70

P2O5 0.14 0.15 0.16 0,17 0 14 0.14 0.15 0,20 0,11 0,17 0 08 0,08 0,21 0,20 0.14 0.13 0,12 0,10 0.12 0.09 0,09 0,16 0 08 029 0,15 0,22
Total 99,16 98.02 99 42 98,74 100,17 99,77 98,67 99.36 99,04 99,15 98 70 98.50 99.90 99 70 99 96 99.92 99 81 99 83 99 80 99 89 99.19 99,89 99 70 99 67 99 89 99 96

Nb 12 11 11 11 11 12 11 10 5 9 11 13 13 12 12 15 14 14 16 16 15 12 15 15 12 12
Zr 309 313 295 297 260 262 278 301 190 345 403 471 302 296 319 433 413 454 465 459 446 325 479 460 338 328
Y 34 31 30 34 21 32 37 39 18 54 42 49 41 39 42 60 52 49 72 44 51 45 50 51 45 36
Sr 208 195 243 250 226 237 203 171 504 185 106 99 226 224 179 139 147 145 125 106 126 174 117 88 158 207
U 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Rb 96 101 81 71 69 89 109 109 55 99 133 118 104 86 112 112 104 111 117 109 103 121 123 131 112 107
Th 7 6 7 7 5 7 6 6 7 7 9 9 9 10 12 11 12 13 12 13 12 14 17 11 10
Pb 11 13 8 9 9 14 10 13 11 13 13 17
Ga 19 19 17 18 18 18 20 21 21 21 24 23 23 23 24 24 24 23 25 24 23 23 23 22
Zn 198 90 330 200 164 73 57 91 78 91 61 62 81 98 80 77 89 82 80 82 66 69 83 70
Cu 41 3 81 43 31 6 10 6 4 11 6 21 5 16 10 13 11 11 11 8 12 11 9 6
Ni 3 3 3 3 3 3 3 1 1 15 22 15 15 15 15 15 15 15 15 15 15 15 15
Co 15 14 10 12 12 11 13 12 12 13 4 13 14
Cr 3 3 31 3 3 2 28 1 1 4 43 38 45 46 47 48 47 47 47 45 48 49 46 45
V 5 3 5 5 5 33 81 21 5 3 20 50 22 24 22 17 17 20 17 22 19 22 19 19

Ce 96 99 92 105 82 103 98 83 58 115 117 108 93 85 94 112 102 118 116 89 105 105 105 116 95 66
Nd 43 42 45 50 48 39 18 69 63 62 45 42 44 56 50 57 63 42 53 48 49 44 49 38
Ba 940 995 1089 976 979 997 966 792 660 941 1048 1046 878 853 973 959 992 991 967 918 991 654 972 1028 954 945
La 43 44 41 51 39 52 47 35 22 59 53 49 45 40 45 57 47 46 64 36 53 52 49 48 46 38
S
Hf
Sc
As

7 8 8 10 9 9 11 7 10 9 9 9 8 8

12 11 8 6 6 6 7 9 6 5 7 10

La 39.60 4355 47,10 49 52 27.07 62 02 27 26 36 90
Ce 84.49 91.26 87,30 98.40 54,79 119 74 6165 88 65
Pr 10.13 10.70 10,60 12.32 822 15.38 776 10,83
Nd 39.17 40,89 42,10 48.33 23,20 61.50 31 18 43 84
Sm 7.42 7.27 7.52 8,93 4 25 1232 6 77 9 59
Eu 1.90 1 98 2.26 2,20 1.42 2 48 1,29 1.96
Gd 6.46 6.15 7.35 7,83 3,60 12.25 618 918
Tb 0.94 0.82 1.01 1,12 0 52 1,85 1,01 1 56
Dy 5.16 4.74 5,56 6,18 2.90 10,79 5,97 9,74
Ho 0.96 0.86 1,04 1.14 0,55 2,09 1.14 1,94
Er 2 56 2 36 2,80 3.09 1 47 5,76 319 573

Tm 0.37 0.35 0,42 0.46 0,22 0,84 049 0,93
Yb 2.23 2.04 2.68 2,60 1.31 4 85 297 5.80
Lu 0.29 0.27 0.38 0.37 0,18 0 69 042 0,85

" = data from Troll et a l 2004. * data supplied courtesy o f Or. M. Petronis. Department o f Geology. Colorado College. USA.



Table 5,3 Representative major (wt%), trace and rare earth elemeni (ppm) concentrations for select mafic rocks from Rum
R o c k  ty p e

Location
Sample

Gneiss

39383 92946

R-GN-1#
3858 9880

R-AMGB-1#

G abbro wittiin  the Am Mdm

38548 98817 38557 98617

NMZ-AMGB-1 NMZ-AMGB-2
3854 9861 385 986

R-MGAM-WAM-GB AMBG1

G abbro within the Am Mdm

366 986 367 986 366 986

AMBG3 AMBG6 AMBG9
389 986 

AMBG10

Basalt porphyry dykes 

38176 9665 38176 9685

FPD-03.C FPD-03-M

Picrite

353 984

R-McD
SiO; 50.60 49.58 52.20 53.20 41.10 49,56 46,97 46.36 48.03 46.98 47.36 43.10

TiO; 0.59 0.74 0.44 0.82 3.24 0.56 1.78 1.79 1.71 1.31 1.54 0.59

AI2O3 17.08 20.41 21.33 22.01 10.64 18.71 11.97 1506 12.71 19.15 15.85 6.04

FeO 9 81 6,59 4.53 6.06 22.50 6.40 14.00 10.80 14 22 9.63 11.21 11.34
MnO 0.20 0,13 0,08 0.07 0.24 0.10 0.21 0 16 0.21 0.15 0.16 0.16
MgO 6.73 4,44 4,20 2.68 6,31 581 5,80 6 58 6.71 6 30 7,37 33.06
CaO 6.84 13.29 13,42 11,09 10,92 13,56 12.20 11.89 11.45 13.39 12,43 4.65
K2O 3.19 3.01 0.16 0,20 4.09 4.78 5.55 5 47 3.69 0.16 0.78 0.64

N a jO 1,19 0.16 2.90 3.46 0,14 0.20 0.43 0 5 3 0.23 1.77 1,72 0.08

P 2O 5 0.16 0.11 0.02 0.05 0.06 0,07 0.09 0,15 0.09 0.09 0.11 0.04

Total 98.40 98.46 99.28 99.64 99.23 99.75 99.00 98.79 99 05 98.94 98.54 99.70

Nb 6 1 1 1 2 3 3 4 6 4 2 1 1
Zr 135 30 11 16 29 41 36 61 133 53 72 81 25
Y 32 11 4 8 7 10 7 15 19 11 20 23 6
Sr 375 421 359 409 482 266 380 273 367 309 251 225 66
U 7 2 1 1 1 2 2 2 2 2 1 1 1

Rb 33 7 2 3 3 10 6 17 11 8 5 27 1
Th 5 2 1 1 1 1 3 2 1 1 1
Pb 20 5 1 1 1 1 1 1
Ga 21 19 15 17 19 18 19 19 18 17 15 15 5
2 n 106 35 71 24 34 93 24 62 64 86 151 434 53
Cu 4 82 99 65 72 171 50 36 121 208 158 251 60
Ni 461 503 52 11 7 15 39 53 111 73 84 100 1852
Co 42 29 63 17 41 31 42
Cr 570 299 3 181 23 84 149 81 249 91 239 288 2482
V 214 227 212 150 220 1283 134 419 245 531 312 414 133

Ce 78 21 3 2 6 9 5 12 26 12 6 9 3
Nd 49 17 3 3 4 7 4 10 16 7 4 6 5
Ba 292 56 65 60 116 70 57 79 111 99 16 66 5
La 67 4 4 1 3 4 3 4 10 4 2 2 1
S 106 20 5 4 4 5 4
Hf 3 5
Sc 39 11 54 39 43 41 42
As 3 3 0.5

La 39.02 2.80 2 32 2.34 1.38
Ce 80,01 5.85 7.46 8.44 4.16
Pr 11,49 0.90 1,42 1.55 0.70
Nd 48,70 4.48 8 13 9.1 3.63
Sm 10,66 1,31 2,69 3.02 1.09
Eu 1,85 0,77 0 9 9 1.15 0.38
Gd 9.35 1.58 3.03 3.62 1.26
Tb 1.27 0,25 0.58 0.68 0.20
Dy 6.29 1,44 3.39 3.94 1.26
Ho 1.15 0.30 0.68 0.78 0,25
Er 2.99 0,78 1.84 2.13 0,68

Tm 0,38 0.10 0 33 0.33 0,10
Yb 2,43 0,64 1.55 1.81 0.60
Lu 0,36 0 0 8 0.23 0.26 0.09

# s determined at the Centre d'Analyses Mindrale. University o f Lausanne. Switzerland



Table 5.4. Age corrected Sr, Nd and Pb isotopic ratios from rocks formed during the felsic phase o f  Palaeocene igneous activity, Isie o f  Rum See Appendix 2 for measured isotope values.

Sample GPS
(UKGndNM)

«^Sr/«®Sr
(60.5Ma)

2 S E Sr (ppm) Rb (ppm)
(60.5 Ma)

2S.E. Nd (ppm) Sm (ppm) 2 0 6 p b /2 0 4 p b  

(60 5Ma)
2S.E. 2 0 7 p b /2 0 4 p b

(60.5Ma)
2S.E. 2 0 8 p b / 2 0 4 p b

(60.5Ma)
2S.E, U (ppm) Th (ppm) Pb (ppm)

Basaltic inclusions and Margins 
NMZ-AM-BM 38811 98560

to the Am Mam Intrusion breccia and the rhvodacites
0.711375 0,000013 299 27 0.511994 0 000009 17 5 18.327 0 002 15468 0 002 37,583 0.004 0 4 5

NM2-AM-02 38220 98449 0.714717 0 000012 274 38 0.512093 0 000006 23 6 18.169 0 002 15.384 0 002 38.336 0 005 0 4 20
NMZ-CDCM-1-1 (Troll) NMZ 0.702923 0 000900 269 42 0.512807 0.000016 21 5 18370 0 002 15410 0 002 38.100 0 004 1 3 24
NMZ-CDCM-1-2 (Troll) NMZ 0.702969 0 000600 274 45 0,512657 0.000016 24 5 18.320 0 002 15.420 0.002 37.960 0 004 1 4 16
SMZ-iRDP-BM 38455 93551 0.710152 0 000012 272 18 0,512100 0.000006 21 5 16.371 0 002 15.094 0 002 37.671 0 005 1 2 3
SMZ-R-iRDPv-B
SM2-R-ME-8#

3823 9348 

39326 93104

0.714269
0721672

0,000013 

0 000006

270
417

35
119

0,512047
0,511181

0.000048 

0 000006

23
35

5
7 18 181 0 003 15.587 0.003 37.399 0.003 2 10 12

SMZ-R-ME-10# 39326 93104 0.711050 0 000007 309 31 0.511954 0.000004 22 6 17.049 0.002 15.272 0 003 37.988 0 003 0 3 5
SMZ-R-ME-11 # 39366 92977 0.703618 0.000010 286 56 0,512072 0 000006 26 6 17.428 0 002 15,418 0 002 38.489 0 0 0 2 1 4 6
SMZ-AMG-1 38511 92482 0.716781 0 000011 302 96 0,511345 0.000006 26 6 15.710 0 004 14.989 0 003 37.039 0 009 2 5 6
SMZ-AMG-01 (repeat) 0.717045 0 000013 302 96 0,511377 0 000007 26 6 15.942 0 0 10 15.072 0 0 1 2 37.538 0.014 2 5 6
Early maflc In tru ito n t along the Main Ring FauN (wtth gnataa ciaats) 
MRF-GnB-4 3953298273 0.711354 00 00 01 3 455 82 0.511633 0.000006 37 7 17.111 0 0 13 15.243 0 0 1 6 37.697 0 0 1 6 2 7 9
MRF-GnB-1 39442 96368 0.712976 0 000014 450 77 0.511546 0 000015 42 6 17.706 0 0 15 15.445 0 0 1 5 37.673 0 0 1 7 1 9 9

Am Mam-tvoe intrusion breccia matrix
NMZ

NMZ-AM-06 38755 98604 0.714444 0 000012 475 85 0.511589 0 000600 36 6 18.392 0 002 15,504 0 002 37.985 0 004 2 6 20
NMZ-AM-07 38739 98596 0.714050 0 000014 502 82 0.511590 0 001600 38 5 18.527 0 003 15.512 0 303 37.882 0 006 2 6 14
R-AMGM-TLH
SMZ

Sfw<Z-AM-03

3855 9861 0.713466 0 000012 455 82 0.511518 0 000600 31 5 17945 0 003 15.405 0.003 38.065 0 007 2 5 17

36996 92942 0.714618 0 000013 330 59 0.511510 00 00 70 0 39 6 17.362 0 003 15.252 0 0 0 3 37.778 0 006 1 5 8
SM2-AM-04 38996 92942 0.714581 0 000015 337 63 0.511463 0 000600 28 6 17.245 0 005 15.252 0 005 37.797 0 006 1 5 8
SM2-AM-05 38217 92353 0,712185 0 000005 505 74 0.511590 0 000006 41 6 17 941 0 002 15.418 0.002 37.440 0 005 2 5 10
SMZ-AM-13# 39333 93069 0712483 0 000009 514 74 0-511357 0 000008 37 6 17,675 0 002 15,321 0.003 36.865 0.003 2 8 9
SMZ-AM-14# 39326 93104 0,713663 0 000005 347 67 0.511478 0.000008 37 7 17,313 0 002 15,360 0 002 38.125 0 002 1 9 9
ROP-llke margin to  Am Mam 
NMZ-AM-RDPL 3881 9856 

NMZ-AM-RDPLM 38811 98S60

0,713769
0.713684

0 000013 

0 000013

189
177

96
98

0.511309
0.511337

0.000700 

0 000007

46
42

7
8

n.d. 
16 806 0.001 15,163 0.001 37.814 0 004 1 7 9

SMZ-R-RDP-Mg# 39326 93104 0,711425 00 00 00 9 309 67 0.511383 0 000005 36 6 17.546 0 003 15.451 0.003 37.326 0.003 1 6 8

Rhvodacite 
NM2-RDP-AM-05 
NMZ-STLH (Troll)

38220 98449 

NMZ

0,714488
0,714121

0 000012 

0.000600

195
226

101
69

0 511285 
0.511258

0 000600 

0 000016

42
43

7
6

n.d. 
15 740 0 003 14.970 0.003 37.720 0 003 1 5 12

NMZ-UDPN (Troll) NMZ 0,713516 0 000600 237 89 0.511264 0 000016 42 7 16 100 0 003 15.110 0 003 38.190 0 003 1 5 14
SMZ-R-04-iRDP-1 38407 93736 0,713925 0 000012 243 81 0.511334 0 001300 45 7 16976 0 002 15.210 0 002 37.619 0 005 1 5 8
SMZ-R-04-iRDP-2 36285 93437 0,712555 0 000012 250 71 0.511295 0 000700 50 7 15914 0 003 15.001 0.003 37.526 0 008 1 5 9
SMZ-RDP-12-BNS 39659 94028 0,714377 00 00 01 3 208 98 0,511284 0 000700 43 7 15.798 0 003 14.979 0 003 37,543 0 0 0 7 1 5 11
M tero^rlll
BNS grourxlmass 
BNS 5 core 
BNS 5 rim 
BNS 6 core 
BNS 6 rim 
BNS e rK  lave

39659 94028

39660 94028

39661 94028

39662 94026

39663 94026

39664 94026

0.714112
0.714025
0.714054
0.714133
0.714004
0.709652

0 000100 

00 00 02 2 

0 000019 

0  000013 

0.000014 

0  000592

38
518
371
320
295

3

84
2
3
3
3
19

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

G ran ite
R-WG 1 346 986 0.713734 0 000015 185 99 0.511700 0 000080 62 12 16.832 0.003 15.174 0 003 37,846 0.003 1 7 13
R-WG3 346 986 0.714262 0 000010 106 133 0.511774 0 000070 31 7 17.427 0 002 15.373 0.003 38,186 0.003 1 9 13
R-WG 6 346 986 0.713313 0 000013 99 118 0.511750 0 000070 44 10 17.248 0 002 15,251 0 002 37,877 0.002 1 9 17
NMZ-LLG-1 36666 99376 0.714153 00 00 01 2 203 109 0.511293 0 001300 48 9 16.265 0001 15.066 0.002 37,704 0.004 1 6 10
SMZ-PG-02 37904 92318 0.713564 0 000015 171 109 0.511664 0.000600 39 7 16.078 0 002 15.050 00 02 37,485 0.005 1 6 13
SMZ-PG-03 37699 92390 0.711107 0 000012 504 55 0.511329 0 001100 18 4 17.357 0 002 15.199 0 002 38.336 0.004 1 6 11
# s Samples analysised at the Department of Minerak>gy. University of Geneva, Switzerland (Troll) = data from TroH et a l. 2004 and unpublished Nd data



Table S.5. Age corrected Sr, N d and Pb isotopic ratios for mafic and ultrabasic rocks as well as Lewisian gneiss from the Isle o f  Rum. See A ppendix  2  for measured isotope values.

Sample GPS
(UK Grid NM)

®'Sr/®'Sr
(60.5Ma)

2 S.E, Sr (ppr

Coarse Gabbro (within the Am Mam)
R-AMGB-1 # 3856 9860 0,710204 0.000009 421
NMZ-AMGB-1 38548 98617 0.709984 0.000013 359
NMZ-AMGB-2 38557 98617 0,710082 0.000012 409
R-AMGB-02 (repeat) 0,709418 0.000013 409
R-MGAM-WAM-GB 38S4 9861 0,709900 0.000014 482

Mafic norobyrv dykes (oost felsic ohase ore-ultra basic obase)

■̂‘N d/"'*N d 2S.E,
(60.5 Ma)__________

Nd (ppm) Sm (ppm) ™Pb/^°‘ Pb 
___________________________ (60.5Ma)

2 S.E. ''Pb/'^^Pb
(6Q.5Ma)

2 S E 2 0 8 p b /2 0 4 p b

(60.5Ma)
2 S.E. U (ppm) Th (ppm) Pb (ppm)

7 0.511960 0.000008 4
2 0.512210 0 000012 17
3 0.511940 0.000013 2
3 0.512222 0.000014 3
3 0.511791 0.000014 4

FPD-03C 38176 9885 0,704608 0.000012 251 5 0.513053 0.000010 4
FPD-03-M 38176 9885 0.706497 0.000015 225 27 0.513104 0.000010 6
R-FPD-02 38456 98041 0,704780 0.000014 239 7 0.513078 0.000011 5
Mtore-drili
040D(7) core 38176 9885 0,703686 0.000012 125 1 n.d.
040D(7) rim 38177 9885 0.703559 0.000012 144 1 n,d.
040D(15) core 38178 9885 0.703993 0.000012 154 3 n.d.
040D(15) rim 38179 9885 0.704706 0 000017 127 7 n.d.
040D(15) rim ri 38180 9885 0.703918 0.000026 88 2 n.d.

Ultrabasic layered series (Unit-9)
R-PxG-U9 3922 9728 0,7037 43
R-P-U9 3923 9728 0.70 3883
R-A-U9 3924 9728 0.703715

Picrite dvke (P ost Ultrabasic layered scriesl
R-M9
R-McD
R-CD-Pic

353 984 
353 984 
391 979

0.702844
0.702809
0.705284

0.000012

0.000013
0.000013

0 000012 

0.000012 

0.000014

142
55

290

76
66
71

-0.513078
-0.513078
-0.513078

-0.513127
0.513127

-0.513127

18,320 0.002 15.261 0.002 38.152 0.002 0
16,339 0.005 15.230 0.005 37.769 0.006 2
15.515 0,013 15.120 0.016 37.617 0.018 2
16.669 0.013 15.175 0.016 37.996 0.018 2
16.182 0.014 15.046 0.013 38.360 0.034 2

17.802 0006 15.392 0.005 37.564 0.005 1
18.237 0.005 15.493 0.005 37.836 0.005 2

n.d.

17 000 0 094 15,290 0 064 37 618 0 094 1 1 2
17.226 0,091 15 306 0,093 37,452 0.092 1 3 2
16.944 0.069 15.256 0,071 37,432 0.071 1 2 2

17,044 0 026 15.297 0,026 37.471 0027 1 1 1
17.112 0 005 15.340 0,004 37.554 0.005 1 1 1
17.825 15.468 37.229

LewisianGneiss
R-Gn-1 #
R-Gn-01 (repeat) 
R-GN-2 
BnS-Gn-26 
SR321B (Troll)

3483 0053 
40323 93449 

336 004

0.715414 0,000013 74 247 0.511301 0.000007 54 9 30.284 0.003 16,908 0.002 38,066 0.006 1 5 27
0.715537 0,000013 55 207 0.511411 0.000007 54 14 31,018 0.005 16.880 0.008 36.869 0.010 4 17 15
0.715414 0 000007 385 34 0.511296 0.000007 49 11 13.690 0 002 14.687 0.002 37.819 0.002 7 9 6
0.719941 0.000012 35 378 0.510482 0.000013 60 13 14,431 0,007 14.709 0.009 39,083 0.010 5 21 26
0,718560 0.000013 72 215 0.511353 0.000010 41 9 13,950 0.008 14.560 0.008 36.960 0.010 5 21 20

# = Samples analysised at the Department of Mineralogy, University of Geneva. Switzerland. -  values approximated from Palacz (1985), Upton (2002).
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CHAPTER 6 -  ARDNAMURCHAN CRUSTAL 

CONTAMINATION OF CONE SHEET MAGMAS

6.1 Introduction

Following on from the work on the Isle of Rum reported in the previous chapters, 

investigations to further constrain and build up a detailed picture of the style and 

nature o f crustal contamination at other igneous centres in the North Atlantic Igneous 

Province sited on different crustal terranes was undertaken. A selection o f composite 

intrusions and samples from the central gabbro bodies of the Ardnamurchan igneous 

complex, as well as local Moine metasedimentary country rocks were collected and 

analysed for Sr, Nd and Pb isotopes to define the role of crustal contamination at this 

Palaeocene igneous centre. This chapter builds on the earlier work by Geldm acher et 

al. (1998, 2002) who conducted extensive major, trace and rare earth element work 

on the Ardnamurchan cone sheets (over 40 samples). Geldm acher and co-workers 

also presented a small number of Sr, Nd (Geldmacher et al. 1998) and Pb 

(Geldmacher et al. 2002) isotope data points from five of the cone sheets o f Centres 2 

and 3 and one local M oine country rock sample. The work presented in this chapter 

aims to test and further quantify the role of the underlying crust in the formation and 

evolution of the Ardnamurchan magmatic system by producing a more extensive 

isotopic data suite. M ajor and trace analysis in this study is purely representative 

given the detailed and extensive investigations recently undertaken by G eldm acher et 

al. (1998,2002).

The peninsula of Ardnamurchan is the most westerly point of the British mainland 

and belongs to the British-Irish Palaeocene Igneous Province (Fig. 6.1). This deeply 

eroded igneous complex intrudes Proterozoic metasediments ('Moine schists') and a 

thin overlying cover of Mesozoic sediments. The igneous complex is divided into 

three different centres (Richey & Thomas 1930), and is mostly composed o f gabbro, 

dolerite and numerous cone sheets, many being composite in nature. The distinctive 

circular-shaped igneous intrusions of Ardnamurchan (Fig. 6.2) have been considered 

as ring-dykes by Richey & Thomas (1930); while Richey (1932) went on to note the
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occurrence of these structures throughout the province. These cyUndrical sheet 

intrusions develop at subvolcanic levels due to the ascent of magma along steep 

outward-dipping ring fractures. For example, the Ardnamurchan Great Eucrite (Fig. 

6.3) is referred to as the classic example of a wholly complete mafic ring-dyke 

(Wager & Brown 1968; Woodcock & Strachan 2000; Bell & Williamson 2002). 

Voluminous extrusive surface deposits or breccias similar to those described from the 

Rum Centre {Chapter 3) were, however, not recognized by early investigations. The 

Ardnamurchan igneous complex has historically been divided into three different 

centres (I, II & III), each defined by a different focal point of emplacement (Fig. 6.3) 

which migrated through time (Richey & Thomas 1930). The clastic rocks of 

Ardnamurchan Centre 1 (Fig. 6.3) have previously been interpreted as vent-filling 

agglomerates (Richey 1938).

However, the Ardnamurchan centre has recently received much attention leading to 

some reinterpretation of the findings from earlier investigations. Brown (2003) and 

Brown & Bell (2006, 2007) have investigated the early surface and magmatic 

expressions of Ardnamurchan Centre 1. They concluded that the large accumulations 

of clastic rocks, e.g. around Ben Hiant (Fig. 6.4) and Achateny, formed by surface 

processes acting on a dissected landscape in response to the shallow emplacement of 

the Ardnamurchan igneous complex. Also, the intrusion dynamics of the main 

gabbroic bodies (Centres 2 & 3) have been investigated by O ’Driscoll et al. (2006). 

This recent work has brought the original structural interpretation of mafic ring dykes 

(Richey & Thomas 1930, Richey 1932) into question. It is now suggested that the 

large gabbro bodies belonging to Centres 2 and 3 are shallow intrusive lopoliths of 

overall funnel-shape geometry that have succumbed to central subsidence during and 

post emplacement. O ’Driscoll et al. (2006) argue that this brings into question the 

actual presence of the three distinct and individual foci of activity, which shifted 

throughout the development of the Ardnamurchan complex during the Palaeocene 

(Fig. 6.3). However, for the purposes of this study the original terminology of Centres 

I, II and III (Richey & Thomas 1930) will be retained until a new convention is fully 

defined.
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6.1.1 Geological setting

The Ardnamurchan igneous centre intrudes Proterozoic metasediments, the Moine 

schists of the Northern Highlands Terrane (Fig. 6.1), which are in turn overlain by a 

thin sequence of M esozoic sediments (Fig. 6.3, 6.4). The M oine metasedimentary 

sequence of the Northern Highlands is underlain by the Lewisian gneiss complex of 

the Hebridean Terrane in this region of North W est Scotland. The nearby M oine 

thrust zone separates these two distinct terranes (Fig. 6.1), located just to the west and 

north of Ardnamurchan (Bott et al. 1973). Several kilometres thickness for the Moine 

metasedimentary rocks has been suggested by M orrison et al. (1985). On the basis of 

seismic studies it is believed that the boundary between the M oine metasedimentary 

rocks and the Lewisian gneisses lies at relatively shallow levels beneath 

Ardnamurchan (Bott et al. 1973). The Lewisian gneiss in this region of Scotland has 

previously been divided into a thick granulite-facies unit in the lower crust that is 

overlain by an amphibolite-facies unit in the mid- to upper-crust on the basis of 

geochemical and geophysical studies (Dickin 1981; W eaver & Tarney 1981). Seismic 

data from central Scotland, 150 km east of Ardnamurchan, indicates that the 

transition between amphibolite- and granulite-facies rocks may lie at depths between 

6 and 14 km (Bamford et al. 1977). However, recent work by Kinney et al. (2005) 

and Park et al. (1994, 2002) have highlighted the terrane-like structure of the 

Lewisian gneiss of Northwest Scotland providing a more com plicated crustal 

structure than the simple two metamorphic facies models (e.g. Dickin 1981).

Centre 1 of the Ardnamurchan igneous complex, the oldest centre (Fig. 6.3), is 

dominated by a suite o f tholeiitic basalt, andesite pitchstone and dolerite cone sheets 

as well as clastic materials (Richie & Thomas 1930). These clastic rocks comprise 

conglomerates now believed to have a debris-flow origin, interbedded with fluv ial- 

lacustrine units, which are thought to have developed on a dissected landscape during 

the onset o f volcanic and intrusive activity associated with Centre 1 (Brown & Bell 

2006). Radially diverging dips of the Jurassic strata around the margins of the 

Ardnamurchan Complex provide a link between the early doming of the landscape 

around Ardnamurchan during the Palaeocene and the intrusion of the igneous 

complex (Bell & W illiamson 2002). Brown & Bell (2007) argue that the shallow 

em placement of magmas had a direct, near-synchronous, effect on the overlying 

landscapes development resulting in local sites o f erosion and deposition. The debris-
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flow conglomerates and related deposits are cut by later cone sheets of Centre 1, 

followed by the emplacement of the intrusive rocks belonging to Centres 2 and 3.

The main intrusions of Centres 2 and 3, however, are composed of gabbro and 

dolerite, which make up the majority of the exposed central complex (Fig. 6.3). The 

largest is the Great Eucrite (Richey & Thomas 1930; O ’Driscoll 2006), which makes 

up about 70% of Centre 3 and covers an area of about 10 km . Minor intrusions of 

more evolved rocks (monzonite, tonalite) can also be found (Richey & Thomas 

1930). Numerous mafic cone-sheets and minor intrusions (Fig. 6.3, 6.5) were 

emplaced throughout the lifetime of the igneous complex. These dykes and cone 

sheets represent both some of the earliest and some of the last stages of magmatism at 

the Ardnamurchan Complex. The cone sheets range in thickness from cm to metre 

scale, and are mostly basaltic in composition along with some notably more evolved 

intrusions (Gribble 1976; Geldmacher a/. 1998).

The cone sheets can be grouped into an inner and an outer suite relative to the large 

gabbroic intrusions of Centre 3, which cross-cut the latter (Fig. 6.3). The outer cone- 

sheets are inclined at angles of about 30° and intrude into Proterozoic Moine 

metasedimentary rocks, Mesozoic sediments and the early Palaeocene lavas (Fig. 

6.3). In contrast, the inner suite dips with angles of ~ 70° and cut the dykes of Centre 

2 (Richey & Thomas 1932). Thus, the inner suite post-dates many of the outer dykes 

and therefore the two cone-sheet suites represent different stages; an older outer suite 

with shallower inclination and a younger inner suite with a steeper dip. It has been 

suggested that all the cone-sheets originate from a central source at depth (Anderson 

1936; Phillips 1974) possibly 2 to 3 km below the present land surface of 

Ardnamurchan (Richey & Thomas 1930). However, geochemical investigations by 

Holland & Brown (1972) and Geldm acher et al. (1998) on the cone-sheets found no 

relationship between the spatial distribution of the cone-sheets and their chemical 

composition. Composite cone-sheets containing both mafic and felsic magmatic rocks 

side by side are common; generally with mafic rocks forming the rims and more 

felsic rocks the core regions of each intrusion (Fig. 6.4, 6.6, 6.7). M agma mixing is 

often observed within these dykes (Fig. 6.7). Detailed work on the origin and 

em placement of the cone-sheets and minor intrusions of Ardnamurchan has been
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carried out by Le Bas (1971), Phillips (1974), Geldmacher et al. (1998, 2002) and 

M athieu (2006).

6.2 Sampling and analytical techniques

Numerous cone-sheets of both the inner and the outer suites are com posite in nature 

(e.g. Fig. 6.4, 6.6, 6.7, 6.8). These were analysed from the region to the south of 

Centre 2 and around Kilchoan Bay (Fig. 6.3), where exposure along the coastal 

sections was generally very good. Samples were also obtained from the large gabbro 

mass belonging to Centre 3 (Fig. 6.3) and the local Moine metasedim entary rock.

The intrusions were sampled with particular care to avoid observable alteration. 

W hole rock major and trace element data were determined by X-ray fluorescence 

spectroscopy (XRF) on fused glass tablets and powders on a Spectro X-Lab EDP 

XRF at the University of St. Andrews, Scotland. Sr, Nd and Pb isotope analyses w’ere 

conducted at the Scottish Universities Environmental Research Centre (SUERC), 

East Kilbride. All of the isotope values were age corrected to 59 Ma after an Ar-Ar 

age of 59.05 Ma obtained by Chambers (2000) for the Great Eucrite, Centre 3. Age 

correction was calculated using elemental concentrations determined from the XRF 

data and by inductively coupled plasma mass spectrometry (ICP-M S) using an 

Agilent 7500 CE, at the Scottish Universities Environmental Research Centre 

(SUERC), East Kilbride, Scotland (see Chapter 2 for details o f all analytical methods 

used in this chapter). Sec Appendix 2 for all measured isotope values.

6.3 Results

6.3.1 Major and Trace element geochemistry

The chemical analyses of a selected group o f cone-sheets, composite cone-sheets and 

a sample from the local Moine country rock, as well as the sampling sites are 

presented in Table 6.1 & 6.2. Most of the analysed cone-sheet margins have tholeiite 

basalt compositions (see also Geldm acher et al. 1998), while there is a range of
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intrusion compositions from basaltic to andesitic (49.41 -  62.83 wt% Si02) when 

plotted onto a TAS diagram (Fig. 6.9).

Figure 6.10 shows variation diagrams o f major-element oxides versus S i02 for the 

selected group of sampled cone-sheets (compare with Geldmacher et al. 1998 for a 

more extensive major and trace element sample set). The most primitive samples 

have MgO contents o f ~ 7 wt% but show a range o f values down to 1.7 wt%. Silica 

varies within the basaltic range from 47.02 -  50.55 wt% and CaO between 5.65 - 

11.97 wt%. The alkali elements also show strong variations within the primitive 

samples (e.g. K2O: 0.18 -  1.65, Na20: 2.08 -  3.39) and the content o f FeOt decreases 

from 15.83 to 5.58 wt% with decreasing MgO. A gabbro clast (GCi-5) from a 

xenolith-rich dyke west o f Kilchoan [NM 46142 62304] has a vastly different 

chemical composition to its host mafic matrix (see Fig. 6.8) even though both have 

similar concentrations of S i02  o f around 50 wt%. These gabbro clasts may represent 

cumulate rocks, the produce o f fractionation (containing high levels o f Ca and Al 

while having reduced Fe, Mg and Ti) resulting in plagioclase rich rocks. W hile the 

most evolved sample (which is also a composite intrusion) Cpi-21 has 62.83 wt% 

Si02, it has a very different chemistry to its mafic margin, Cpi-20 (Fig. 6.10, Table 

6.1). Figure 6.11 shows selected trace element variation diagrams. In all the samples 

measured there is a characteristic increase in Rb, while Sr shows a decrease, with 

increasing Si02. For Zr, Ba, Ce and Nb there is a general decrease in concentration 

with increasing SiO i, however, the intermediate sample Cpi-21 shows a marked 

increase o f these elements. On a Nb vs. Zr plot the entire sample suite plots on to a 

straight line through the origin, pointing towards a possible genetic connection for 

these differing rocks, while on other plots e.g. Rb vs. Sr, Y vs. Zr and T i02 vs. Zr 

there appears to be little to no connection between the components o f the composite 

intrusions sampled (Fig. 6.11, Table 6.1).

6.3.2 Isotope geochemistry

Sr, Nd and Pb isotopes for selected cone sheet samples, the central gabbro intrusions 

and the local M oine country rocks are presented in Table 6.2. Also shown in this 

table are sampling sites and orientation o f the selected intrusions. All isotope data 

were age-corrected to 59 Ma (cf. Chambers 2000). Due to the limited number o f age 

data available for the Ardnamurchan complex this date is currently thought to most
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accurately reflect the timing o f the intrusions. The date obtained by Chambers (2000) 

comes from the Great Eucrite (Gabbro) of Centre 3 and matches well an unpublished 

U-Pb date of 58.6 +/- 0.2 Ma, obtained by Hamilton from a tonalite in Centre 3 

(quoted in Emeleus & Bell 2005). The isotope results are plotted in figures 6.12, 6.13, 

6.14. In all diagrams the size of the data symbols is larger then the associated 

analytical error. The age corrections for the measured isotope data are in general 

very minor and any discrepancy or error from uncertainties in the actual age of 

emplacement or trace element concentrations have a negligible effect on the overall 

positions in isotope space and thus the petrogenetic interpretations and conclusions 

presented below. See Appendix 2  for details of the measured isotope data.

The rocks sampled show a wide range of values but commonly have highly 

radiogenic *^Sr/*^Sr signatures relative to Bulk Earth and M ORB-like values (Fig. 

6.12, Table 6.2). The sampled cone sheets tend to be enriched to strongly enriched in 

radiogenic *^Sr/^^Sr (0.7046 - 0.7149; Fig. 6.12) and show a range o f '"’‘̂ Nd/'^"^Nd 

isotope values (0.5114 - 0.5129) with a displacement of the samples away from 

M ORB-like values (cf. Chapter 5, Geldm acher et al. 1998; Upton et al. 2002). 

Displacement towards crustal compositions of both Moine metasedimentary rocks 

and Lewisian gneisses is apparent (see Fig. 6.12). The most primitive samples (MgO 

>4.0%) have the lowest *’Sr/*^^Sr isotope ratios ~ 0.7050 and the highest '"''^Nd/''*"‘Nd 

isotope ratios of about 0.5129 - 0.5121. In contrast, the most evolved rhyolitic rocks 

(e.g. Ard-M ing-4 & 5) have *’Sr/**^Sr isotope ratios as high as 0.7149 and have 

'"'■^Nd/''*‘̂ Nd isotope ratios as low as 0.5118 (Fig. 6.12, Table 6.2). There appears to be 

linear trends from primitive cone sheet basaltic margin samples, to lower '"’^Nd/'^^'Nd
87 86and higher Sr/ Sr in felsic cores of the com posite intrusions. There are at least two 

distinct trends visible within the plotted data (Fig. 6.12). The Ardnamurchan M oine 

psamm ite has a ^^Sr/^^Sr ratio of 0.7365 with a low '"‘̂ Nd/''^'‘Nd isotope ratio of 

0.5112. This sample of M oine metasedimentary rock, from the foreshore close to 

Kilchoan (Fig. 6.3), is of a similar isotopic character to the sample of G eldm acher et 

al. (1998) from further east along the Ardnamurchan coast. Both of these samples
87 86have, however, higher Sr/ Sr isotope ratios than those observed from the M oine 

metasedimentary rocks sampled from the Isle o f M ull (Fig. 6.12; also see Chapter 7).
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All of the igneous intrusions sampled from Ardnamurchan also show a wide range of 

Pb isotope compositions between the various rock types analysed: *̂̂ P̂b/“̂ Pb  (15.233 

- 18.021), ^°^Pb/-“̂ Pb (14.952 - 15.488), ^°^Pb/“°^Pb (35.032 - 38.039) (Fig. 6.13, 6.14 

& Table 6.2). Several of the sampled rocks cluster around mantle-like values in Pb 

isotope space (cf. Ellam & Stuart 2000; Upton et al. 2002; Chapter 5). There are a 

number of the intrusive Ardnamurchan rocks which are displaced in a linear array 

away from mantle-like compositions and towards the large field for granulite-facies 

Lewisian gneisses (cf. Dickin 1981), while others show linear displacement towards 

the local Moine metasedimentary rocks (Fig. 6.13, 6.14). The Pb isotope data 

complement the **̂ Sr/*̂ Sr and '''^Nd/’‘*‘̂ Nd results in supporting substantial Lewisian 

gneiss and underling Moine metasedimentary crustal enhancement for the intrusive 

rocks of the Ardnamurchan igneous complex.

6.4 Discussion

6.4.1 Major and trace elements

The cone-sheets of Ardnamurchan are mainly tholeiitic to transitional basalts with a 

few showing andesitic components. Geldmacher et al. (1998) analysed a much larger 

data set of cone sheets and composite intrusions that showed a range of compositions 

from basaltic to rhyolitic. Geldmacher et al. (1998) noted that general mineralogy and 

texture of the Ardnamurchan cone sheets was similar to the cone-sheets of Skye 

described in detail by Bell et al. (1994).

Composite intrusions with a basaltic margin (e.g. Cpi-20) and andesitic cores (e.g. 

Cpi-21) show very different compositions. In most of the Harker diagrams (Fig. 6.10) 

the andesitic cores of composite intrusions fall on a mixing line between the marginal 

basalt and the Moine country rock, which concurs with the isotope data (Table 6.2, 

Fig. 6.12) that support an incorporation of crustal material (~ 10%). The mafic 

marginal material is very similar in composition to the basaltic porphyry cone sheet 

Pi-2. While these have different locations and differing orientations (see Table 6.2; 

132/90 vs. 175/45 W), the geochemical similarity is also reflected in the isotope data 

(Fig. 6.12). The basic margins of the composite intrusions would appear to be very
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similar to the basaltic cone sheets from this sample set and conform to similar data 

obtained by Geldmacher et al. (1998).

Of note is a dyke-like intrusion that consists of a basaltic matrix (sample GCi-2) that 

entrained numerous large gabbro clasts (sample GCi-5), that are up to 30 cm across 

(see Fig. 6.8). The gabbro is geochemically distinct from its basaltic host in both 

major and trace element plots (Fig. 6.10, 6.11) and the two rock types are not directly 

related. This is also highlighted in the isotope data (Fig. 6.12). The gabbro has 

potentially been incorporated and transported from depth (see Chapter 3) and gives 

an indication of gabbroic rocks from mid- to upper-crustal levels not presently 

exposed at the Ardnamurchan surface. The isotope data for this gabbro clast sample 

show it to be much more contaminated by Moine metasediments than the gabbro 

body of Centre 3 (Fig. 6.12). Therefore, these gabbro clasts may present a window 

into deep magmatic processes and evidence for highly contaminated magmatic fluids 

not represented at the current exposure level, similar to the coarse gabbros hosted 

within Am Mam-type intrusions breccia on the Isle of Rum, see Chapter 3.

Holland & Brown (1972) and Geldmacher et al. (1998) found no chemical distinction 

between the outer and inner cone-sheet suites relative to the central gabbro intrusions 

(Fig. 6.3). However, Geldmacher et al. (1998) showed that the Ardnamurchan cone- 

sheets can be grouped into two units with respect to their MgO contents. He found 

that the primitive samples with >4.6% MgO have slightly enriched rare earth element 

patterns (with (La/Sm)”̂ of 1.1), while the more evolved rocks with <4.6% MgO 

show a distinct enrichment in light rare earth elements (with (La/Sm)'^ up to 2.9). 

Geldmacher et al. (1998) suggested that the intra-suite compositional variations for 

the basaltic cone-sheets can be explained by crystal fractionation of mainly olivine 

and clinopyroxene at depths of around 10 km (cf. Thompson 1986).

The most primitive samples resemble and have a very similar chemical composition 

to the Central Mull Tholeiite suite (Kerr 1995a; Chapter 7), which is one of the late- 

stage lavas from the neighbouring Isle of Mull with potentially similar timing of 

eruption to the Ardnamurchan cone-sheets (Geldmacher et al. 1998; Chambers & 

Pringle 2001).
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6.4.2 Radiogenic Isotopes

The isotope plots for Sr, Nd and Pb show varying levels of crustal contamination 

(Fig. 6.12, 6.13, 6.14). A binary mixing line between a mantle-like proxy, picrite 

dykes sampled form the Isle of Rum (see Chapter 5; Upton et al. 2002), and the 

Lewisian gneiss sampled from the Isle of Iona (see Chapter 7) seems to produce a 

reasonable fit for the majority of the data points from the analysed suite (Fig. 6.12). 

The Sr, Nd and Pb data obtained by Geldmacher et al. (1998, 2002) are also plotted 

onto the isotope diagrams for comparison (Fig. 6.12, 6.13, 6.14). The isotope data 

obtained by Geldmacher et al. (1998, 2002), specifically the mafic and intermediate 

cone sheet compositions, also have a good fit with the binary mixing lines determined 

for the samples from this study (Fig. 6.12). Although Lewisian gneiss is not exposed 

at the surface on the Ardnamurchan peninsula it is a dominant initial contaminant, 

showing 5 to ~ 30% crustal incorporation into migrating mantle-like magmas, 

confirming and expanding upon the earlier proposition by Geldmacher et al. (1998). 

Gneiss is believed to lie at depth beneath the peninsula as inferred from both 

geophysical and geochemical examinations conducted around this region of North 

West Scotland (e.g. Bott et al. 1973; Geldmacher et al. 1998; Kerr et al. 1999). The 

contamination process for some of the Ardnamurchan magmas by this crustal 

lithology must therefore have occurred at considerable depth. This deep 

contamination would have enhanced the isotopic signature of the early magmas as 

they passed through, as well as ponded within, the gneissic crust. A large amount of 

the later mafic rock types sampled from the Ardnamurchan complex also seem to 

show gneiss incorporation, pointing to the development of enduring magma storage 

areas or reservoirs at deep levels (Fig. 6.15). The gneisses that underlie 

Ardnamurchan may not necessarily be identical to the gneiss exposed on Iona, 

however, it is here proposed that they are of a very similar geochemical nature and 

sufficiently different to be distinguished from the gneisses exposed on e.g. the Isle of 

Rum (see Chapter 7 for a full discussion on the geochemical signature of the various 

gneisses in north west Scotland sampled during the course of this project).

The Ardnamurchan isotope data show two distinct linear trends in **̂ Sr/̂ ^Sr vs. 

"'^Nd/'^^Nd, ^°^Pb/“°^Pb vs. '° ’Pb/-°^Pb and “̂ Pb/“°''Pb vs. '̂**Pb/^°''Pb isotope plots 

(Fig. 6.12, 6.13, 6.14). Following on from initial contamination by Lewisian gneisses 

at depth, several of the analysed samples appear to show an interaction with Moine
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metasedimentary rocks. This would have to occur in separate magma storage areas at 

shallower structural levels (Fig. 6.15). The contamination by Moine metasedimentary 

rocks correlates well with the more evolved rocks, which make up the cores of the 

composite cone sheets. The initial starting composition for the majority of the more 

evolved magmas, involved in this two step process of contamination, is similar to the 

large gabbro intrusions that make up the majority of Centre 3 (Fig. 6.3, 6.12). These 

gabbros sampled from Centre 3 show 10 -  15% contamination by Lewisian gneisses, 

in this case modelled to be of a similar isotopic composition as the Iona gneiss (see 

Chapter 7). The large gabbro body of Centre 3 makes up a large proportion of the 

aerial extent of the Ardnamurchan complex (Fig. 6.3). Therefore, it is envisaged that 

the magmas responsible for its formation, which underwent contamination at depth, 

have also played a significant role in the formation of the other rock types formed at 

shallower levels. The more evolved rocks, with high *’Sr/*^Sr ratios show 

contamination by Moine metasedimentary rocks, similar to pelites sampled from the 

Isle of Mull (see Chapter 7). There is only a limited amount of thinly bedded pelite 

exposed at the Ardnamurchan surface today which is mostly dominated by thick 

psammite successions, while in southern Mull there are large thicknesses of pelite 

preserved belonging to the Glenfinnan Division (see Chapter 7). It is suggested that 

material geochemically similar to the Moine Supergroup may exist underneath 

Ardnamurchan at intermediate crustal levels (Fig. 6.15).

The youngest intrusions (determined from cross-cutting relationships) generally show 

interaction with Moine psammite-like country rocks which are exposed on the 

Ardnamurchan peninsula. Therefore, the very youngest intrusions seem to be 

contaminated by, and have interacted with, the shallowest near-surface crustal 

lithologies.

Magma mixing would seem to have been an integral part of the igneous activity 

throughout the development of the Ardnamurchan igneous complex (Fig. 6.4, 6.7). 

Within the composite intrusions sampled the mafic rocks are consistently found at the 

margins and seem to have been dominantly contaminated in the lower crust by 

granulite-facies Lewisian gneiss. The more felsic magmas, that tend to make up the 

cores of the composite intrusions, show varying amounts of Moine metasedimentary 

incorporation as do some of the younger mafic intrusions. However, there appears to
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be a very close temporal connection between the felsic and the more mafic rocks 

(Fig. 6.4, 6.6, 6.7 & 6.8). Table 6.3 lists the samples that contain substantial Moine 

crustal components as well as the other samples which show a trend towards 

Lewisian gneisses, as previously proposed by Geldmacher et al. (1998) based on Sr 

and Nd isotope work.

To explain the amount and style of enrichment in the evolved rocks, a process of 

assimilation of crustal material along with some crystal fractionation (AFC) is 

inferred. The very low Nd isotope ratios in the mafic cone-sheet magmas imply that 

they were contaminated with more than 5% Lewisian gneiss (granulite facies) which 

produced only slight changes in the Sr isotopes (Fig. 6.12). The more evolved 

magmas assimilated additional shallower level Moine metasedimentary rocks during 

a period of prolonged fractionation and/or incorporation o f crustal partial melts to 

produce the elevated radiogenic Sr isotope ratios observed (Fig. 6.12, Table 6.2) and 

the incompatible element enrichment seen in the work of Geldmacher et al. (1998) on 

similar intrusions in this area.

6.4.3 Crustal Contamination

The arrangement and the distribution of peripheral fractures and associated intrusions 

can be linked to the mechanisms by which the main igneous centres of 

Ardnamurchan formed during the Palaeocene. Magma chamber emplacement and 

inflation has been shown to result in the formation o f radial fractures and trigger dyke 

injection as well as an expansion of a volcano’s flanks, i.e. doming (Komuro et 

a/. 1984; W alker 1999; W alter & Troll 2001). Curved concentric faults occur during 

times of magma chamber deflation, relaxation or central sagging (Roche et al. 2000; 

W alter & Troll 2001; Troll et al. 2002). M ulti-stage volcanoes can therefore be 

recognised by a network of intersecting radial and concentric structure i.e. dykes and 

faults (cf. Marti et al. 1994). In the Ardnamurchan case this can be seen, for example 

in figure 6.3 where the representative distribution of the cone sheets (cf. Richey & 

Thomas 1930; Emeleus & Bell 2005) shows a clear concentric orientation around the 

loci of igneous activity through time for Centres 1 -  3.

W ithin the sample set investigated, a range of radial dykes and concentric cone sheet 

intrusions were analysed. In Table 6.3 the analysed samples are listed in relation to
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their orientation (also see Table 6.2) relative to the Ardnamurchan igneous centres. 

The orientation o f this collection of intrusions is most probably related to the inflation 

and deflation of the various igneous Centres 1 - 3 over time. Radial intrusions have 

been inferred to be older than concentric intrusions associated with the same centre,

1.e. inflation followed by deflation of the associated magma body. Central sagging, 

for example, can be seen as the final stage recorded in the Centre 3 gabbro body 

(O ’Driscoll et al. 2006). Using this assumption as a basis, along with cross-cutting 

relationships observed in the field, a more detailed picture of the nature and style of 

crustal contamination over time at the Ardnamurchan Complex can be built up.

The composite basaltic / andesitic porphyry intrusion samples (Cpi-4, Cpi-8; Fig. 6.6) 

show some of the highest levels of granulite-facies gneiss incorporation, especially on 

the Pb isotope plots (Fig. 613, 6.14). It is interesting to note that the orientation of this 

composite intrusion indicates that it may possibly belong to Centre 1. The basaltic 

margin and the more intermediate core o f the intrusion both show a deep level of 

contamination by Lewisian-like material on the isotope plots (Fig. 6.12, 6.13, 6.14). 

However, it would appear that in general as the loci of igneous activity moved to 

Centres 2 and 3, a clear distinction developed between the mafic and felsic composite 

intrusion components (e.g. GCi-2 & GCi-5; Cpi-20 & Cpi 21; Cmi-2 & Cmi-7; Ming-

2, M ing-4 & Ming-5) and the crustal elements responsible for their contamination 

(Fig. 6.12 Table 6.3). As the Ardnamurchan complex developed, there appears to be a 

trend for the mafic margins to be contaminated by granulite-facies like crust and the 

intermediate to more felsic cores of these composite intrusions to show evidence for 

contamination by Moine metasedimentary rocks. By the time of the final phases of 

intrusion, both the mafic margins and the felsic cores of the youngest composite 

intrusions show contamination by Moine metasedimentary rocks (e.g. C p i-11 & Cpi- 

11b; Ci-1, Ci-2 & Ci-3). The intrusion Pi-3 shows interaction between mantle-like 

magmas and (10%) Moine metasediments, it is similar in geochemical com position to 

those metasediments exposed on Mull, see Chapter 7. In addition, sample CPi-21, 

which is the andesitic core of a composite intrusion, shows interaction with shallow- 

level Moine psammites currently exposed at the present day Ardnamurchan surface. 

It should be noted that the highly radiogenic Sr isotope signature o f the Moine 

metasediments may however obliterate any signature of Lewisian contamination 

within some of the mafic magmas. This can be seen and accounted for in the Pb
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isotope diagrams where samples can be seen to be dragged back towards mantle-like 

compositions due to contamination by Moine metasediments.

It would seem that the Ardnamurchan complex (Centres 1 -  3) has developed a 

complicated magmatic plumbing system (Fig. 6.15). This system migrated upwards 

throughout the lifetime of the complex (possibly on several occasions, i.e. differing 

centres of activity) and developed numerous potentially long-lived magma pockets 

and storage areas at varying levels in the crust. The data presented here imply that 

Centre 1 was supplied by magmas that originated at depth and were contaminated by 

granulite-facies Lewisian gneisses only. These early magmas potentially migrated 

rapidly through the upper crust. They did not pond for long periods of time and did 

not obtain a geochemical signature associated with the mid- to shallow-level Moine 

crustal lithologies. Intrusions sampled from both Centres 2 and 3, however, show 

evidence for a two component system with mafic magmas originally being 

contaminated at depth by gneisses followed by a migration to shallower levels and 

the contamination of these magmas by Moine metasedimentary rocks. This shallower 

level of contamination may have been accompanied and energetically driven by some 

degree of fractionation, to produce the full range of felsic rocks as noted by 

Geldmacher et al. (1998). However, magma mixing between mafic mantle-derived 

magmas and crustally derived felsic magmas is a key component in the magmatic 

evolution of the Ardnamurchan complex and can adequately produce some of the 

ranges of rock compositions sampled (see Chapters 3, 5 & 7). Of note is one of the 

composite intrusions (Fig. 6.12, Table 6.2), which shows deep level gneissic 

contamination in its mafic margin (Cpi-20) and shallow level Moine psammite 

contamination in its core (Cpi-21). The intermediate core shows no interaction with 

Lewisian gneiss material (Fig. 6.12, 6.14), potentially indicative of a high level 

magma reservoir formed by more mantle-like magmas, partially melting the local 

Moine crust, that was later intruded with mafic gneiss-contaminated magmas thereby 

triggering dyke injection (cf. Sparks 1988; Troll et al. 2004), without time for much 

equilibration or mixing. This is unlike many of the other composite intrusions which 

show an isotopic connection (plotting on two-step mixing lines) between mafic gneiss 

contaminated marginal magmas and felsic core components which show intermediate 

crustal level Moine contamination (Fig. 6.12, 6.13, 6.14). Therefore, the isotope data 

is potentially indicative of contaminated mafic magmas intruding and mixing to
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varying degrees with crustal partial melts in shallower level reservoirs. This further 

highlights the role of a complicated magma plum bing system that was active and 

interconnected beneath Ardnamurchan at differing crustal levels at the same time 

(Fig. 6.15).

6.4.4 The Ardnamurchan Centres

O ’Driscoll et al. (2006) have suggested that the notion o f distinct Ardnamurchan 

igneous centres and ring dykes (Richey & Thomas 1930; Richey 1932) may be 

incorrect. From the isotopic data presented here, Centres 1 -  3 potentially represent a 

transition as the magmatic front migrated upwards through the crust rather than 

distinct entities separated by large amounts of time. However, more dating work 

needs to be undertaken on the differing units of the Ardnamurchan igneous complex 

in order to fully establish the time correlation between the various Centres. It is here 

suggested that the rocks belonging to Centre 1 can be distinguished due to deeper 

isotopic contamination signatures. However, a more detailed study will be needed to 

specifically investigate this proposal. The varying basaltic cone sheets and composite 

intrusions sampled from Centres 2 and 3 are harder to distinguish from each other 

isotopically (Table 6.3 and 6.4). G eldm acher et al. (1998) could not distinguish or 

group these minor intrusions according to spatial distribution. However, Geldm acher 

et al. (1998) did show that the Ardnamurchan cone-sheets could be grouped into two 

units with respect to their MgO contents and that this grouping was irrespective of 

their geographical position (e.g. inner or outer cone sheet suites).

The geochemical make up o f the rocks from both Centres 2 and 3 seems to essentially 

reflect a two stage contamination process (Fig. 6.12). It is of note that the isotopic 

starting compositions for the second step of this two step contamination process, i.e. 

the contamination of the more evolved magmas at shallower crustal levels, is rather 

similar in Sr vs. Nd isotope space to the large gabbro bodies of Centre 3 (Fig. 6.12). 

The isotope data highlights that the magmas that formed the large gabbro intrusion of 

Centre 3 must have played a dominating role in the formation o f the more evolved 

rocks, some of which belong to Centre 2. The nature of the intrusions relating to 

Centres 2 and 3 are therefore more difficult to distinguish in terms o f geochemistry 

and their spatial relationships. Indeed, this new data is suggestive that Centres 2 and 3 

have more in common than previously thought.
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Table 6.3 presents the isotope data suite relative to the intrusions orientation and 

possible connections to the various Ardnamurchan Igneous Centres over time (i.e. 1 -  

3) as derived by Richey & Thomas (1930). These table could also be reconstructed 

(Table 6.4) ignoring the idea of three Centres and based purely on the level at which 

contamination occurred i.e. contamination at depth by gneisses, followed by a 

progressive younging and migration of the system to contamination by shallower 

levels of crust. Comparing these two tables reveals that Centres 2 and 3 can 

potentially be viewed as a single magmatic or contamination event, or more likely a 

potentially short sequence of several events.

However, Table 6.4 neglects field observations and therefore Table 6.3 seems to offer 

a better fit to both the isotope data and the cross-cutting relationships observed. 

Coupled with this, as can be seen on the bar chart to the right of Table 6.3 there is an 

implication of a somewhat cyclical nature to the crustal contamination signatures, 

such as a deep gneissic crustal contamination followed by shallower levels of Moine 

contamination, a cycle which seems to occur twice. There is potentially a closer 

genetic link between the centres than previously thought, due to the presence of a 

complicated plumbing system with long-lived interconnections between the various 

reservoirs and most likely closely linked in time.

6.4.5 Petrogenesis of the Ardnamurchan Complex

A model for the generation of the magmas belonging to the Ardnamurchan complex 

is proposed here:

Initial formation of mafic magmas (relatively late in the evolution of the British-Irish 

Palaeocene Igneous Province) occurred beneath a thinned lithosphere due to adiabatic 

melting of the asthenospheric mantle (Geldmacher et al. 1998). This was followed by 

the ascent of this melt into the lower crust. The decreased magma supply rate at this 

late stage of volcanism ~ 59 Ma (e.g. Chambers 2000; Chambers & Pringle 2001) 

may potentially have lead to increased stagnation of the migrating magmas in the 

lower and middle crust. The ponding of these mafic liquids caused an early 

fractionation of olivine, clinopyroxene and minor plagioclase from an initially 

tholeiitic magma (possibly slightly LREE depleted) at about 10 km depth
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(Geldmacher et al. 1998). The heat released during fractionation may have been a 

driving force for the contamination o f tlie migrating and stalling liquids by partial or 

whole rock melting o f the surrounding granulite-facies Lewisian gneisses deep in the 

crust.

Initial ascent o f magma batches to reservoirs at shallower depths (potentially 

evidence of which is preserved in the gabbro xenoliths, e.g. sample GCi-5) causes 

doming associated with extensive erosion o f the Ardnamurchan land surface (Brown 

& Bell 2007). This period of erosion is followed by the first expressions of surface 

volcanism and the intrusion of magmas that have been contaminated only in the 

lower crust. The ponding of these early mafic gneiss-contaminated magmas at mid to 

shallow crustal levels allows for partial melting of the surrounding Moine 

metasedimentary country rocks. During the migration of later stage mafic magmas, 

geochemically similar to the gabbro body of Centre 3, the various pockets of more 

evolved partial melts derived from M oine metasedimentary assemblages are intruded. 

This process of mafic intrusions into more felsic chambers potentially triggers the 

ascent of both magma types (cf. Sparks 1988; Troll et al. 2004) as well as initiating 

some mixing and mingling of these magmas during and upon their emplacement (Fig. 

6.4, 6.7).

This second phase of activity can be considered as semi-continuous with magma 

batches interacting with higher levels of crustal partial melts, thereby sampling 

differing crustal lithologies on ascent (Fig. 6.15). There appears to be a closer 

connection between the magmas of Centres 1, 2 and 3 than previously thought. In 

fact. Centres 2 and 3 may indeed be different aspects of the same or very closely 

linked magmatic events.
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6.5 Conclusions

The minor intrusions of Ardnamurchan record evidence for a complicated magma 

plumbing system located beneath this igneous complex during the Palaeocene.

Magma mixing would seem to have been an integral part of the igneous activity 

throughout the development of the Ardnamurchan igneous centres. The occurrence of 

composite intrusions with basaltic margins and more felsic andesitic to rhyolitic cores 

highlights the existence of magma reservoirs, of varying composition, underneath 

Ardnamurchan and evidence for liquid-liquid mixing imply that these melts were 

actually molten at the same time and ascended together.

The majority of the cone sheets and a large potion of the Ardnamurchan igneous 

complex underwent a two-step crustal contamination process.

Within the composite intrusions sampled the more mafic rocks, which are 

consistently found at the margins, are dominantly contaminated in the mid- to upper- 

crust by a granulite-facies Lewisian gneiss-like material, geochemically resembling 

the gneisses exposed on Iona (see Chapter 7). The more felsic magmas, found in the 

core of the composite intrusions, show varying amounts of upper-crust Moine 

metasedimentary incorporation as do the youngest mafic intrusions.

As the Ardnamurchan complex developed, the different Moine lithologies acted as 

major contaminants to mantle-like magmas some of which had already been 

enhanced by interaction with Lewisian gneisses at depth. The igneous rocks sampled 

provide a probe into the deep crustal structure beneath the Ardnamurchan Central 

Complex as the active magmatic system migrated upwards through time, 

progressively sampling higher crustal levels.

Centres 2 and 3 seem to be difficult to distinguish from each other isotopically and 

may support the idea that these two centres were in fact erupted and intruded 

concurrently and are not necessarily distinct entities as previously considered.
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Table 6.1 Representative major (wt%), trace and rare earth element (ppm) concentrations for select Ardnamufchan igneous intrusions
Location 

(NM British Grid) 
Rock type 
Sample

49185 62820 

Psammite
Ard-Moine-1

47015 62727 

Porphyry dyke
Ard-Pi-2

47015 62727

Cone sheet 
Ard-Pi-3

46142 62304

Mafic margin 
Ard-GCi-2

46142 62304

Gabbro clasts 
Ard-6Ci-5

46084 62308

Mafic margin 
Ard-CDi-20

46084 62308 

Intermediate core
Ard-Cpi-21

Si02 87.39 49.41 47.02 49.47 50.55 49.67 62.83

Ti02 0.12 1.32 2.55 1.99 0.67 1.42 0.97
AI2O3 6,30 17 00 18.43 12.56 24 61 15.49 14.22
FeO 0.87 11.60 15 56 15.83 5.58 12.80 7.51
MnO 0.01 0.18 0.20 0.24 0.08 0.18 0.13
MgO 0.12 5.34 4.28 4.77 1.73 6 98 2.85
CaO 0.32 10.96 5.65 9.56 11.97 10.51 3.99
K2O 3.51 0.71 1.65 0.65 0.87 0.18 3.30

NajO 0.92 2.39 3.39 2 95 3.08 2.08 3.01

P2O, 003 0 09 0.37 0.25 0.06 0.11 0.16
Total 99.59 99.00 99.10 98.27 99.20 99 43 98 98

Cr 15 130 36 6 5 203 79
Ni <3 32 94 22 2 83 14
V 9 351 337 494 145 384 143
Zn 8 75 108 108 37 81 89
La 10 5 4 10 3 4 26
Nb 3 3 4 5 2 2 12
Ga 8 16 18 19 18 14 16
Pb 15 1 3 3 2 1 11
Rb 70 17 43 13 22 6 80
Ba 762 160 513 310 197 102 894
Sr 122 373 501 283 775 256 336
Tti 2 2 7 5 1 2 3
Y 8 26 26 41 14 28 49
Zr 84 72 160 141 46 70 318
Ce 28 11 23 34 11 11 72



Table 6.2. Age corrected Sr. Nd and Pb isotopic ratios for Adnamurchan cone sheets, gabbroic and crustal samples. See Appendix 2 for measured isotope values.

Sample GPS
(UK Grid NM)

Orientation ®^Sr/®®Sr 
(59Ma)

2S.E. Sr (ppm) Rb (ppm)
(59Ma)

2S.E. Nd (ppm) Sm (ppm) 206pb/204p(j

(59Ma)
2 S.E. 2 0 7 p b /2 0 4 p b

(59Ma)
2 S.E. 2 0 8 p b /2 0 4 p b

(59Ma)
2 S.E. U (ppm) Th (ppm) Pb (ppm)

Ard-Moine-1 49185 62820 0.736525 0.000013 122 70 0.511278 0.000007 4 9 17 354 0.0005 15.481 0.0057 36.964 0.0062 1 2 15

Ard-LayGB 46184 68837 0.705855 0.000015 733 31 0.512200 0.000125 11 3 nd nd nd
Ard-Gr-Eu 47042 70640 0,704681 0.000012 700 29 0.512110 0.000134 10 2 nd nd nd

Ard-Pi-2 47015 62727 132/90 0.706754 0.000013 373 17 0.512217 0.000009 3 4 17.356 0.0037 15.326 0.0042 37,232 0.0050 1 2 1
Ard-Pi-3 47015 62727 020/25 W 0.707599 0.000012 501 43 0.512876 0.000007 26 3 17.043 0,0048 15.281 0.0053 37.159 0.0058 1 3 3

Ard-GCi-2 46142 62304 020/60 W 0.707139 0.000011 283 13 0.511511 0.000014 17 4 17.503 00082 15.329 0.0085 37.272 0.0086 2 5 3
Ard-GCi-5 46142 62304 020/60 W 0.707892 0.000012 775 22 0.511991 0.000012 3 3 17.494 0.0092 15345 0 0099 37.305 0.0102 1 1 2
Ard-Cmi-2 49365 62613 155/20 SW 0,710810 0.000013 239 82 0.511711 0.000056 34 8 16,789 0.0122 15.239 0.0136 36.726 0.0150 1 5 10
Ard-Cmi-7 4936562613 155/20 SW 0.708899 0.000016 266 10 0.511463 0.000112 12 2 16,483 0.0123 15.180 0.0139 36.403 0.0150 1 1 2
Ard-M ing-2 50254 63117 -065//20 N 0.708556 0.000012 271 11 0.511465 0000056 15 3 16.682 0.0124 15207 0.0138 36.552 0.0148 1 1 2
Ard‘ Ming-4 50254 63117 0.714072 0.000013 168 114 0.511819 0 000008 52 10 17.310 0.0158 15.344 0.0172 37.081 0.0186 2 8 17
Ard-Ming-5 50254 63117 0.714930 0 000013 142 107 0,511827 0000006 49 11 17.433 0.0098 15.361 0.0110 37.164 0.0133 2 7 16

Ard-Ci-1 48950 63039 070/85 E 0.707235 0.000014 268 12 0.512107 0.000007 13 3 17.400 0.0137 15.396 0.0162 37.360 0.0181 1 1 2
Ard-Ci-2 46950 63039 070/85 E 0.710143 0.000015 225 73 0.511973 0000007 33 7 17.469 0.0142 15.358 0.0159 37.397 0.0177 1 3 9
Ard-Ci-3 48950 63039 070/85 E 0.709240 0 000014 229 69 0.512059 0.000006 29 5 17.425 0.0125 15 351 0.0167 37.371 0.0217 1 2 10
Ard-Cpi-4 46517 62281 140/45 NE 0.704751 0.000012 277 13 0.512020 0.000006 12 3 15.310 0.0129 14,961 0.0145 35,093 0,0155 1 1 3
Ard-Cpl-8 46517 62281 140/45 NE 0.706009 0.000013 241 81 0.511698 0.000006 31 5 15.233 0.0101 14.953 0.0116 35.033 0.0132 1 3 9

Ard-Cpi-11 45874 62450 050/40 W 0.709300 0.000012 240 52 0.512219 0.000009 37 7 17.383 0.0197 15 343 0.0214 37.299 0.0226 1 4 11
Ard-Cpi-11b 45874 62450 050/40 W 0.708357 0.000013 296 8 0.512420 0.000031 24 4 18.021 0.0128 15.489 0.0150 38.040 0,0167 1 1 2
Ard-Cpi-20 46084 62308 175/45 W 0.705050 0 000012 256 6 0.512334 0 000006 4 3 17.124 0.0039 15.296 0.0045 37.026 0.0051 1 2 1
Ard-Cpi-21 46084 62308 175/45 W 0.708681 0.000013 336 80 0.512934 0.000009 35 3 17.455 0,0051 15342 0.0061 37.344 00065 1 7 11



Table 6.3 Crustal contamination signature o f the various intrusive rocks sampled in relation to the centres o f Ardnamurchan activity

Centre Crustal Contaminant
Sample Rock Type C1 1 C2 1 C3 Granulite-facies Amphibolite-facies Moine M Moine A Cycles

Age: Younger-------------> Depth: Shallower--------------------------------------------------------------- >
Ard-Cpi-4 Mafic C X (15%)
Ard-Cpl-8 Intermediate C X (25%)
Ard-Pi-2 Intermediate R X (15%)
Ard-Cpi-20 Mafic R X (10%)
Ard-Cpi-21 Intermediate R X (10%)
Ard-Pi-3 Intermediate C X (10%)
Ard-Cpi-11b Mafic C X (20%)
Ard-Cpi-11 Intermediate C X (30%)
Ard-LayGB Gabbro X x(15%)
Ard-Gr-Eu Gabbro X x(15%)
Ard-GCi-2 Mafic R X (30%)
Ard-GCi-5 Gabbro R x(15%)
Ard-Cmi-7 Mafic R X (30%) X ? 1
Ard-Cmi-2 Intermediate R X (30%)
Ard-Mlng-2 Mafic C? X (30%) 1
Ard-Ming-4 Felsic C? X (60%)
Ard-Ming-5 Felsic C? X (60%)
Ard-Ci-1 Mafic C X (10%)
Ard-Ci-2 Intermediate C X (30%)
Ard-Ci-3 Intermediate C X (20%)

C = Concentric, R = Radial

Moine A = Ardnamurchan Psammite (this Chapter),
Moine M = Mull Pelite (see Chapter 7),
Amphibolite-facies Lewisian gneiss-like material (see Chapter 5), 
Granulite-facies Lewisian gneiss-like material (see Chapters & 7).



Table 6.4 Crustal contamination signature o f the various intrusive rocks sampled.

Centre Crustal Contaminant
Sample Rock Type C l C2 1 C3 Granulite-facies Amphibolite-facies Moine M Moine A

Depth: Shallower-----------------------------------------------------------
Ard-Cpi-4 Mafic C X (15 % )
Ard-Cpl-8 Intermediate C X (25%)
Ard-Pi-2 Intermediate R X (1 5 % )
Ard-LayGB Gabbro X X (1 5 % )
Ard-Gr-Eu Gabbro X x (1 5 % )
Ard-GCi-2 l\/lafic R X (3 0 % )
Ard-GCi-5 Gabbro R x (1 5 % )
Ard-Cmi-7 Mafic R X (3 0 % ) X ?
Ard-Cmi-2 Intermediate R X (3 0 % )
Ard-Ming-2 Mafic C? X (3 0 % )
Ard-Ming-4 Felsic C? X (6 0 % )
Ard-Ming-5 Felsic C? X (6 0 % )
Ard-Cpi-11b Mafic C X (2 0 % )
Ard-Cpl-11 Intermediate C X (3 0 % )
Ard-Ci-1 Mafic C x (1 0 % )
Ard-Ci-2 Intermediate C X (3 0 % )
Ard-Ci-3 Intermediate C X (2 0 % )
Ard-Cpi-20 Mafic R x (1 0 % )
Ard-Cpi-21 Intermediate R x (1 0 % )
Ard-Pi-3 Intermediate C x (1 0 % )

0  = Concentric, R = Radial

l\/loine A = Ardnamurchan Psammite (this Chapter), 
l\/loine M = Mull Pelite (see Chapter?),
Amphibolite-facies Lewisian gneiss-like material (see Chapters), 
Granulite-facies Lewisian gneiss-like material (see Chapters & 7).



50 km

A
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Figure 6.1 Map o f Ardnamurchan and the surrounding Palaeocene central igneous centres and associated 
lava fields (including estimated off-shore extensions, Fyfe et al. 1993). Igneous centres: S= Isle o f Skye, 
R= Isle o f Rum, M=lsle o f  Mull and B=Blackstone Bank (submerged).



F ig u re  6.2 a )  G oogle  Earth © im age o f  the A rdnam urchan  peninsula, highlighting the prominent circular shape o f  the Central Com plex , b )  Aerial photo o f  the 
A rdnam urchan  peninsula  view ed from the north-west, c) Aerial photo viewed from the north-east. Images in b) and c) © Patricia M acD onald  o f  Aerographica.
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Basaltic m argin
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F ig u re  6.4 a )  View o f  the 13th century M ingarry C astle originally built for the Clan M acD onald o f  
Ardnam urchan, with a prom inent view o f  Ben Hiant, located in the distant right hand side, which is 
com posed exclusively o f  Centre I volcaniclastic conglom erates and breccias along with quartz-dolerite 
cone sheets (see Fig. 6.3). b) C lose-up view  o f  the com posite sill beneath M ingarry Castle. This sill has a 
basaltic base that grades over about 30 cm through a m ixing zone into a m ore felsic core o f  rhyolitic 
com position. The sill intrudes into the local Jurassic sedim entary strata which consist o f  well bedded, 
often fossiliferous m udstones, thin lim estones and calcareous sandstones.



F ig u re  6.5 P ano ram a o f  the fo reshore beside the ferry term inal, ou ts ide  the tow n o f  K ilchoan, A rdnam urchan , looking northw est. N um erous genera tions o f  sills and dykes 
can be seen cu tting  Jurassic  sed im ents v is ib le  in the left foreground. In the m iddle distance are the prom inent A rdnam urchan  hills m aking  up C entres II and III, (see Fig. 6.3).



Figure 6.6 Com posite sill show ing a mafic margin and a dacite/rhyolite porphyry core. H am m er for scale.



Figure 6.7 Com posite intrusion beside Kiichoan pier (Fig. 6.5) a) close-up view o f  the basaltic base o f  
the sill, finger for scale (17m m ), note the sharp transition into the zone o f  m agm a m ixing b) view o f  
intense m agm a m ixing located 3m from the base o f  the sill, c) close-up o f  the m afic inclusions w ithin a 
more felsic matrix, tw o pound coin for scale (25mm).



F ig u re  6.8 a) Basaltic dyke 2 m etres w ide show ing incorporation o f  large coarse-grained gabbro clasts, 
b) close-up view o f  the basaltic dyke m agm a intruding into and breaking up the coarse gabbro, c) close 
-up view o f  the interface between the coarse-grained gabbro clasts and the basaltic dyke matrix, pen for 
scale (8mm wide).
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CHAPTER 7 - CENTRE 3, ISLE OF MULL

7.1 Introduction

W ithin the British-Irish Palaeocene Igneous Province, a bim odal compositional 

distribution of both mafic and felsic volcanic and shallow-level plutonic rocks exists 

(Emeleus & Bell 2005), which raises the question as to the origin o f more evolved 

rocks. Centre 3 on the Isle of Mull, North West Scotland (Fig. 7.1) hosts a number of 

granophyric (microgranite) and mixed-magma intrusions, including the well known 

Loch Ba ring-dyke, famous for its spectacular magma-mixing and mingling textures. 

Loch Ba in particular has been intensely studied by Bailey et al. (1924), W alker & 

Skelhorn (1966) and Sparks (1988), with the suggestion that the mafic and felsic 

domains in the dyke represent a mother-daughter lineage produced by extreme 

fraction within a zoned magma chamber (Sparks 1988). In order to unravel the 

petrogenetic evolution of the silicic rocks at Centre 3 and to test the model of extreme 

fractionation of the felsic melts from mafic liquids, new Sr, and for the first time, Nd 

and Pb isotope ratios in conjunction with major, trace and rare earth element data are 

presented in this chapter for the granitic and felsic intrusions. These shallow-level 

intrusive rocks are the final stages o f magmatism at the Mull Complex (Kerr et al. 

1999). The major units sampled include the Beinn a Ghraig and Glen Cannel 

Granites, the Loch Ba rhyolite and several mafic inclusions from within the Loch Ba 

ring dyke. New isotopic data are presented here from the crustal terranes surrounding 

the Isle o f Mull including the Moine and Dalradian metasediments as well as, for the 

first time, isotopic data for the Iona Lewisian gneiss and Iona Group metasediments.

The Isle of Mull has been the subject of intense geologic investigation for well over 

100 years. However, the most detailed account o f the whole island’s geology, 

magma-types and magma-series still rests with the monumental work o f Bailey et al. 

(1924) for the Mull M emoir. Recent work has focused on the geochemical and 

textural relationships of specific features within the Mull Complex (M orrison 1979; 

Thompson 1986; Sparks 1988; Kerr 1993; Kerr 1995a, 1995b; Preston 1996) with a
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detailed geochemical summary for the Palaeocene evolution of the whole island 

provided by Kerr et al. (1999).

7.1.1 Geological setting

Mull lies to the east of the Sea of the Hebrides basin (Fig. 7.1 & 7.2) and is 

geologically located within the Northern Highlands Terrane. Proterozoic Moine 

metasedimentary rocks make up the basement to the Mull Igneous Complex, 

separated from the Hebridean Terrane to the north and west by the shallow dipping 

Moine thrust (Smythe 1987) and the Sound of Iona Fault (Potts et al. 1995). It has 

been suggested that the boundary between the Moine schist and Lewisian gneiss must 

lie at relatively shallow levels beneath the Palaeocene Igneous Centres of 

Ardnamurchan and Mull (Geldmacher et al. 2002), as hinted at by geophysical 

investigations (Bott et al. 1973, 1987) and consistent with petrological and 

geochemical results (Geldmacher et al. 1998; Kerr et al. 1995, 1999; see Chapter 6). 

In the south of Mull, the Moine basement rocks are separated from Dalradian 

Supergroup metasedimentary rocks, part of the Central Highlands Terrane (Fig. 7.1), 

by a continuation of the Great Glen Fault (Bailey et al. 1924).

The Mull Central Complex is one of a string of igneous centres that occur along the 

West coast of Scotland and Northeast Ireland (see Fig. 1.3), which developed in the 

Palaeocene during an initial phase of rifting prior to the opening of the North Atlantic 

Ocean (see Chapter 1). Much recent work has constrained the age and duration of 

Mull magmatism (see Table 1.2), which spans several million years between c. 61Ma 

and c. 58Ma (Walsh et al. 1979; Mussett et al. 1986; Chambers & Pringle 2001 and 

Chambers et al. 2005).

The earliest Palaeocene activity on Mull comprises plateau lavas, dated at 60.65 +/- 

0.29 Ma by the Ar/Ar method (Chambers 2000), and probably erupted from fissure 

systems, which now form the bulk of the exposed rocks on the Isle of Mull. Largely 

represented by massive out-pouring of basaltic lavas, these plateau lavas have an 

estimated total thickness of at least 1,800 m (Bailey et al. 1924). The geochemistry 

and stratigraphy of the Mull lava fields have been discussed by Bailey et al. (1924); 

Beckinsale et al. (1978); Kerr (1995a, \995b) and Kerr et al. (1995). 

Contemporaneous with, as well as post-dating the lava fields are three large igneous
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centres. The magmatic loci of these centres appear to have moved in a north-westerly 

direction, through time, as the M ull magmatic complex developed (Fig. 7.1 & 7.3), 

from Glen More - Centre 1; 59.05 +/- 0.27 Ma (Chambers 2000), through to Beinn 

Chaisgidle - Centre 2 and finally migrating towards Loch Ba - Centre 3; 58.48 +/- 

0.18 M a (Chambers & Pringle 2001). Significant proportions of the exposed intrusive 

rocks in these centres are of a granitic composition (see W alsh et al. 1979 and Kerr et 

al. 1999 for reviews of the evolution of the overall Mull igneous complex).

Centre 3 is composed of several shallow-level granitic and felsic intrusions (Fig. 7.4) 

and marks the end of the major igneous activity at the Mull Complex. W ithin Centre 

3, the Glen Cannel Granite was the first major Centre 3 intrusion to be emplaced 

within the basaltic lava flows of the earlier Mull Plateau group (Fig. 7.4 & 7.5). This 

granite forms an oval, domed shaped mass with a north west-trending long axis 

(Bailey et al. 1924; Emeleus & Bell 2005). It is roofed by volcaniclastic rocks and 

potentially extrusive felsites that are now preserved within the centrally subsided 

block inside the late-stage Loch Ba ring dyke (Fig. 7.4 & 7.6). The Beinn a Ghraig 

granite is orientated with a long axis trending north-east south-west and is located 

outside the Loch Ba ring dyke (Fig. 7.4, 7.5 & 7.6). It is of a similar petrographic 

character to the Glen Cannel Granite but is believed to be younger due to cross

cutting relationships observed within late stage cone sheet intrusions (Emeleus & Bell 

2005). The Loch Ba ring dyke is the last major intrusive event within Centre 3. It is 

400 m at its widest point, but varies considerably in width around the entire intrusion, 

(being represented in places by just the presence of the main ring fault, see Fig. 7.4), 

with an external diameter of approximately 8 km. W here exposed, the ring fault can 

be seen to be near vertical to steeply outward dipping (Fig. 7.7). This classic ring 

dyke was first described by Bailey et al. (1924) with subsequent detailed petrographic 

work being undertaken by W alker & Skelhorn (1966) and Sparks (1988). The Loch 

Ba ring dyke is a mixed magma intrusion dominated by felsic rock, mainly rhyolite, 

which contains numerous phenocryst-poor basaltic, andesitic and dacitic inclusions 

(Sparks 1988; Fig. 7.7, Table 7.1). In general the inclusions make up less than ~ 20% 

of the whole intrusion. They are however, evident throughout and are often 

concentrated in distinct bands, making up significantly higher proportions of the rock 

(Fig. 7.7) running parallel to the intrusion walls and displaying a wide range of 

textures and morphologies (see Sparks 1988 for a thorough review o f textures and
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petrology of Loch Ba). Textures typical of a welded tuff are displayed and 

emplacement of the ring dyke is believed to have involved the mixing of magmas 

during the eruption of pyroclastic material (Sparks 1988), occurring during a period 

of central subsidence, estimated at between 150 and 900 m (Richey & Thomas 1932; 

Lewis 1968). Ar-Ar dating has constrained the age of the Loch Ba felsite to 58.48 +/- 

0.18 Ma (Chambers & Pringle 2001). U-Pb dating by Hamilton (unpublished, 

quoated in Emeleus & Bell 2005) gives a complementary age of 58.5 +/- 0.1 Ma, as 

does the Rb/Sr wholerock isochron age of Walsh et al. (1979) of 58.2 +/- 2.5 Ma.

7.1.2 Sampling of crustal lithologies

Isotopic data from Moine and Dalradian metasediments on Mull, as well as new 

crustal data from the nearby island of Iona, composed of Lewisian gneiss 

unconformably overlain by Iona Group metasediments, are presented in this chapter. 

Sample locations and geochemical data for this selection of pre-Palaeocene crustal 

lithologies are presented in Table 7.2 & 7.3.

7.L2.1 Iona

Lewisian gneisses occur on Iona (Fig. 7.8). These basement rocks are unconformably 

overlain, across a fault scarp, by the Iona Group siliciclastic metasedimentary rocks 

which are only weakly deformed. The Iona Group metasediments have been proposed 

to be potential lateral offshore marine equivalents to the Torridonian terrestrial 

sediments seen further north (Potts et al. 1995). For this study, both the Iona 

Lewisian gneiss and Iona Group metasedimentary rocks were sampled. The data 

presented in this chapter include the very first Sr, Nd and Pb data for these rocks (see 

Table 7.3).

7.1.2.2 The Moine

Moine metasedimentary rocks were collected to accompany data already collected 

from the Moine rocks of Ardnamurchan (see Chapter 6) and to expand the limited 

data set currently available for these extensive crustal rocks. Moine psammitic 

gneisses, with pelite partings, from the Glenfmnan Division, were obtained from the 

core of the Craignure Anticline across the bay from the ferry port in Craignure (Fig. 

7.1). From the eastern side of Ardalanish Bay in south west Mull, Moine psammite 

and pelite were also sampled (Fig. 7.1). At this location a garnet amphibolite
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intrusion was also sampled. These mafic intrusions are common within the Moine 

Supergroup, particularly in the Glenfinnan and Loch Eil Groups but they are rare in 

the Morar Group (see Chapter 1). They were possibly intruded around 873 +/- 6 Ma 

Millar (1999) and were metamorphosed along with the Moine rocks during the 

Caledonian Orogenic cycle (Strachan et al. 2002).

7.1.2.3 The Dalradian

Near Loch a Ghleannain in the very south of Mull, grey phyllite belonging to the 

Appin Group (possibly to the Blair Atholl subgroup) of the Lower Dalradian was 

collected. These rocks are found in the core of the Loch Don Anticline and these have 

not been isotopically analysed previously. A splay of the Great Glen Fault separates 

these rocks from the Moine metasedimentary rocks on the Isle of Mull (Bailey et al. 

1924).

7.2 Analytical methods

Samples obtained from within the Loch Ba ring dyke were crushed by a jaw crusher 

into fine chips and the felsic matrix portions separated out by means of an optical 

microscope to ensure the removal of any mafic inclusions. The mafic samples 

obtained were extracted from large, unstrained, rounded inclusions (1 -  5cm) and 

hand picked under an optical microscope to remove any minor amounts of remaining 

felsic matrix material. All major and trace element values were determined using 

standard procedure X-ray fluorescence spectrometry (XRF) on fused beads, using an 

automated Philips PW1480 spectrometer at GEOMAR, Kiel, Germany (see Troll & 

Schimkie 2002 for analytical details). Rare earth element (REE) data as well as Sr, 

Nd and Pb isotope data were obtained at the Scottish Universities Environmental 

Research Centre (SUERC), East Kilbride, Scotland. See Chapter 2 for a full 

description of all analytical techniques and instrumentation used in this study. All 

isotope ratios in this chapter were age-corrected to 58.5 Ma according to the time of 

igneous emplacement of Centre 3 (58.48 ± 0 .1 8  Ma, Ar-Ar; Chambers & Pringle 

2001). Set Appendix 2 for all measured isotope values.
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7.3 Results

7.3.1 Major, Trace and Rare Earth Element Geochemistry

R epresentative sam ples o f  the Beinn a Ghraig and G len Cannel Granites as w ell as 

the Loch Ba rhyolite (previously called felsites by B ailey  et al. 1924; Sparks 1988), 

and a selection  o f  the m afic inclusions present within the rhyolite (see Fig. 7 .7), were 

analysed for major and trace elem ents and for rare earth elem ents (REE) (see Table 

7.1). The major elem ent data obtained in this study is show n in figure 7 .10  is 

com pared with the X R F data obtained by M arshall (1984) w hich was presented in 

Sparks (1988) and is d iscussed  in the next section.

On a T A S diagram the Centre 3 rocks, including the Beinn a Ghraig and Glen Cannel 

Granites as w ell as the Loch Ba rhyolite have a very sim ilar geochem ical 

com positions and form a tight cluster (S iO : 72.65 - 7 3 .68  wt%) with all sam ples 

plotting in the field  o f  rhyolitic com position  (Fig. 7 .9). The m afic inclusions show  a 

larger spread in chem ical com position  (S i0 2  36.21 - 59 .73  wt%), ranging from  

basaltic andesite to andesite. The rocks from Centre 3 define a sub-alkaline or 

tholeiitic trend on the T A S plot (Fig. 7 .9) as noted by Sparks (1988). A sub-alkaline 

trend is generally taken to be either a tholeiitic trend, often produced by fractional 

crystallization o f  a basaltic m agm a at low  pressures, w ith p lagioclase being the 

dominant fractionating phase, or a calc-alkaline trend that is produced at moderate to 

high pressures, where o liv in e  and augite precipitate in slightly greater proportions to 

p lagioclase (Pankhurst et  al. 1978).

AI2O 3 vs. S i0 2  p lots show  slight d ifferences betw een the granites and fe lsites o f  

Centre 3, with the Loch Ba rhyolite show ing slightly  elevated levels o f  alum inium  

(12 .9  wt%) relative to the granites (12 .4  wt%) at sim ilar silica  ranges (72 - 73 wt%). 

The fe lsic  rocks from Centre 3 analysed in this study group c lo se ly  together on all o f  

the Marker plots (Fig. 7 .10). The only major chem ical difference betw een the tw o  

fe lsic  m agm as is that the tw o different granites form a tight com positional cluster 

am ongst the m ore expanded group o f  rhyolitic Loch Ba groundm ass sam ples, which  

show  elevated lev e ls  o f  K 2O and N a2 0  ( 2 - 6  wt% ). The m afic inclusions show  

ranges from 1.8 -  2.7 wt% M gO  and are characteristic features o f  this suite and
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probably reflects magmatic processes. These values that are particularly low for 

mafic magmas from the province (see Chapters 5 & 6). On a Ti02 vs. Si02 plot, all 

the samples form a coherent linear trend (Fig. 7.10). This linear trend is repeated in 

nearly all of the Harker plots (Fig. 7.10) and is further highlighted by the inclusion of 

the major element data obtained by Marshall (1984). Coherent trends on Harker 

diagrams for related volcanic rocks may be produced through processes such as 

fractional crystallization, differential partial melting, magma mixing and crustal 

assimilation, or potentially any combination thereof.

In terms of their trace element characterises, the granitic and felsic rocks of Centre 3 

can be readily distinguished from each other (Fig. 7.11) and do not group closely 

together as seen in the major element data (Fig. 7.10). The Zr-Nb plot shows a 

straight line (through the origin) implying a genetic relationship between the magmas 

(Fig. 7.11). A slight decreasing Cr content with increasing Si02 is present (Table 7.1). 

The relatively low Ni contents of all these rocks, including especially the mafic 

inclusions (coupled with the low MgO values), argue for them not to be 

representative of primary magma compositions.

Chondrite-normalised values (after Boynton 1984) are graphed in figure 7.12. All of 

the Centre 3 rocks are marked by LREE enrichment (Ce/Yb)N = 2.65 - 4.18 (felsic 

magmas), 3.56 - 4.17 (mafic inclusions), and display negative Eu anomalies (Eu/Eu* 

= 0.43 - 0.51 (felsic magmas), 0.58 - 0.68 (mafic inclusions). There is a very limited 

difference between the basaltic inclusions from within the Loch Ba ring dyke, the 

enclosing Loch Ba rhyolite and the surrounding granites, with all of them having 

extremely similar (overlapping) REE compositions. All the samples are strongly 

enriched relative to the other main rock types on Mull, plotted for comparison in 

figure 7.12, (data from Kerr et al. 1999). Overall, the REE patterns from the rock 

types that make up Centre 3 are very similar to those of local Moine pelitic schists 

(e.g. Geldmacher er a/. 1998).

239



Chapter 7 - Centre 3, Isle o f  M ull

7.3.2 Isotope Geochemistry

7.3.2.1 Crustal lithologies

Isotopic data gathered from the crustal lithologies that surround the Mull igneous 

complex are presented in Table 7.3. The crustal materials are generally very 

radiogenic with the age corrected data (58.5 Ma) showing a large range of values 

(*’Sr/*^Sr 0.709 - 0.728, ‘'*^Nd/’̂ ''Nd 0.510 - 0.512, 14.5 - 19.3,
207pb/204pb J 4  8 .  208p^/204p^ 3 5  3  _ 3 ^̂  making these isotopically distinct

crustal rock types from different terranes clearly discernible from each other in 

isotope space (see Fig. 7.13, 7.14 & 7.15).

The Iona Lewisian gneisses and Iona Group metasedimentary rocks are different 

from each other in all the isotopic systems investigated. The Iona Lewisian gneisses 

show relatively low *^Sr/*^Sr and ''*'^Nd/''^Nd isotope ratios and plot between the 

Lewisian amphibolite- and granulite-facies fields suggested by Dickin et al. (1981). 

The Iona Group metasedimentary rocks show an elevated ''*'’Nd/''*''Nd ratio relative to 

the gneisses and are extremely different in terms of the Pb isotope ratios measured 

(see Fig. 7.13, 7.14 & 7.15). The available data for the Moine metasedimentary rocks 

show a large range of isotopic values (e.g. Thompson et al. 1986; Preston et al. 1998; 

Geldmacher et al. 1998, 2002; see Chapter 6). However, the Mull samples from this 

study, while being located some 35 km apart, show surprisingly similar *^Sr/*^Sr vs. 

'‘'^Nd/''*‘*Nd and Pb isotope ratios (Table 7.3). Broadly speaking, these Moine rock 

samples show consistent compositions to the limited number of published Moine 

crustal data. There is a clear distinction visible between the Moine rocks of 

Ardnamurchan (Chapter 6) and that of the Moine rocks sampled from the Isle of 

Mull. The Moine lithologies of Ardnamurchan are rather more radiogenic in terms of 

^^Sr/^^Sr ratios and form a distinct crustal and geochemical entity relative to the 

Moine samples from Mull (Fig. 7.13). On a plot of *^Sr/*^Sr vs. '^^Nd/'‘*'̂ Nd, the 

Dalradian sample plots within the middle of the large Moine field, however, the 

Dalradian sample is clearly discernible in all Pb isotope ratio plots as a separate entity 

(Fig. 7.13, 7.14 & 7.15).

240



Chapter 7 - Centre 3, Isle o f  Mull

13.2 .2  Centre 3 Magmatic rocks

The isotope results are plotted in figures 7.13, 7.14, 7.15, 7.16 in all diagrams the size 

of the data symbol is larger then the associated analytical uncertainty for that data 

point. The age corrections for the measured isotope data are in general very minor 

and any discrepancy or error from this approximation with the actual age of 

emplacement has a negligible affect on the overall petrogenetic interpretations and 

conclusions presented below. See Appendix 2 for the measured isotope data.

The isotopic data from the Centre 3 rocks are given in Tables 7.4. The isotopic data 

show that all Centre 3 felsic rocks are strongly enriched in radiogenic *^Sr/*^Sr (0.709 

- 0.716; Fig. 7.13), having high "'^Nd/'^^Nd (0.51258 - 0.51207) with a significant 

displacement towards the composition of the local upper continental crust (Moine 

metasedimentary rocks). There is, however, a strong isotopic distinction between the 

granites, the Loch Ba rhyolite and the Loch Ba mafic inclusions (Fig. 7.13), each 

forming distinct and discernible isotopic groups. The Loch Ba rhyolites are the most 

radiogenic of the analysed suite, more so than the granitic rocks and the associated 

Loch Ba mafic inclusions. The latter seem to fall into a middle ground between the 

two felsic groups (the Beinn a Ghraig and Glen Cannel Granites and Loch Ba 

rhyolites).

All samples from Mull Centre 3 show extremely radiogenic Pb isotope compositions, 

being largely displaced in a linear array away from a mantle-like composition (Fig. 

7.14, & 7.15 & Table 7.4). There is a rather narrow range of values obtained overall, 

but with still resolvable groups in Pb isotope space: '̂’̂ Pb/"°'*Pb = (18.541 - 19.014), 

207pb/204pb ^  ( 1 5  5 4 8  . 15.631), "°*Pb/^°Vb = (38.272 - 38.711), see Fig. 7.14, & 7.15 

& Table 7.4. On ^"^Pb/'^^Pb vs. °̂’Pb/-°Vb and “”^Pb/^'^Pb vs. "°*Pb/^”V b plots, the 

granites and the Loch Ba rhyolites appear to contain a substantial Moine crustal 

component. Interestingly, the mafic inclusions within the Loch Ba ring dyke are also 

significantly enriched, even more so than the surrounding granites (Fig. 7.14 & 7.15). 

The Pb isotope ratio data compare well with, and complement the *^Sr/*^Sr vs. 

' ‘̂ ^Nd/'"^"'Nd results in supporting a substantial Moine crustal enhancement for all of 

the Centre 3 magmas.
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7.4 Discussions 

7.4.1 Crustal Lithologies

Both the Iona Lewisian gneisses and Iona Group metasedimentary rocks carry sub

vertical zones of intense mylonitisiation and are contact metamorphosed by the 

nearby Devonian Ross of Mull granite; 414 +/- 3.0 Ma Halliday et al. (1974) (also 

see Cunningham-Craig et al. 1911; Zaniewski et al. 2006 for details on this granite). 

The Isles of Iona and Mull are close to the projected intersection of the Moine Thrust 

and the Great Glen Fault (Fig. 7.1), with both structures displaying large amounts of 

late Caledonian displacement. The Great Glen has a sinistral strike-slip displacement 

(Watson 1984) and separates two distinct crustal terranes (Fig. 7.1). Potts et al. 

(1995) argue that the mylonites of Iona are in their original attitude and are the 

ductile expression of a major NNE trending, steeply inclined extensional fault zone 

throwing down to the ESE and passing through the Sound of Iona - the Sound of Iona 

Fault (see Fig. 7.1 for estimated trace). The implication of this is that the Iona 

Lewisian gneisses and Iona Group metasedimentary rocks represent basement 

materials that have been uplifted by significant amounts (at least the thickness of the 

Moine Supergroup, i.e. several km cf. Holdsworth et al. 1994) and are not seen 

elsewhere on or around the Isle of Mull. Potentially similar materials may therefore 

represent the deep basement to the entire Mull igneous complex (Centres I - 3) and 

may underlie the Moine metasedimentary rocks east of the Moine Thrust Zone in this 

part of Scotland (Fig. 7.1, see Upton et al. 1998; Chapter 6).

Iona Lewisian gneisses and Iona Group metasedimentary rocks are extremely 

different from each other isotopically (Sr, Nd & Pb, see Fig. 7.13, 7.14 & 7.15), with 

the Iona Group metasedimentary rocks being unlikely to have been wholly (or even 

partially) derived from the erosion of these Lewisian gneisses. Recent U-Pb detrital 

zircon and titanite studies on Iona (McAteer et al. 2006, 2007) are bringing the 

original interpretations on the origin of the Iona Group metasedimentary rocks into 

question. Detrital zircon data yield a unimodal 1780 Ma peak from samples within 

the Iona Group metasedimentary rocks and are within error of the age for the Rhinns 

Complex located further south (1780 Ma; Daly et al. 1991). These new age data may 

suggest a different source area from the original suggestions for these enigmatic
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sedimentary rocks (being offshore equivalents of the Torridonian sediments). They 

may have closer affinities to the Dalradian metasediments in the region (McAteer et 

al. 2006).

The Lewisian gneisses of Iona seem to be distinct and isotopically different from the 

gneisses on the Isle of Rum (Troll et al. 2004; Chapter 5), the Isle of Skye and the 

Scottish mainland (Dickin 1981). In addition, these Iona gneisses fall outside of the 

large Lewisian granulite- and amphibolite-facies *^Sr/^^Sr vs. '"*^Nd/'‘*‘̂ Nd isotope 

fields (Dickin 1981; Weaver & Tarney 1981). The basement Lewisian geochemical 

data presented here {Chapters 5 & 7) backs up suggestions by Friend & Kinny (2001) 

and Kinny et al. (2005) that the Lewisian in Scotland is a very complex crustal 

assembly and is composed of several distinct and discrete terrane elements. Field, 

structural, metamorphic and geochronological observations on the terrane structure of 

the Scottish Lewisian (Friend & Kinny 2001), seems to be supported by the high 

precision whole rock isotope geochemistry presented for the Lewisian rocks here. It 

would thus seem that this methodology is a valid tool for testing these ideas and 

further expanding upon them. This method may potentially be useful in areas where 

direct basement measurements are not always possible (e.g. Blackstone Bank, 

Rockall, Faeroe-Shetland region), by using volcanic and magmatic rocks to probe 

into these inaccessible basement rocks.

REE data (Walsh et al. 1979) and isotope data from this study (see Fig. 7.12 - 7.15) 

clearly show that neither Iona Lewisian gneisses nor the Iona Group metasedimentary 

rocks seem to have interacted to any degree with the magmas of Centre 3. However, 

it has been proposed that the earliest magmas belonging to Centre 1 of the Mull 

Igneous Complex do show interaction with Lewisian-type materials (Thompson et al. 

1986; Kerr et al. 1993, 1999; Preston et al. 1998).

The Moine metasedimentary rocks of Ardnamurchan are clearly distinguishable from 

the Moine rocks sampled on the Isle of Mull in terms of their geochemical 

composition and location in Sr, Nd and Pb isotope space (Fig. 7.13, 7.14 & 7.15). The 

Moine Supergroup is divided into three separate groups {Chapter 1, also see Strachan 

et al. 2002 for a full review), with the oldest Morar Group cropping out on 

Ardnamurchan and the younger (but higher metamorphic grade) Glenfinnan Group
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occurring in south western and eastern Mull. From the Moine data obtained 

{Chapters 6 & 7) \i is possible to distinguish these groups on isotopic grounds and 

also to quantify their varying influence on the Palaeocene magmas in the region.

W hile only one Dalradian rock was analysed in this study, it would seem clear from 

its location on ’̂S r/^S r vs. '^‘̂ Nd/'^^Nd, ”̂'’Pb/^“''Pb vs. ‘̂̂’Pb/^^Vb and -“ Pb/"°Vb vs. 

208pb/204pb isotopic space (Fig. 7.13, 7.14 & 7.15) that this rock type has not 

interacted with the Centre 3 magmas to any appreciable degree. This is an 

understandable result given the geographical distance between the occurrence of 

these Dalradian rocks and Centre 3 (~ 18 km; Fig. 7.1). W hile the Dalradian rocks do 

not affect the magmatism of Centre 3, a potential crustal contamination role is likely, 

and is suggested here within the early granitic and felsic rocks of Centres 1 which are 

located significantly closer to, if not originally sited on, the splay of the Great Glen 

Fault separating the Dalradian and Moine rocks (Roberts & Holdsworth 1999) (see 

Fig. 7.1). This large sub-vertical crustal fault may also have helped to guide and 

initiate early magma migration from depth during the start of magmatism at the Mull 

Complex. However, an investigation using a full suite of isotopic tracers (Sr, Nd and 

Pb) would be needed to complete this task, complementing published data which are 

based on Sr isotopes with very limited or no Nd and Pb isotopic data for these early 

Centre 1 Mull rocks e.g. W alsh et al. (1979) and Kerr et al. (1999).

7.4.2 Centre 3 Magmas

The major and trace element data presented here compare well with the previous 

geochemical investigations into Centre 3 (Walsh et al. 1979; Marshall 1984; Sparks 

1988; Kerr et al 1999). The work by Sparks (1988) focused exclusively on the 

petrology of the Loch Ba ring dyke. W ork by W alsh et al. (1979) and Kerr et al. 

(1999) focused on the evolution of the whole Mull igneous complex and have very 

limited geochemical and isotopic data on the Centre 3 magmas. This study presents 

the first isotopic data for Loch Ba and is therefore a further refinement of these early 

investigations as it presents an integrated and “whole centre” approach, incorporating 

all the main units within Mull Centre 3.

The clear linear variations in TiO:, FeO, CaO, MnO with SiOi can be explained by 

mixing of mafic end members with the rhyolitic components of the Loch Ba
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magmatic system. This mixing probably occurred prior to final crystallisation, as 

Sparks (1988) shows a wide and continuous variation of phenocryst compositions 

probably reflecting a continuous spectrum of liquids present. Sparks (1988) argues 

that this wide spectrum of phenocrysts suggests a role for fractional crystallisation, 

while he largely discounted the role of magma mixing. Some of the scatter present 

within the major elements plots, e.g. MgO, K2O, Na20 versus Si02 may indicate that 

fractional crystallisation did play some part in the petrogenesis of the Centre 3 rocks, 

as noted by Sparks (1988). However, processes in addition to fractional 

crystallisation seem necessary to explain all of the geochemical data obtained in this 

study. Both the granites and the Loch Ba rhyolites form tight, high Si02 clusters on 

the major and trace element plots (Fig. 7.10, 7.11), while the mafic inclusions form a 

somewhat wider data spread. W ith the inclusion of the major element data from 

M arshall (1984) the mafic inclusions form a clear linear array between the most 

primitive samples and the felsic rocks. W ithin the data obtained in this study there is 

a distinct compositional gap in the major elem ent data, and this potentially reflects 

the careful selective process o f the felsic matrix and mafic inclusions, effectively 

presenting the true end members of this system. W hile the data o f Marshall (1984) 

shows mafic inclusions that indicate greater degrees of mixing (it should be noted 

that perhaps sample contamination by felsic matrix material in preparation of the 

mafic samples by Marshall may also be a possibility). Ti02 vs. SiOT plots (Fig. 7.10) 

do not show a characteristic kink in the data plot suggestive o f fractional 

crystallisation (Geldmacher et al. 1998). Zr vs Nb plots (Fig. 7.11) show straight line 

relationships through the origin implying a generic relationship between all the 

Centre 3 rocks. However, the concentrations of these more incompatible elements can 

often be controlled predominantly by contamination processes. The low Ti02, MgO 

(wt %) and Ni (ppm) geochemical nature o f the Centre 3 magmas, especially the 

mafic inclusions with the lowest Si0 2  values, imply that they are not exclusively the 

products of extensive fractional crystallization of a parental basic magma. 

Inconsistencies in the major and trace element data appear to show that the fractional 

crystallisation proposed by Sparks (1988) was accompanied by large degrees of 

magma mixing and significant crustal anatexis of basement rocks. The rare earth 

element and isotopic (Sr, Nd & Pb) data do not only support various amounts of 

crustal input, but allow for quantification o f the amount and nature o f this crustal 

contaminant.
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All Centre 3 samples are LREE enriched. This enrichment of La to Sm cannot be 

attributed to crystal fractionation alone, as might have been suggested from just the 

major element variations (cf. Sparks 1988). The Centre 3 rocks all have negative Eu 

anomalies (Eu/Eu* = 0.43 -  0.68), often seen as consistent with crustal melting 

leaving a plagioclase-rich restite (Walsh et al. 1979). In addition, the rocks associated 

with Mull Centre 3 seem to share similar, overlapping geochemical affinities (Fig. 

7.12). The REE data strongly suggest that Moine pelitic schist was a major source of 

contamination for the Centre 3 magmas due to the strong overlapping patterns 

observed (Fig. 7.12). It would appear that the parental magmas were potentially 

similar in character to the Mull Plateau group (Kerr et al. 1999). These basaltic 

magmas would have to have been significantly enhanced by interaction with Moine 

metasediments to achieve the REE patterns observed in figure 7.12. The Centre 3 

magmatic rocks match the Moine pattern very well in terms of LREE but are enriched 

in the HREE relative to the Moine rocks. However, as noted by e.g. Preston et al. 

(1998), Troll et al. (2005) silicic partial melts are likely to have higher trace element 

concentrations than their sources. No similarity, however, between the Centre 3 

magmas and the Iona Lewisian gneiss REE pattern is evident (Walsh et al. 1979) and 

it is likely that the putative original basaltic magmas to Centre 3 had limited or no 

interaction with this deep basement.

In a plot of *’Sr/*^Sr vs. ''*'^Nd/'‘̂ ''Nd (Fig. 7.13) a marked trend toward the Moine 

metasedimentary rocks is displayed (samples Mul-Moine-1 & Mul-Moine-CRG; 

Table 7.3). The observed variations in Sr and Nd isotopes in the Centre 3 granite and 

ring-dyke rocks as well as the observations in the major, trace and rare earth element 

data point to substantial crustal modification of a fractionating, originally mantle- 

derived magma.

Parental magmas with a depleted mantle-like isotopic composition have previously 

been proposed for much of the British-Irish Palaeocene Igneous Province (e.g. 

Gamble et al. 1992; Ellam & Stuart, 2000; Upton et al. 2002; Troll et al. 2005) and 

can therefore be envisaged also for the Mull complex. These parental magmas would 

have been highly susceptible to crustal contamination by more radiogenic crustal 

rocks due to their relatively low Rb/Sr ratios and unradiogenic Sr isotope ratios 

(Ellam & Stuart 2000). A M ORB-type picrite from the Isle of Rum was used as a
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proxy for this parental end-member in isotope modelling, (Upton et al. 2002; Chapter 

5), and the Moine metasedimentary rocks sampled from the Isle of Mull were used as 

crustal contaminants (samples Mul-Moine-1, Mul-Moine-CRG; Table 7.3). 

Assimilation and fractional crystallization-type process were modelled (DePaolo 

1981) as well as two-component binary mixing (Fig. 7.13, 7.16). This was undertaken 

in order to assess and quantify the amount and nature of any interaction between the 

Centre 3 magmas and the potential crustal contaminants in the region.

Using these end-members, Sr and Nd isotopic ratios similar to those observed in the 

rhyolitic rocks can be produced by an AFC-type process (DePaolo 1981), involving 

the assimilation of Moine metasedimentary rocks (r = 0.7, -20  -  30 % solidification). 

Such an AFC curve also intersects the isotopic ratios of the analysed mafic inclusion 

(r = 0.7, -10  % solidification, Fig. 7.16, Table 7.5). The AFC modelled curves fail to 

produce an exact intersection with the entire suite of Centre 3 rocks even for high 

assimilation rates (fig. 7.16). The modelled concentrations of Sr and Nd ppm (see 

Table 7.5) are not matched with the values measured from the samples (e.g. Loch Ba 

rhyolite measured Sr = 74 ppm, Nd = 54). The best fit for all of the analysed data is 

thus the AFC curve with a MORB starting composition and a Moine crust similar to 

sample Mul-Moine-1 with r = 0.7 and solidification -  10 -  45 % for the various rock 

types.

The Centre 3 magma suite of data points falls well off the binary mixing trajectories 

connecting the MORB-like proxy with the Dalradian metasediments and the 

Ardnamurchan Moine metasedimentary rocks (as can be seen in Chapter 6, several of 

the late stage Ardnamurchan cone sheets do however, plot onto this latter trend). As 

can be seen from figure 7.13 and 7.16, the isotopic data obtained from all of the 

Centre 3 magmatic rocks fits well onto a two component or binary mixing trend 

between MORB-like values (picrite; Chapter 5) and Moine metasedimentary rocks 

sampled from the Isle of Mull. From these mixing curves a rough estimate as to the 

amounts of Moine crustal contamination within these magmas can be derived. The 

earliest felsic rocks at Centre 3, the Glen Cannel and Beinn a Ghraig granites, show 

only a limited interaction incorporating about 10 - 15% of the surrounding Moine 

country rocks. The rhyolitic groundmass of the Loch Ba ring dyke would seem to 

have interacted to a much larger degree, with the isotopic signatures for these rocks
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indicating 40 - 50% incorporation of Moine material. The mafic (basalt to basaltic 

andesite) inclusions within the Loch Ba ring dyke show slightly more variable 

amounts of contamination of between 15 - 30%, with some of these inclusions 

possibly testifying to a mixed origin.

The contamination of the Centre 3 magmas as evidenced from Sr and Nd isotopes can 

therefore be approximated as either binary mixing or as a high assimilation rate AFC- 

like process since both are mathematically possible (Fig. 7.13, 7.16, Table 7.5), 

though no single method produces a perfect fit for the observed trace element 

concentrations. Therefore, a partial melt derived from the local Moine 

metasedimentary rock that is LREE enriched and low in compatibles is envisaged as 

the likely crustal contaminant (e.g. Kerr et al. 1998; Troll et al. 2005).

Pb isotope data, previously not determined for Centre 3 magmatic rocks, confirm the
87 86 143 144Moine crustal contamination observations seen in Sr/ Sr vs. Nd/ Nd (Fig. 

7.13). The entire Pb isotope data suite for the rocks of Centre 3 plots on a straight 

line, which is generally taken as reflecting binary mixing trends between 

asthenospheric magmas and lithospheric contaminants (Ellam & Stuart 2000). The 

Glen Cannel and the Beinn a’ Ghraig granites again show the closest relationship to a 

MORB-like end member and the proposed North Atlantic End Member {Chapter 5, 

Ellam & Stuart 2000; Upton et al. 2002;) consistent with the two component mixing 

model derived from *’Sr/^^Sr vs. ''*^Nd/''*'^Nd resulting in a ~ 10% Moine crustal 

incorporation. The Loch Ba rhyolites are the most removed from the MORB-like end 

members, again corroborating what is seen in the *^Sr/*^Sr vs. *''^Nd/''*'’Nd mixing 

trends with about ~ 45% Moine metasedimentary incorporation. The Loch Ba mafic 

inclusions seem to have been contaminated predominantly with material derived from 

the Moine metasedimentary rocks, showing -15 -  30% incorporation.

Contamination by Lewisian gneiss material, sampled from the Isles of Iona and Rum 

{Chapter 3 -  5), is not evident. Also there is no evidence for contamination by the 

postulated deeper Lewisian granulite-facies material as reported from felsic magmas 

from the Isle of Rum {Chapter 5) and the mafic and felsic magmas from the Isle of 

Skye (Dickin 1981; Thompson 1986). All the Mull Centre 3 rocks show no influence 

of unradiogenic "‘̂ ^Pb/‘ '̂*Pb ratios, characteristic of the interaction of mantle-derived
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magmas and Lewisian gneisses (Dickin 1981). The Centre 3 rocks are therefore 

unlike some of the basal Staffa magma-type lavas and Centre 1 magmas from Mull, 

which are thought to have been contaminated by both Lewisian leucogneiss and 

M oine metasedimentary rocks (W alsh et al. 1979; Morrison et al. 1985; Thompson et 

al. 1986).

7.4.3 Petrogenesis of Mull Centre 3

Most of the Loch Ba rocks analysed by Sparks (1988) are proposed to follow a 

fractional crystallization path on major element diagrams. He favoured a model of 

extreme fractional crystallization from the basaltic material and associated mineral 

phases, similar to the most prim itive samples seen within the Loch Ba ring dyke. 

W ithin a closed system, this fractionation is thought to produce the rhyolitic rocks 

through Si02 enrichment and FeO depletion. Sparks (1988) noted and proposed that 

the Loch Ba ring dyke was formed by a very similar mechanism of extrem e closed 

system fractionation as suggested for the Skaergaard Intrusion (M cBirney 1975; 

Hunter & Sparks 1987). However, the trace and rare earth elements measured in this 

study show very distinct signs of substantial crustal contamination (up to 45%). The 

isotopic evidence and modelling highlight and reinforce the hypothesis of crustal 

contamination made from the REE data (Fig. 7.12 & 7.13).

It is here proposed that the felsic rocks within Centre 3 did not form by extreme 

fractionation of a parental magma within a closed system. Instead, the fractionating 

parental magmas were significantly enhanced by interaction, to varying degrees, with 

input from the local crust. However, assimilation probably did not occur by simple 

mixing between basaltic magma and a whole rock crustal melt. It seems more likely 

given the entire major, trace, rare earth element and Sr, Nd & Pb isotope data sets that 

ascending or stagnating magmas assimilated fusible parts of the crust (Patchett 1980; 

Kerr et al. 1999), with these partial melts being strongly enriched in incompatible 

elements. Crustal rocks are in general enriched in incompatible elements and any 

assimilation thereof will be reflected in the magma chemistry. It is conceivable that 

partial or selective contamination was the dominant mode of interaction (cf. Davidson 

& Tepley 1997; Duffield & Ruiz 1998; Geldmacher et al. 1998; Knesel & Davidson 

2002; Troll et al. 2005).
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The favoured model to explain the formation of the Mull Centre 3 magmas from the 

data obtained, is one whereby initial parental magmas were stored within the 

intermediate to upper crust, where they underwent extensive AFC-type processes, 

potentially within a network o f connected, mid to high-level, sheet-like bodies (e.g. 

Cox 1980). The large surface area to volume ratio of sills enables magmas to interact 

extensively with the surrounding crust (Thompson et al. 1986). Turbulent flow of 

magmas in sill or dyke-like conduits is also an efficient mechanism for the breaking- 

off of wall-rock xenoliths, and for the continuous mixing of silicic partial melts from 

the wall-rocks into the main body of the magma (Kille et al. 1986). These parental 

magmas had little or no interaction with lower crustal Lewisian gneisses. The long- 

lived nature o f magmatism at the Mull igneous complex (Chambers & Pringle 2001) 

possibly removed all of the available fusible material from the lower crust (Upton et 

al. 1998). Alternatively the earlier magmas may have shielded or sealed the lower 

crustal units from intensive interaction with later magmas (cf. Thompson et al. 1986; 

Kerr et al. 1999).

Moine pelitic schists are the most likely source o f input of crustal material which is 

reinforced by the distinctive radiogenic Pb isotope ratios (Fig. 7.14 & 7.15). This 

contrasts strongly with other earlier silicic intrusions from the Mull central complex, 

which formed either by a combination o f partial melting o f Lewisian basement 

together with some melts derived by the fractional crystallization of basaltic magma, 

or dominantly by the fractional crystallization of basaltic magma, along with a small 

amount of crustal contamination (Pankhurst et al. 1978; Walsh et al. 1979).

Parental magmas ponding at mid- to high-levels in the crust would have allowed for 

the partial fusion of the M oine metasedimentary basement rocks to produce the felsic 

Centre 3 magmas. The exact mode of contamination for the Centre 3 magmas 

probably involved the extraction o f silicic partial melts from the Moine country 

rocks, accompanied by interaction with the resulting residue. The contaminant would 

thus probably not have been a bulk Moine meta-psammite or pelite. These partial 

melts would have mixed with varying amounts of basic magma, resulting in 

intermediate to felsic compositions, attesting to the common coexistence of mafic and 

felsic magmas in the British Irish Palaeocene Igneous Province (e.g. Dickin et al.
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1984; Thompson et al. 1986; Gamble et al. 1992; Troll et al. 2004; Emeleus & Bell 

2005).

The early stages of combined crustal assimilation and fractional crystallization, when 

the magmas are at their hottest, are characterized by high rates of assimilation without 

much crystallization, perhaps of olivine alone (W alsh et al. 1979). This results in 

large changes to the isotope and trace element characteristics o f the parental magmas 

with little major element differentiation. The second stage o f AFC, beginning with 

the crystallization of plagioclase and pyroxene, is characterized by lower rates of 

assimilation, and the magma evolves more rapidly (Reiners et al. 1995).

Such contaminated magmas would have been intruded to high structural levels in the 

crust. The Glen Cannel and Beinn a Ghraig granites of Centre 3 seem to be the result 

o f assimilation and concurrent fractional crystallisation (r = 0.7, ~ 5 -  10% 

solidification) but with a restricted interaction of parental magmas with the 

surrounding M oine country-rock (~ 10%). Both granite bodies show signs of a 

shallow emplacement, such as drusy cavities, indicating that the magmas began to 

stall on assent. Final emplacement probably occurred upon reaching a density barrier 

below the thick pile of Mull Plateau lavas that is underlain by a thin M esozoic 

sediment cover (~ 200 m) and by a substantial thickness of Moine metasedimentary 

rocks (~ 4-5 km), thereby placing the granite bodies at shallow levels in the crust 

perhaps at ~ 1 -  2 km below the Palaeocene land surface.

After initial granite emplacement, the release of heat through the exothermic 

reactions associated with mineral formation then probably began to melt the 

surrounding crust to larger degrees (~ 20 - 45%). Continued supply of parental 

magma, with a similar composition to that which gave ri.se to the granite-forming 

liquids, then encounters these crustal melt pockets and pervasive mingling and 

mixing begins. Entrance of more basic magma into a silicic magma reservoir could be 

viewed as a potential eruption trigger (cf. Sparks 1977; Troll et al. 2004). Further 

physical mixing occurred on emplacement of the ring dyke during violent caldera 

collapse and probably pyroclastic eruption.
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While large errors exist on the timing of the granite bodies in Centre 3, e.g. Beinn a’ 

Ghraig 58.20 +/- 1.30 Ma (Rb/Sr, Walsh et al. 1979), they do overlap with more 

recent high-precision dating of the Loch Ba ring dyke at 58.48 +/- 0.18 Ma (Ar/Ar, 

Chambers & Pringle 2001). Given the very similar nature of the felsic magmas 

produced within Centre 3, it is conceivable that the total duration of magmatism at 

Centre 3 was very short. For such similar magmas to be produced, relatively short 

timescales are envisaged between successive emplacements of magma batches 

(compare with the total duration o f Palaeocene igneous activity on the Isle of Rum; 

-500,000 years. Chapter 4).

7.4.4 Mull Crustal Structure

Morrison et al. (1985) and Kerr et al. (1999) have stated that the style of crustal 

contamination on Mull changed over time during the different magmatic stages of the 

evolution o f the entire complex during the Palaeocene. The long-lived nature of the 

Mull magmatic system (Chambers & Pringle 2001; see Table 1.2) and the differing 

styles of contamination over time, allow for a detailed examination of the crustal 

structure beneath the Isle of Mull as the active magmatic system migrated upwards 

through the crust. The intrusive and extrusive magmatic products may be used as 

deep crustal probes to investigate the structure and nature of the crust at depth that is 

not preserved or exposed at the present day surface (Upton et al. 1998).

There are three geochemically distinct magma types noted within the whole Mull lava 

pile (Kerr et al. 1999), which give an indication to how, over time, the depth and style 

of mantle melting would have changed. The bulk of the Mull Plateau Group lavas are 

transitional to mildly alkalic basalts, the more magnesium rich of which are often 

contaminated with small amounts (<5%) of Lewisian crust (Kerr 1995a). Modelling 

by Kerr (1995i>) suggests that these relatively uncontaminated basalts are the result of 

between 6 and 10% partial melting of a depleted garnet-bearing mantle source. The 

Coire Gorm type-lavas, (which are of an intermediate age between the Mull Plateau 

Group and the Central Mull Tholeiites), are slightly more tholeiitic in nature, and 

appear to be the products of shallower (spinel Iherzolite facies), and more extensive 

(8 - 12%) partial mantle melting (Kerr 1995b). The youngest lavas on Mull, the 

Central M ull Tholeiites, are the result of extensive melting (12 - 17%) o f a depleted 

spinel Iherzolite mantle source (Kerr 1995&; Chambers & Fitton 2000).
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M ost of the Mull lavas would seem to have fractionated at high pressure at the base 

of the crust first, and then have assimilated Lewisian materials (Thompson et al. 

1982; Thirlwall & Jones 1983; Kerr et al. 1995). As the magmatic system beneath 

Mull matured and migrated upwards, the style o f contamination changed. The crustal 

rocks at shallower depths became increasingly more available for assimilation as the 

duration of Mull magmatism continued, with the earliest magmas displaying more 

complex contamination histories relative to the later magmas (Kerr et al. 1999) that 

seem to record the final stages o f Moine contamination only.

Such a model seems in accordance with the new geochemical data presented in this 

study. It would appear that the Centre 3 parental basaltic magmas ascended showing 

limited to no interaction with the lower crustal Lewisian gneisses (Fig. 7.12 - 7.15), 

as has been argued for the earlier Mull M agmas (Thompson et al. 1986; Kerr et al. 

1995, 1999). REE and isotopic data suggest a close affinity to the Moine psammites 

that can be seen exposed around Craignure and Gribun, in Eastern and W estern Mull 

respectively. These country rocks are present beneath Centre 3, but below a cover of 

Palaeocene basaltic lavas (~1 -  2 km Bailey et al. 1924), which points to a relatively 

shallow level of magma storage and differentiation, as previously suggested by 

Sparks (1988).

By the time of Centre 3 initiation, the Mull igneous complex had already been active 

for ~ 2 Ma (cf. Chambers & Pringle 2001). The lack of any deep crustal gneiss 

interaction seen in the REE and isotope signatures would seem to suggest that 

magmatic pathways through the deep crust were already well established, with little 

potential for fusible material to interact with rising batches of new magma. The 

parental magmas for Centre 3 probably initially generated from a severely depleted 

mantle, ponded at depth within the Moine metasediments, before and during 

fractionation {cf. Sparks 1988). This was accompanied by large amounts of crustal 

melting, assimilation and incorporation.

Kerr et al. (1999) concluded that the Mull Igneous Complex would seem to have 

formed a very similar style of deep intrusive architecture to that seen on Skye (Bott & 

Tuson 1973) and Rum (Emeleus 1996) as well as having a similarly complex
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geochemical evolution. Indeed, geophysical studies by Bott & Tantrigoda (1987) 

indicate that a large +50 mGal gravity anomaly exists beneath the Isle of Mull (see 

Fig. 1.5), which they interpreted as a thick (6.5 - 13 km) mafic to ultramafic intrusive 

body with a volume of between 2,000 and 3,600 km^. The granitic rocks on Mull, 

however, appear to form only a very thin cap (~ 1 to 2 km, Kerr et al. 1999) beneath 

which this large mass of mafic and ultramafic magma is assumed to lie. The granites 

o f Centres 1, 2 & 3 (Glen More, Beinn Chaisgidle and Loch Ba) would then represent 

only between 5 - 9%  of the total intrusive mass of the Mull central complex (cf. Bott 

& Tantrigoda 1987).
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7.5 Conclusions

The Palaeocene igneous history of the Isle of Mull is well preserved, long-lived and 

is structurally very complex relative to that found in some of the other centres in the 

British-Irish Palaeocene Igneous Province. Centre 3 is composed of several shallow 

level granitic and felsic intrusions that mark the end of a major and prolonged period 

of Palaeocene igneous activity at this complex. The previous notion of zoned magma 

chamber(s) below Centre 3 is supported by distinct compositional gaps in the major 

elemental data but the granites and the Loch Ba rhyolites would seem to be 

chemically related. Based on very similar rare earth element chemistry, all magmas of 

Centre 3 show a likely genetic connection.

Centre 3 magmas underwent some degree of fractional crystallization, however, the 

rare earth element and Sr, Nd & Pb isotope signatures require crustal contamination 

to accompany fractional crystallization. Moine metasedimentary rocks at shallow 

levels in the crust are the main contaminants. Noteworthy is the fact that the Loch Ba 

mafic inclusions are more strongly contaminated (20%) than the surrounding granites 

(13%), with the rhyolites of Loch Ba ring dyke showing the highest levels (45%) of 

crustal incorporation of Moine-type lithologies.

Despite all of the Centre 3 magmas showing a considerable incorporation of Moine 

metasedimentary material, there is little evidence of a lower crustal Lewisian gneiss 

input as noted from several of the earlier Mull magmas (Kerr et al. 1999). By the time 

of magma emplacement at Centre 3, it would seem that lower crustal magma 

pathways were well established, which either shielded the ascending magmas from, 

or did not allow incorporation of, gneissic materials. Also, the migration of the 

igneous loci over time on Mull potentially provided more fertile and fusible Moine 

country rocks in the upper crust and at the new eruption sites of Centre 3. The 

country rocks in the area of Centre 3 had previously been located at some distance 

from the major igneous and hydrothermal activity centres on Mull (Walker 1971).

There are no clear ‘parental magmas’ preserved within Centre 3. Any potential 

parental magma has been heavily modified by fractional crystallization and crustal
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assimilation, during magma migration and ponding at shallow levels below the thick 

sequence of the lava Plateau.

Extensive and pervasive magma mixing occurred during magma ponding and 

chamber residence and also again upon eruption, when some of the varying mafic and 

felsic magma types, were forced up along the Loch Ba ring fault during caldera 

collapse (Sparks 1988).

Mixing between mafic and more silicic magmas is petrographically and chemically 

evident at Centre 3, with both being seen as important phenomena in the development 

of the Mull magmatic complex as a whole (Kerr et al. 1999). Crustal contamination 

of basaltic magmas as they pass through the continental crust followed by subsequent 

magma mixing and hybridisation between basaltic and largely crustal-derived melt 

end members seems to be a very common process throughout the British-Irish 

Palaeocene Igneous Province. Fractional crystallization is a large and significant 

component in magma petrogenesis, but most certainly not in the ‘extrem e’ closed 

system manner as previously suggested (e.g. Sparks 1988), Composite intrusions can 

be found throughout the region, and attest to the coexistence of mafic and felsic 

magmas (Harker 1908; Blake & Skelhom 1966), with mixing of the two often being 

responsible for enigmatic intermediate compositions. This phenomenon is 

increasingly being documented and the processes at work within such com plicated 

mixed intrusions have now gained wide recognition (e.g. Carter el al. 1978; Dickin et 

al. 1981, 1984; Thompson et al. 1982, 1986; Morrison et al. 1985; Kerr et al. 1995, 

1999; Geldmacher et al. 1998; Troll et al. 2000, 2004).

The new isotopic data for the crustal rocks on Iona, Dalradian samples from the south 

of Mull, as well as new additions to the limited available data sets for both the Moine 

metasedimentary rocks (Mull and Ardnamurchan) and Lewisian gneisses from further 

north (Rum, Skye and Mainland Scotland), will help to advance the basis for a 

detailed isotopic crustal terrane map (e.g. Tyrell et al. 2007) and database for this 

region of NW Scotland, which will be of significant benefit for future investigations.
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T a  b ic  7.1 Rqjresentative major (wt%), trace and rare earth element (ppm) concentrations for M u ll Centre 3 magmas

R o c k  typ e
Location
Sample

GranKe 
NM 56732 37327 

Mul-GCG

Granite
NM 55238 38155

Mut-BAGG

Rhyolite 
NM 55666 37416 

LB-1

Rhyolfte 
NM 56444 37489 

LB-6

Rhyolfte
NM 5925?401?6

LB-SE-1
NM 55216 37035

LB-en-1

Mafic inclusions 
NM 59387 40372 

LB-en-2
NM 55482 37^17 

LB-en-3
SIO2 73.6 73.62 72.65 73.42 73.68 59.73 55.91 56.21

Ti02 0.36 0.3 0.33 0.29 0.33 1.54 1.86 1.78

AI2O3 12.46 12.44 12.91 12.55 12.89 13.16 13.33 12.93
FeO 3.95 3.51 3.73 3.21 3.4 12.5 14 13.54
MnO 0.08 0.07 0.05 0.04 0.04 0.18 0.22 0.2
MgO 0.07 0.05 0.07 0.06 0.12 1.86 2.72 2.71
CaO 0.91 0.73 0.82 0.47 0.82 5.19 6.84 5.96
K2O 4.37 4.2 3.46 6.05 3.29 3.59 3.4 3.31

N320 4.63 4.71 5.64 2.47 5.5 2.22 1.76 2.28

P 2 O 5 0.04 0.03 0.03 0.05 0.03 0.32 0.28 0.28
Total 100.72 99.89 99.97 98.61 100.34 100.48 100.5 99.42

Co 94 104 n.d. 131 111 89 121 165
Cr 3 10 3 11 5 6 14 12
Ni 1 1 3 1 <1 1 6 1
V 7 12 3 5 15 201 318 292
Zn 97 103 153 75 74 111 123 109
La 48 47 52 257 39 <19 <19 276
Nb 37 37 16 29 29 16 11 16
Ga 25 25 17 21 22 25 25 24
Pb 17 15 27 26 20 21 19 9
Rb 171 207 247 224 215 80 79 87
Ba 935 843 1123 1164 1023 539 346 424
Sr 47 55 74 78 72 147 162 168
■m 19 20 19 22 25 18 17 14
Y 87 102 71 82 63 66 56 57
Zr 583 623 489 479 457 292 234 247

La 49 47 47.53 n.d. 58.28 40.81 39.39 30.89 34.33
Ce 125.21 104.20 n.d. 116.45 94.06 88 86 67.22 74 59
Pr 14 02 13.35 n d 15.45 10.67 10 64 8 44 9 08
Nd 55.80 53.90 n.d. 59.85 40.88 43 47 34.82 37.09
Sm 12.99 13.53 n.d. 12.88 8.96 9.84 8.19 8.60
Eu 2.09 2.33 n.d. 1.81 1.34 1 92 1.88 1.80
Gd 12 98 14 27 n d 12 87 8.83 10.29 8 66 9 14
Tb 2.21 2 58 n.d. 2.10 1.49 1 65 1.43 1,49
Dy 13.91 16.84 n.d. 13.08 9 44 10 19 8 93 9 28
Ho 2.75 3.41 n.d 2.62 1 91 2 05 1.79 1 86
Er 8.07 10.30 n.d. 7.76 5 79 5.97 5.19 5.46
Tm 1.29 1.67 n.d 1.23 0.95 0 92 0.81 0 84
Yb 7.78 10.14 n.d. 7.46 5.82 5.51 4 88 5.04
Lu 1.14 1.48 n.d. 1.13 0.87 0.83 0.74 0.76



Table 7.2. Representative major (wt%), trace and rare earth element (ppm) concentrations for Crustal rocks around Mull

Rock type gneiss mudstone psammite amphiboli
Location NM 28880 26190 NM 28530 23745 NM 38142 18345 NM 385151!
Sample MUL-IONA-GN MUL-IONA-SED MUL-MOINE-1 MUL-MOIN

Si02 75,67 64.72 70.63 45.81
Ti02 0.17 1.08 0.60 3.03
AI2O3 12.19 16.77 13.76 13.69
FeO 1.72 4.50 4.77 14.54
MnO 0.02 0.09 0.10 0.25
MgO 0.36 1.35 1.71 6.80
CaO 2.27 2.88 2.10 11.73
K2O 2.05 3.11 2,01 0.87
N320 4.20 4.28 3.18 1.08

P 2 O 5 0.05 0,21 0,15 0.45
Total 98.70 98.99 99.01 98.25

Nb 2 14 12 5
Zr 82 563 222 284
Y 2 23 29 66
Sr 455 658 385 166
U 1 1 1 1
Rb 21 46 96 29
Th 1 8 10 2
Pb 3 16 19 5
Ga 11 19 14 19
Zn 11 63 72 125
Cu 15 7 11 8
Ni 3 3 3 65

Cr 12 47 48 258
V 39 69 65 454
Ce 24 64 83 39
Nd 9 35 34 13
Ba 912 1295 486 63
La 12 25 38 14



Table 7.3. Age corrected Sr, Nd and Pb isotopic ratios for crustal rocks in and around the Isle o f Mull, Scotland See Appendix 2 for measured isotope values.
—-------------------------^  ' ' Ĥ _— HB_ " '   :-^ ^ — l i n . . . — z -------- :-----------. ■mu-.
Sample Rock type GPS ® ^ S rrS r

(58.5Ma)
2S.E. S r{p p m ) Rb (ppm)

(58.5M a)
2S.E. Nd (ppm ) Sm (ppm) ^ 0 6 p b /^ u 4 p b

(58.5M a)
2 S,E, z o /p b /:^ 0 4 p b

(58.5M a)
2S,E. 2 0 8 p b /2 0 4 p b

(58.5M a)
2S.E. U (ppm ) Th (ppm ) Pb (ppm)

Mul-Moine-Crg psammit« NM 71458 37687 0.71767157 0.000014 122 70 0.511358 0.000007 4 9 18.691 0,014 15,602 0,016 38.131 0.018 1 2 15
Uul-Moine-1 psammlte NM 36142 18345 0.718708 0.000013 385 96 0.511731 0.000009 34 9 18.299 0.006 15.576 0.007 37.737 0.007 1 10 19
Mul-Moine-2 amphibollte NM 38515 18230 0.720480 0.000013 166 2 9 0.512706 0.000007 13 9 18.324 0,008 15.576 0.009 37.935 0.009 1 2 5

Mul-Dal phyllit» NM 72893 31885 0.728627 0.000013 153 171 0.511704 0.000039 63 10 19.361 0,028 15,596 0.029 40.343 0.029 1 11 39
Mul-lona-Sed mudstone NM 28530 23745 0.709074 0.000014 658 46 0.511577 0.000006 35 7 17.962 0,006 15.460 0.007 36.670 0.007 1 a 16

Mul-lona-Gneiss gneiss NM 28880 26190 0.709955 0.000013 455 21 0.510515 0,000006 35 5 14,522 0.005 14.806 0.006 35.366 0.063 1 5 10



Table 7.4. A^e corrected Sr, Nd and Pb isotopic ratios for Centre 3 intrusions. Isle o f MuH. See Appendix 2 for measured isotope values.

Sample Rock type GPS "Sr/®®Sr
(58.5Ma)

2 S E Sr (ppm) Rb (ppm) ’ “ Nd/'“ Nd
(58.5Ma)

2 S E Nd (ppm) Sm (ppm) 2 0 6 p b / 2 0 4 p b

(58.5Ma)
2 S.E. 2 0 7 p ^ ^ 0 4 p ^ j

(58.5Ma)
2 S.E. 2 0 9 p b / 2 0 4 p b

(58 5Ma)
2 S.E. U (ppm) Th (ppm) Pb (ppm)

Mul-GCG Granite NM 56732 37322 0.709671 0 000012 47 171 0.512579 0 000008 56 13 18 541 0 0074 15 .548 0 0092 38.272 0.0107 3 15 17
Mul-BAGG Granite NM 55238 38155 0.710265 0 000013 55 207 0.512507 0.000007 54 14 18.646 0.0054 15 .580 0 0075 38 354 0.0097 4 17 15

LB-1 Rhyolite NM 55666 37416 0.715696 0.000013 74 247 0.512068 0.000007 54 9 19 014 0.003 15 .595 0 0 0 2 38.706 0.006 1 5 27
LB-6 Rhyolite NM 55444 37489 0.716058 0.000012 78 224 0.512105 0 000009 60 13 18 935 0.0073 15.627 0 0086 38.711 0.0103 5 21 26

LB-SE-1 Rhyolite NM 59252 40126 0.715943 0.000013 72 215 0.512132 0.000008 41 9 18.897 0.0081 15.631 0.0084 38.677 0.0099 5 21 20
LB-en-1 Mafic NM 55216 37035 0.714716 0.000013 147 80 0.512296 0.000004 43 10 18.872 0.0082 15 .6 0 4 0 0093 38.570 0.0103 3 15 21
LB-en-2 inclusions NM 59387 40372 0.712995 0.000011 162 56 0 512349 0.000003 35 8 18.841 0 0069 15 .6 0 2 0.0082 38.557 0.0088 2 8 19
LB-en-3 " NM 55482 37417 0.712842 0.000014 168 87 0.512385 0.000003 37 9 18 826 0.0073 15 .598 0.0087 38.543 0.0100 2 9 9



Table 7.5 Measured and modelled Sr and Nd ppm values for the Centre 3 magmas
Modelled AFC____________________________________ Binary Mixing

Rock type Measured ppm Moine-1 AFC Crystal Molne-CRG AFC Crustal Binary Moine-1 Binary Moine-CRG
Sr Nd Sr Nd input Sr Nd input Sr Nd Sr Nd

Granite 52 55 r = 0.5 131 12 15% 125 10 40% 97 10 83 6

r= 0 .7 113 10 5% 112 8 20%

®̂ Sr/®®Sr -0.710 r = 0.85 140 2 <5% 115 7 10% 10% crustal input 30% crustal input
(58.5Ma)

Inclusions 155 39 r = 0.5 176 17 25% 191 19 70% 129 11 94 5

r = 0.7 154 14 10% 148 11 35%

®̂ Sr/®®Sr -0.713 r = 0.85 165 15 5% 134 9 15% 20% crustal Input 50% crustal input
(58.5M3)

Rhyolite 74 50 r = 0.5 350 44 55% 332 70 95% 193 17 110 5

r = 0.7 280 30 25% 216 20 65%

®̂ Sr/®®Sr -0.716 r = 0.85 250 25 10% 191 15 35% 40% crustal input 80% crustal input
(58.5Ma)



Figure 7.1 Map o f the Isle o f  Mull and the surrounding Palaeocene igneous centres, S= Isle o f Skye,
R= Isle o f  Rum, A= Ardnamurchan and B=Blackstone Bank (submerged), and associated lava fields 
(including estimated off-shore extensions, after Fyfe el al. 1993). Highlighted are the loci o f  the Mull 
Igneous Centres 1 - 3 as they are thought to have migrated position through time. Stars mark the locations 
o f  crustal data obtained from the surrounding terranes, see text for details.



F igu re  7.2 Google Earth © image o f  the Isle o f  Mull, the high hills and mountains in the centre o f  the island indicate the presence o f  the main igneous centres, (Figure 7.3). 
The Ardnamurchan peninsula is visible to the north o f the image as well as the prominent distinctive ring shaped outline o f  this igneous centre (see Chapter 6).
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Figure 7.5 Panorama showing the prominent ridge that marks the Loch Ba ring dyice, also visible is the peak of Beinn a' Ghraig composed of a shallow-level granite that 
intrudes into earlier flood basalt flows belonging to the Mull Plateau Group, photo looking southeast from across Loch na Keal (see Fig.7.4).
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Figure 7.6 Panorama showing Loch Ba and the main granitic and felsic components making up Centre 3 of the Mull Central Complex, photo looking northeast (see Fig. 7.4).



F ig u re  7.7 a) M argin o f  the Loch Ba ring dyite against the Beinn a' Ghraig granite, (see Fig. 7.4). b) Cut 
section view o f  the Loch Ba felsic m atrix showing num erous lobate mafic inclusions, field o f  view = 2cm 
across c) H ighly twisted and elongate m afic inclusions in a concentrated, parallel band near the margin o f 
the ring dyke, lump ham m er head for scale.



Figure 7.8 Views o f  the highly deformed Lewisian gneiss basement rocks present in north-western Iona.
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CHAPTER 8 - THE SGURR OF EIGG

8.1 Declaration

The data presented in this chapter has been submitted for publication:

B r o w n , D.J., B e l l , B.R., N ic o l l , G.R., M u ir h e a d , D.K. & T r o l l , V.R. (submitted). 

Assembly of a lava-like ignimbrite and the role of silicic pyroclastic volcanism in the 

North Atlantic Igneous Province: the Sgurr of Eigg Pitchstone, NW Scotland. Bulletin 

o f Volcanology.

I have undertaken all of the radiogenic isotope work presented in this chapter, as well 

as all geochemical and isotopic data manipulation and analysis, the interpretation of 

geochemical results and the drafting of diagrams. My total contribution to this work 

as presented here is estimated at ~ 35%.

8.2 Introduction

Silicic volcanic rocks are associated with the majority of mafic Large Igneous 

Provinces (LIPs), including continental flood basalt sequences, yet they often receive 

little attention, with many recent studies choosing to focus on the geochronology, 

geochemistry, climatic effects and architecture of the volumetrically dominant mafic 

lithologies (cf. Rampino & Strothers 1988; Mahoney & Coffin 1997; Wignal 2001; 

Bryan et al. 2002, 2007). Silicic rocks appear to be under-represented within the 

volcanic record of such provinces, possibly due to intense uplift and erosion (e.g. 

Chapter 4). However, their more common preservation as intrusive masses such as 

batholiths, lopoliths and dyke swarms might signify that evolved magmas are more 

frequently erupted than currently thought. Where silicic volcanic rocks are preserved 

they typically comprise subsided intra-caldera fills (e.g. Rum and Mull, Chapters 3 & 

7). It is important that these rocks are not overlooked in such settings, as recent work 

has identified major silicic igneous provinces, where volumes of these rock types are 

dominant, or are at least comparable to mafic rocks (Bryan et al. 2002, 2007). The
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recognition of these silicic volcanic rocks is of fundamental importance to the 

understanding of LIPs, melt generation and the physical volcanology of such large 

eruptions.

W ithin the North Atlantic Igneous Province (see Fig. 1.2) silicic extrusive rocks are 

com paratively rare and are typically restricted to low-volume alkaline tuffs and lavas, 

and/or subsided intra-caldera fills, with many of the eruptive products thought to have 

been removed by rapid erosion. At the present level of erosion within the British-Irish 

Palaeocene Igneous Province, the major silicic intrusions preserved (typically granite) 

are seen on Arran, Mull, Rum and Skye in Scotland and Carlingford, the Mourne 

M ountains and Slieve Gullion in N. Ireland/Ireland (see Chapter I and Fig. 1.3). 

However, less common silicic extrusive rocks occur as either minor tuffs, rhyolites 

and ignimbrites within the lava fields (M eighan et al. 1984; Bell & Emeleus 1988; 

Mitchell et al. 1999), or in the vicinity of the central complexes, as screens between 

intrusions or as subsided caldera fills (Bailey et al. 1924; Emeleus 1997; Troll et al. 

2000). The silicic extrusive rocks appear however, to be volumetrically minor when 

compared to the silicic intrusive rocks within the province. Large-volume 

ignimbrites, typical of other mafic LIPs are conspicuously absent (Bryan et al. 2002, 

2007).

This chapter presents new evidence for an extensive extra-caldera ignimbrite deposit 

preserved on the Isle of Eigg and also on the remote skerries of Oigh-sgeir; 

underpinning the role of silicic pyroclastic activity in the development of this Large 

Igneous Province. The identification of such a large extra-caldera ignimbrite also has 

potential implications for the surface eruption dynamics of the large igneous centres 

within the British-Irish Palaeocene Igneous Province as well as the larger North 

Atlantic Province as a whole. Explosive and aerially extensive felsic volcanism may 

have been an essential, voluminous and more widely spread part of the igneous 

activity in the province than previously believed.

This chapter also shows the potential power of detailed radiogenic isotope studies. It 

builds on the crustal contamination characteristics of the igneous centres studied 

during the course of this research (Rum, Ardnamurchan and Mull; Fig. 8.1) and 

highlights further uses for the establishment of a detailed isotopic crustal terrane map
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for Ireland and Northern Britain. Spatially distributed igneous rock outcrops may 

reveal information on the underlying crust that can be used to good effect in 

associated crustal provenance studies.

8.3 Geological setting

The Isle o f Eigg, Inner Hebrides, NW  Scotland (Fig. 8.2), comprises a series of 

Jurassic and Cretaceous sedimentary rocks, which crop out on the north and east 

coast o f the island. They are overlain by Palaeocene basaltic lavas belonging to the 

Eigg Lava Formation (Fig. 8.2 & 8.3), typically alkali olivine basalts, although more 

evolved compositions (hawaiites and m.ugearites) are also present. The lavas are 

intercalated with thin orange-red volcaniclastic rocks (Emeleus et al. 1996). The lava 

field extends to the nearby island of Muck (Fig. 8.1 & 8.2), where sanidine-bearing 

volcaniclastic sandstones at the base of the sequence, the “M uck Tuff,” have been 

dated at 60.65 + 0.07 Ma (Ar-Ar, Chambers et al. 2005).

A thick, 120 m, pitchstone mass forms a sinuous ridge that is 3.5 km long and 0.5 km 

wide (locally called An Sgurr) in the western part of the Isle o f Eigg (Fig. 8.3). This 

ridge rests unconformably on the Palaeocene lavas, and has been dated at 58.72 ± 

0.07 Ma (Ar-Ar, Chambers et al. 2005). A pitchstone breccia, ~ 1 - 2 m thick, is 

locally present at the base of the Sgurr o f Eigg Pitchstone, and this, in turn, is 

underlain by localised pockets of conglomerate. Together, the Sgurr of Eigg 

Pitchstone (hereafter referred to as the SEP), the basal breccia and the conglomerate 

have been designated as the Sgurr of Eigg Pitchstone Formation (Emeleus 1997) (Fig. 

8.2) and were originally interpreted by Geikie (1871, 1897) as the products of a lava 

filling a deeply incised river valley. Subsequently, Harker (1906, 1908) re-interpreted 

the SEP as a sill and the conglomerate as “volcanic agglomerate filling a vent” . 

Bailey (1914) concurred with G eikie’s interpretation and here the matter rested. 

Extensive re-mapping of the Isle of Eigg by Allwright (1980) and Emeleus (1997) 

supported G eikie’s original findings, but also identified a zone of “flow banding” at 

the base o f the SEP, which they interpreted as a welded tuff. They envisaged a system 

of steep-sided palaeo-valleys eroded into the basaltic lavas and filled by fluviatile
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conglomerates (Fig. 8.4). These authors suggested that the SEP was erupted, initially 

as an ash flow, and then continued as two or more lava flows, overwhelming the 

palaeo-valley system. The basal pitchstone breccia was interpreted as the result of 

phreatic explosions that occurred when the SEP flowed over wet sediment in the river 

bed (Emeleus 1997).

8.4 Analytical methods

Samples 1 - 1 2  were obtained from a stratigraphical traverse up through the Sgurr of 

Eigg Pitchstone mass and geochemical analyses of these was undertaken on a XRF-S 

at the University of Edinburgh, and samples Sr490, Sr562 and Sr303 on a Spectro X- 

Lab EDP XRF at the University of St. Andrews (Table 8.1). Sr, Nd and Pb isotope 

data were obtained at the Scottish Universities Environmental Research Centre 

(SUERC), East Kilbride, Scotland. See Chapter 2 for a full description of all the 

analytical techniques. The isotope ratios in this chapter were age-corrected to 59 Ma 

according to the time of igneous eruption (58.72 + 0.07 Ma, Ar-Ar, Chambers et al., 

2005). See Appendix 2 for all measured isotope values.

8.5 Results

Recent field observations by Dr David Brown, presently at Glasgow University, 

identified fabrics consistent with a pyroclastic origin throughout the entire pitchstone 

mass and subsequently the whole Sgurr of Eigg Pitchstone (SEP) has been 

reinterpreted as a large ignimbrite deposit. The particulars of this field reinvestigation 

are detailed in Brown et al. (submitted). Presented below is a short synopsis of the 

main field relationships undertaken by Brown (examined by myself on a short 

excursion to the Isle of Eigg, October 2007), followed by a detailed discussion of the 

petrographic, geochemical and isotopic data obtained during the course of this PhD 

research, which relates to the Isle of Eigg and the skerries of Oigh-sgeir, 

complementing Brown’s fieldwork investigations.
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8,5.1 Field Relationships 

8.5.1.1 Basal Conglomerates

M asses of conglomerate are exposed at the base of the SEP, at Bidein Boidheach, 

C ollie’s Cleft and The Recess (Fig. 8.4). In places, the conglomerate is up to 50 m 

thick and has steep-sided contacts with the underlying basaltic lavas (Eigg Lava 

Formation). The conglomerates are general poorly sorted, weakly bedded and clast- 

supported, with the clasts (sub-rounded to sub-angular; ~1 cm to 1.5 m across, 

although more typically 20 to 50 cm), set in a brown to grey matrix o f comminuted 

sand-grade, typically basaltic, material (Fig. 8.5). Locally, clasts are oriented 

vertically, with long axes orthogonal to the base of the unit. Clasts are typically of 

basalt (Palaeocene), red and green sandstone (Neoproterozoic Torridonian), with 

rarer examples of red mudstone (Palaeocene?) and granite (Palaeocene?). Locally, 

discontinuous granule- and pebble-grade layers are present, and a vague clast 

imbrication is preserved, possibly indicating transport from east to west.

8.5.1.2 Pitchstone Breccia

Locally, at the base of the SEP, is a 1 - 2 m thick pitchstone breccia (Fig. 8.5b). The 

weathering out o f this unit has, in places, given rise to a recess at the foot of the SEP 

escarpment. This breccia is massive, matrix supported and comprises angular to sub

rounded clasts o f plagioclase-phyric glassy pitchstone, 1 - 20 cm across, set in a pale 

yellow, altered, glassy (devitrified) matrix. Some pitchstone clasts display an obvious 

“fluidal” fabric and flow banding (0.5 to 1 cm thick), and locally a “jigsaw -fit” of 

clasts is preserved (Fig. 8.5b). Rare blocks of basalt from the underlying lava field are 

also present.

8.5.1.3 Pitchstone (SEP)

The Sgurr of Eigg Pitchstone (SEP) forms the distinctive sinuous ridge located in the 

west of the island that runs NW  from An Sgurr to Bidein Boidheach (Fig. 8.3 & 8.4). 

The pitchstone is up to 120 m thick and -3 .5  km in length, with near-vertical sides, 

and is characterised by columnar jointing with columns 0.7 to 1.5 m across. The 

attitude o f the jointing is extremely variable, ranging from predom inantly vertical, to 

horizontal, and sweeping through spectacular arcing fans over distances of only a few 

tens of metres. At The Nose, the SEP can clearly be seen resting unconform ably on
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basaltic lavas, with steep-sided contacts (Fig. 8.4). Here, the columns become 

steeply-inclined, perpendicular to the base of the SEP, and these relationships were 

interpreted as the cooling of the pitchstone against the steep-sided palaeo-valley into 

which it was emplaced (Allwright 1980; Emeleus 1997).

At Bidein Boidheach, Emeleus (1997) identified a 3 m thick zone of welded tuff, 

including a 1.5 m thick zone of sparsely porphyritic, welded vitric tuff, at the base of 

the SEP. This tuff is characterised by a well-developed fabric or banding, parallel to 

the base of the SEP, and was interpreted as an initial ash flow prior to the eruption of 

the main mass (Alright 1980).

This distinctive fabric has now been identified by Brown throughout the whole 

outcrop (Fig. 8.6), comprising of relatively planar, discontinuous, sub-parallel lenses 

of dark material, typically 0.1 - 3 cm thick and up to 0.5 m long, rarely up to 1 m, set 

in a paler “matrix” . The length-to-thickness ratio of the lenses is typically » 1 0 :1 .  

Locally, these fabrics display minor deformation, although macro-scale folding is 

absent. Small fragments of basalt (of the Eigg Lava Formation type) are also present 

throughout the pitchstone mass, and decrease in abundance up section.

The SEP comprises a number of discrete, sub-horizontal units (or sheets), easily 

distinguished by the orientation, frequency and morphologies of the colum nar joints 

(Fig. 8.7). The basal unit is distinctive and appears to ramp up the palaeo-valley. The 

sub-horizontal units are discontinuous, but may be tens to hundred of metres in 

length, with complex overlapping arrangements and undulations, becom ing thicker 

and better developed towards The Nose (Fig. 8.4 & 8.7a). Most of these sub

horizontal sheets have distinctive columnar jointing patterns, but in places, the joints 

appear to cut multiple units. Pale, cream-coloured sheets of pitchstone, ~5 m thick, 

are found in the cliffs on the south side o f the ridge (Fig. 8.7b). These discontinuous, 

sub-horizontal units are also parallel to the base o f the SEP and have been interpreted 

as “intrusive felsites” (Emeleus 1997). These units however, display the same fabrics 

noted throughout the remainder of the SEP and therefore are reinterpreted as a pale 

variant of the typical pitchstone.
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8.5.2 Petrology

The SEP is a trachydacite (see Fig. 8.9) with microphenocrysts (~ 1 mm across) of 

anorthoclase, plagioclase, clinopyroxene and rare biotite. The microphenocrysts 

typically com prise -35  vol. % of the rock. The feldspars range from euhedral to 

anhedral, are commonly fragmented, and display rare “sieve-textures” . Lithic 

fragments o f basalt are common throughout the unit. The groundmass comprises 

fiam me and eutaxitic texture, with elongate, wispy, dark and light bands or shards, 

which are typically deformed and flattened in a ductile fashion around 

m icrophenocysts and lithic fragments (Fig. 8.8). The dark and light bands repeat on a 

sub-millim etre scale, although locally they may be up to 3 mm thick. The eutaxitic 

foliation is typically sub-horizontal, although, locally, steep dips are recognised 

(“ram ping” of fiamme). The glassy nature and eutaxitic texture of the SEP clearly 

dem onstrate that it has been welded; the degree of welding can be described as 

“partially welded with fiamme” to “densely welded,” after Ross & Smith (1961), or 

designated a welding intensity of between V and VI, after Quane & Russell (2005).

The fabric observable throughout the pitchstone is a eutaxitic texture, with flattened 

and deformed fiamme and shards, which suggests a pyroclastic origin for the SEP 

(Branney & Kokelaar 1992). However, despite the common presence o f this texture 

throughout the unit, the SEP is remarkable for its relative homogeneity and outwardly 

massive, vitric appearance. The eutaxitic texture is most common and best developed 

towards the base and top of the SEP; examination of much o f the unit is, however, 

restricted by the sheer, near-vertical cliff faces (Fig. 8.3, 8.4 & 8.7). The eutaxitic 

texture can com m only only be observed in thin section (Fig. 8.8) and locally it is 

absent. No distinct lithic tuff/breccia or mesobreccia layers have been identified, 

although restricted access makes recognition of such features difficult.

8.5.3 Geochemistry 

8.5.3.1 Major and trace elements

The samples plot in the trachydacite and dacite fields of a total alkali versus silica 

(TAS) diagram, ju s t at the boundary of the rhyolite field (Fig. 8.9, Table 8.1). A clear 

com positional trend is recognised, broadly correlated to stratigraphic position, with 

the most evolved samples located at the base of the section (68.44 Si02 wt%) and
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increasingly less evolved com positions are observed tow ards the stratigraphic top o f 

the section exam ined (66.42 S i02  w t% ), (Figs 8.9, 8.10, Table 8.1). Sam ple 10 is 

slightly erratic and appears to be som ew hat m ore evolved than nearby sam ples. 

Sam ples Sr490 and 562 are not part o f the stratigraphic traverse and are, relatively 

speaking, m uch less evolved in com position (63.49-64.79 S iO i wt% ). These two 

sam ples were, how ever, collected at high elevations on top o f the An Sgurr ridge (see 

Table 8.1, Fig. 8.4), so are conceivably  higher up in the stratigraphic traverse, hence 

possib ly  explaining their reduced S i02  content. The sam ple from  O igh-sgeir, Sr303, 

show s an S i02  content sim ilar to those sam pled from  near the top o f the An Sgurr 

ridge (66.53 S iO : wt% ). Figure 8.10 show s H arker variation diagram s for the Sgurr 

o f E igg and O igh-sgeir rocks. In general there is an increase o f Ti, M n, K, Na and P 

w ith increasing Si02  while a corresponding decrease in Al, M g and Ca can be seen 

(Table 8.1). The relative range o f com positions across the w hole sequence o f 

sam ples, apart from  Si02  (63.49 -  68.44), is relatively narrow  e.g. T i02 0.81 - 1.35; 

AI2O 3 15.06 - 16.91; M nO  0.08 -  0 .16; M gO 0.21 -  2.10; N a02  3.98 -  4.92. This 

group o f sam ples can possibly be v iew ed to represent a geochem ical traverse based 

on increasing Si02 and decreasing M gO , with the sam pled rocks being erupted in the 

reverse order o f form ation, potentially  indicating a zoned m agm a cham ber. If this is 

so, there is not a sim ple d ifferentiation pattern preserved in the H arker diagram s. For 

exam ple, Al is com patible w hile Ti and Fe becom es m ore incom patible, relating to 

plagioclase form ation. H ow ever, there is a m arked change in all the m easured 

elem ents around 66 - 67 wt%  S i02 (Fig. 8.10), w ith M gO , K 2O and N a20 being the 

least effected.

Selected trace elem ents are p lotted against Si02  and against each other in figure 8.11. 

All the plots show a straight line genetic correlation, in general show ing a linear 

increase o f incom patible elem ent concentrations (Rb, Zr, Ba, Ce, Nb and Nd) and a 

linear decrease o f the com patible elem ents (Sr) w hen plotted against S i0 2 . The trace 

elem ents plotted against each other also show a strong linear correlation that is 

independent o f the effects o f variable plagioclase and ferrom agnesian m inerals in the 

sam ples. The linear trends correspond to stratigraphic position, hence backing up and 

confirm ing the sim ilar patterns observed in the m ajor elem ent plots (Fig. 8.10, Table 

8.1). All o f the trace elem ents (particularly  Sr and Ce) show  a disruption o f a linear 

pattern at 66 - 68 w t%  S i02 (Fig. 8.11) in a sim ilar m anner as observed in the m ajor
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elements. In general, the samples not obtained from the main stratigraphic traverse 

(Sr 303, Sr490 and Sr562) are less evolved relative to the data derived from the 

traverse (samples 1 - 1 2 ) ,  however, when taken together, all the data can potentially 

be used to extend his original traverse, geochemically at least.

8.S.3.2 Isotope geochemistry

Sr-, Nd-, and Pb-isotope analyses were conducted on two whole rock samples from 

the Sgurr o f Eigg Pitchstone (Sr490, Sr562) and one from the skeries of Oigh-sgeir 

(Sr303) located 30 km northwest o f the Isle o f Eigg (Table 8.2, Fig. 8.12). The 

isotope results are plotted in figures 8.12. In the diagram the size of the data symbol 

is larger then the associated analytical uncertainty for that data point. The age 

corrections for the measured isotope data are in general very minor and any 

discrepancy or error from this approximation with the actual age o f em placement has 

a negligible affect on the overall petrogenetic interpretations and conclusions 

presented below. See Appendix 2 for the measured isotope data.

The isotopic ratios measured have a very narrow range: 0.710047 - 0.710498 for 

’̂Sr/*^^Sr, 0.511483 - 0.511522 for '^-^Nd/'^''Nd and 15.947 - 15.973, 15.057 - 15.059 

and 35.785 - 35.821 for ‘̂> b /^ "V b , ^°Vb/-‘*''Pb and "̂*̂ Pb/‘°V b, respectively. It is 

noted that the SEP and Oigh-sgeir samples possess virtually identical isotopic 

com positions that cannot be resolved beyond analytical errors (Table 8.2, Fig. 8.12). 

This data, along with the major and trace element results, strongly argue in favour of 

field and petrological observations that imply that these two pitchstone outcrops are 

related, and most probably have an identical origin (cf. Emeleus 1997).

8.6 Discussions 

8.6.1 Petrogenesis

The basal conglomerates which underlie the Sgurr o f Eigg Formation rocks have been 

interpreted as fluviatile conglomerates filling a palaeo-valley (Allwright 1980; 

Emeleus 1997). Debris flows are commonly impounded within drainage channels and 

their flow paths are therefore essentially controlled by the local topographic relief
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(Sohn et al. 2002). The geochemical data display a compositional trend, broadly 

correlated to stratigraphic position, with the most evolved samples occurring at the 

base and increasingly less evolved compositions towards the top of the unit. The 

major element data also hint at some degree of fractional crystallisation within the 

proposed magma chamber (compare with the felsic magmas examined from Rum and 

Mull; Chapter 5 & 7). The possibility also exists for the injection of new magmas 

prior to eruption. However, this event occurs at a point with limited data (e.g. 66 -  67 

wt% SiOi) and is highlighted by samples that are not part of the stratigraphical 

traverse, so a larger continuous sampling suite would be needed to fully clarify this. 

The distinguishable sub-horizontal units (Fig. 8.7), combined with the geochemical 

data presented (Fig. 8.10, 8.11) suggest the SEP represents a pulsed eruption from a 

compositionally zoned magma reservoir, which drained from the top downwards as 

the eruption persisted (Blake 1981; Sparks 1988). The large aspect ratio of the 

observed eutaxitic foliation (texture), the presence of fiamme, shards, common lithic 

fragments and broken phenocrysts, along with an intensely welded and vitric 

appearance, are indicative of deposition from a pyroclastic density current (Henry & 

Wolff 1992). The SEP displays no strongly rheomorphic features, such as highly 

deformed macro-scale folds and/or lineations or sheathfolds (cf. Wolff & Wright 

1981; Leat & Schmincke 1993; Branney et al. 2004). However, at the microscopic 

level (Fig. 8.8), the eutaxtic texture in the SEP is typically deformed, with abundant 

“rotated” crystals and lithic clasts observable, indicative of some degree of down- 

slope rheomorphic flow. Therefore, the SEP can be interpreted as a high grade “lava

like” (in appearance), and locally rheomorphic, ignimbrite.

Based on isotopic composition, the ignimbrites of the SEP and Oigh-sgeir 

experienced a very strong incorporation of crustal materials. They are compared 

relative to a picritic dyke from the Isle of Rum, (Upton et al. 2002, also see Chapter 

5) and the average North Atlantic End Member (Ellam & Stuart 2000), both of which 

can be viewed as close approximations of upper mantle-like compositions during the 

Palaeocene (Fig. 8.12). The fields, average compositions and locations for the fault- 

bound, isotopically distinct, crustal terrane elements in this region of Scotland are 

also shown (Figs. 8.1 & 8.12). *^Sr/^^Sr isotopic data imply that the silicic rocks from 

the SEP and Oigh-sgeir are derived from an initial mantle-like magma that underwent 

a 10 - 20% contamination by a granulite-facies gneiss-like material (as suggested by
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Dickin & Jones 1983a). This was followed by up to 50% upper crustal contamination 

by Lewisian (Archaean and Proterozoic) amphibolite-facies gneiss (Fig. 8.12a; 

Dickin 1981; see Chapter 5). Based solely on Sr and Nd isotope data, however, the 

quantification of a potential incorporation and contamination of these magmas by 

rocks of the Neoproterozoic Moine Supergroup remains unresolved. Pb isotopic 

ratios in the province, in turn, often reflect mixing trends between asthenopheric 

magmas and lithospheric contaminants (Ellam & Stuart 2000; Geldmacher et al. 

2002), which have very different isotopic compositions. Both the SEP and Oigh-sgeir 

samples are much less radiogenic than the highly radiogenic Moine meta-sedimentary 

rocks and mantle-like compositions (Fig. 8.12b, c). A clear trend towards Lewisian 

granulite-facies material is visible, correlating well with the observed Sr and Nd 

ratios (Fig. 8.12a). Isotope data in this study thus confirm the initial observation of 

Dickin & Jones (1983a) that these rocks are effectively derived from a large degree of 

Lewisian crustal input.

8.6.2 Location of vent

Contamination trends and the composition of (i) the Ardnamurchan cone sheets, 

which show Lewisian contamination closely followed by Moine contamination 

(Geldmacher et al. 1998, 2002; see Chapter 6); (ii) the rhyodacites from the Isle of 

Rum (Troll et al. 2004; see Chapter 5); and (iii) the Western Red Hills granites from 

Skye (Dickin 1981); are compared with the SEP and Oigh-sgeir trachydacites. The 

SEP and Oigh-sgeir samples are distinct from the Rum rhyodacites (Fig. 8.12) (Troll 

et al. 2004; see Chapter 5) but do show a clear overlap with data from the Skye 

Western Red Hills granites (Dickin et al. 1980; Dickin 1981; Dickin & Exley 1981; 

Dickin & Jones 1983b). The large amount of crustal contamination within the SEP by 

Lewisian gneiss has already been proposed by Dickin & Jones (1983a), who favoured 

an eruption centre for the SEP magmas located on, or very close to, Eigg. The 

skerries of Oigh-sgeir were not previously considered. Voluminous silicic magma 

from crustal anatexis is however, most effectively produced near, or in contact with, a 

large heat source (e.g. Hobson et al. 1998; Holness 2002; see Chapter 3). There is an 

absence of a large gravity anomaly below or near Eigg (Bott & Tuson 1973; Binns et 

al. 1974; also see Fig. 7.5), implying that the eruptive centre is most probably located 

elsewhere. The combination of this isotopic data with the newly established field 

observations from the SEP and Oigh-sgeir, suggest that these trachydacitic
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ignimbrites are derived from one of the nearby large igneous centres that do have 

strong positive gravity anomalies and considerable amounts of basic lithologies in 

association with silicic magmas. These conditions are a prerequisite for the 

production of voluminous, i.e. areally extensive, largely crustally derived ignimbrite 

sheets.

The Moine Supergroup has an isotopic signature that is readily distinguishable from 

that of the Lewisian gneiss of north-western Scotland (e.g. Geldmacher et al. 2002; 

see Chapters 6 & 7). Silicic rocks from the Ardnamurchan and Mull igneous centres, 

both south of the Moine Thrust Zone (Fig. 8.1), show a significant incorporation of 

Moine metasedimentary material (Geldmacher et al. 1998, 2002; Kerr et al. 1999; see 

Chapters 6 & 7). The SEP and Oigh-sgeir samples are isotopically distinct from the 

felsic rocks of Ardnamurchan (Geldmacher et al. 1998, 2002; Chapters 6) and also 

Mull (Fig. 8.12), such as the rhyolitic late-stage Loch Ba ring dyke which has 

potentially a similar timing of emplacement but a totally different isotopic signature 

(see Chapter 7). This observation argues against a source location for the SEP south 

of the Moine Thnist. Furthermore, potential sources for felsic magmas on 

Ardnamurchan are volumetrically minor (Emeleus & Bell 2005; Brown & Bell 2007) 

and any eruption from Mull would have had to negotiate significant topographic 

highs on the already-developed Ardnamurchan (Brown & Bell 2006, 2007) and 

Morvern landscape. The submerged Blackstones Bank Central Complex, located 

-100 km south west of Eigg, was also considered as an eruptive source however, 

isotopic data from granophyres within this centre do not match isotopically the results 

from the SEP/ Oigh-sgeir (Dickin & Durant 2002).

Nearby Rum represents an obvious geographical source (Fig. 8.2 & 8.3) and 

rhyodacitic intra-caldera ignimbrites from the Northern Marginal Zone and Southern 

Mountains Zone exhibit similar field characteristics (Emeleus 1997; Troll et al. 2000, 

2004; see Chapters 3 - 5). However, in detail, these rocks differ significantly in terms 

of mineralogy, petrology, composition and isotopic ratios (Fig. 8.12; Emeleus 1997; 

Troll et al. 2000, 2004; see Chapters 3 - 5). More over, geochronological data 

indicate a considerably older age for the Rum rhyodacites than the SEP/Oigh-sgeir 

(e.g. Hamilton et al. 1998; Chambers et al. 2005; see Chapter 4). Therefore, Rum is 

also unlikely to be the location of the source vent.
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Both Eigg and Rum, however, are located along strike from, and share the same 

crustal terrane characteristics as the Skye igneous centre (Fig. 8.1). In turn, the SEP 

and Oigh-sgeir data fall within the field of the Western Red Hills granites (Dickin 

1981; Dickin & Exley 1981; Dickin & Jones 1983b; Dickin et al. 1980) (Fig. 8.12), 

whose radiometric ages compare favourably with the age of the SEP (e.g. Loch 

Ainort Granite, Ar-Ar, 58.58 ± 0.13 Ma, Chambers & Pringle 2001) (see Table 8.3). 

These age constraints, together with the large amount of crustal contamination by 

Lewisian gneiss, specifically both granulite- and amphibolite-facies material (Fig. 

8.12), and the conspicuous lack of any Moine influence, strongly argues in favour of 

Skye and the Western Red Hills Centre as being the most likely source for the SEP 

and Oigh-sgeir ignimbrite, as first proposed by Upton (2004).

If the SEP was erupted from Skye, the exposures on Eigg and Oigh-sgeir may 

represent two separate but essentially co-eruptive flow lobes that bypassed the older 

upstanding Rum massif. At this time, Rum represented a significant topographic high 

(see Chapter 4). Clasts derived from the Rum Central Complex are found in 

conglomerates interbedded within the lava sequences of NW Rum, Canna and 

southern Skye and potentially within the SEP basal conglomerate (Emeleus 1973, 

1985; Williamson & Bell 1994, see Chapter 4). However, further work in needed to 

determine the exact nature of the rare granite clasts found within the SEP basal 

conglomerate and to test if any of the granite clasts resemble Skye granites.

The pyroclastic density current(s), most likely erupted from the Isle of Skye, would 

have followed pre-existing lows in the contemporaneous land surface and, following 

such paths, run-out distances for eruptions from the Western Red Hills Centre to Eigg 

and Oigh-sgeir, would be approximately 45 and 50 km, respectively (Fig. 8.13). 

Ignimbrites formed by progressive aggradation and displaying lava-like 

characteristics have been shown to posses run-out distances covering several tens of 

kilometres (Branney & Kokelaar 1997, 2002; Giordano 1998; Sumner et al. 2002; 

Milner et al. 2003; Pioli & Rosi 2005). In addition, the Skye Western Red Hills 

granites are currently exposed to over 700 m elevation. If the ignimbrites originated 

from this area the putative ignimbrite vent would have potentially been at a 

considerable elevation relative to the current 300 m (a.s.l.) height of the SEP deposits
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on Eigg. Therefore, gravity in addition to the establishment of large drainage systems 

in the area may have assisted in such large ignimbrite run out distances.

8.6.3 Regional Importance

Silicic volcanic rocks are relatively rare in the NAIP. M ajor silicic intrusions (granite, 

granodiorite) are preserved in Scotland on Arran, Mull, Rum and Skye, and to a 

lesser extent on Ardnamurchan and St Kilda, and in Ireland/Northern Ireland at 

Carlingford, the Mourne M ountains and Slieve Gullion (see reviews. Bell & 

W illiamson 2002; Mitchell 2004; Emeleus & Bell 2005). Silicic extrusive rocks have 

mostly been reported as being restricted to the remains of caldera complexes, e.g. 

Arran (Tyrrell 1928; King 1955), Mull (Bailey et al. 1924) and Rum (Emeleus 1997; 

Troll et al. 2000, 2004), and minor tuffs, rhyolites, ignimbrites and volcaniclastic 

rocks within the extensive lava fields (Bell & Emeleus 1988; Bell et al. 1996; 

Emeleus et al. 1996a; Brown 2003).

The two largest occurrences of felsic rocks in the province are the Tardree Rhyolite 

Complex and the Donald’s Hill Ignimbrite, which are interbedded with, and underlie, 

the Antrim Lava Field, respectively (Meighan et al. 1984; Bell & Emeleus 1988; 

Mitchell et al. 1999). Elsewhere in the NAIP, silicic extrusive rocks are represented 

by andesitic to rhyolitic lavas and tuffs at the SE Greenland margin (Sinton et al. 

1998), alkaline tuffs on East Greenland and in North Atlantic cores (Heister et al. 

2001), and silicic lavas found offshore of Norway and Scotland (Sinton et al. 1998). 

Compared, however, to the total volume of intrusive and extrusive mafic rocks, the 

silicic extrusive rocks appear to be volumetrically minor. Moreover, the large-volume 

ignimbrites typically found in other mafic LIPs are noticeably absent (Bryan et al., 

2002, 2007).

The Sgurr of Eigg Pitchstone / Oigh-sgeir ignimbrite is one of, if not the only, 

documented  occurrence of such a thick (>100 m in places) and laterally continuous 

(interpreted as at least 50 km) pyroclastic deposit in the NAIP. Although the D onald’s 

Hill Ignimbrite in Northern Ireland has been traced over 30 km, it is on average only 

< 1 m thick (Mitchell et al. 1999). The valley-ponded SEP exposure (-2.1 km'^ dense 

rock equivalent. DRE) may represent the thickest part of the erupted sequence, and 

other exposures of the ignimbrite have either been eroded or are now underwater,
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making accurate calculation of eruption volumes impossible. However, the samples 

Sr490, Sr562 from the SEP and Sr303 from the skerries of Oigh-sgeir compare well 

with the linear trends observed from the major and trace element stratigraphic 

traverse for samples 1-12 (Fig. 8.10, 8.11). This is especially clear in the Rb-Sr, Nb- 

Zr and TiOa-Zr plots (Fig. 8.11) and can potentially be used to fit these separate 

outcrops into the overall geochemical stratrigraphy established for the Sgurr of Eigg 

Pitchstone Formation, e.g. their lower Si02 signature relative to the more evolved 

rocks from the base of the stratigraphic traverse. This potentially places these rocks 

exposed just above sea level on the skerries of Oigh-sgeir, located 30 km NW from 

the Isle of Eigg, towards the top of the “geochemical” stratigraphic traverse 

established on Eigg, or the possibility exists that the Oigh-sgeir samples may 

represent a separate flow lobe related to the higher-level rocks preserved towards the 

top on An Sgurr. This may, however, imply that a significant thickness of more 

evolved pitchstone potentially exists under the waterline of Oigh-sgeir, not exposed at 

this remote location. For example Smythe & Kenolty (1975) show, from seismic data, 

large sections of vertical relief -300 m, cut into the basalts of the Canna ridge filled 

with less dense material very close to the location of Oigh-sgeir.

Even conservative estimates of average deposit thickness and run-out distances 

indicate an absolute minimum eruption size of at least 3 km^ DRE, making this 

eruption significantly larger than the 1980 Mt. St. Helens event (cf. Rowley 1981) 

(Fig. 8.13, 8.14 & Table 8.4). The figures presented in Table 8.4 provide estimated 

volumes for three flow scenarios (Fig. 8.13). Scenario 1, involves two flows 

approximately 50 km in length and 5 km across. For an average thickness of 10 m, 

which does not seem unreasonable, the eruption volume is 7 km^. Scenarios 2 (60 km 

X 50 km) and 3 (80 km x 60 km) involve larger ignimbrite sheets, minus the area of 

Rum and its topographic high “shadow effect” (see Chapter 4), whose eruption 

volumes are 25 and 49 km' respectively, again based on a 10 m average thickness. If 

the ignimbrite had flow units of 100 m average thickness, volumes for scenarios 1, 2 

and 3 may be as large as 52, 237 and 472 km^, deposits this thick may have been 

restricted to localised palaeo-valleys, although there may have been an extensive 

network of such structures leading off the Skye volcano (Gibbard & Lewin 2003). 

Nonetheless, it is suggestive that the SEP / Oigh-sgeir eruption was of at least 

intermediate volume (1 - 100 km^ e.g. V.E.I. > 5, see Fig. 8.14), demonstrating that
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at least some of the central volcanoes of the province, if not all, were erupting silicic 

pyroclastic rocks over much of the landscape by “overtopping” vent and caldera 

structures.

However, the majority of these eruptive products appear to have been removed by 

extremely rapid erosion in the area during the Palaeocene (Chambers et al. 2005; see 

Chapter 4) or are buried offshore (Emeleus & Bell 2005). This erosion left behind 

only isolated, intensely welded, glassy examples, such as the SEP / Oigh-sgeir, or 

recycled clasts of analogous material found within clastic rocks elsewhere in the 

province (e.g. Ben Hiant Member, Ardnamurchan; Brown & Bell 2006, 2007).
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8.7 Conclusions

This work on the Sgurr o f Eigg Pitchstone Formation implies that silicic pyroclastic 

rock types appear to be of much greater importance than has previously been 

proposed in the evolution of the British and Irish Palaeocene Igneous Province, as 

well as the larger North Atlantic Province as a whole.

Radiogenic isotopes can be used successfully in igneous provenance studies (cf. 

Tyrrell et al. 2007), highlighting an important use for the development of detailed 

isotopic maps on crustal terranes to answering questions regarding the origin and 

extent of eruptive igneous rocks in the province.

This work on Eigg allows for a potential glimpse into the possible large aerial extent 

of the other felsic magmatic systems in the province. The Sgurr of Eigg Pitchstone / 

Oigh-sgeir ignimbrite may represent a proxy for the other large felsic igneous centres 

in the area, where high levels of erosion after the cessation of magmatic activity has 

removed significant amounts of the volcanic deposits. The possibility exists that the 

large run-out distances (> 50km) and large volumes of felsic material (possibly up to 

100 km ) inferred from Eigg and Oigh-sgeir, could be the norm for the large felsic 

systems on the North Atlantic margin during the Palaeocene, rather than an 

exception.
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Table 8.1 Representative major and trace element concentrations for the Sgurr o f Eigg and Oigh-sgeir.
Location
Sample 1 2 3 4 5

NM 4540 8475 
6 7 8 9 10 11 12

NIM 165 960 

Sr 303
NM 4412 8667 

Sr490
NM 4512 8531 

Sr 562
SiOj 68 44 68.32 68 22 68.11 68 09 68 06 67 59 66.97 66 81 67.79 66.85 6642 66 53 63.49 64.79
TiOs 1.35 1.27 1.19 1.17 1.11 1.01 0.95 0.89 0.81 1.07 0.82 0.78 1.10 1.31 1.19

A ljO j 15.22 15.41 15.98 15.78 16.23 16 31 16 79 16.99 16.92 15.32 1645 16.91 15.06 15 40 15.36
FeO 2.91 2.82 2.61 2.33 2.31 2.05 1.95 1.81 1.72 1.99 1.59 1.48 4 84 5.88 4.54
MnO 0.14 0.15 0.12 0.11 0.12 0.11 0.09 0.11 0.09 0.13 008 0.08 0.15 0 16 0.13
MgO 0.21 0.32 0.37 0.46 0.57 0.69 0 62 0.78 0 87 0.62 1.09 1.31 1.15 2.10 1.49
CaO 0.89 1.02 1.32 1.26 1.41 1.68 2.47 1.82 2.19 2.39 2 59 3.19 2.21 3.29 2.57
KjO 4.65 4.58 4 44 4.17 4.09 3.97 3.92 3.81 3.73 3.92 341 3.05 4.25 3.29 3.71
NajO 4 92 4 79 4 62 4 49 4.51 4 39 4.36 4.21 4 18 4.26 398 3 92 4.12 4.20 4.85

P2O5 0.36 0.33 0.29 0.31 0.26 0.21 0.18 0.21 0.17 0.15 0 12 0.13 0.38 0.44 0.35
HjO* 0.61 0.72 0.41 0 82 1.01 0.78 0.62 1.78 1.59 1.42 1.92 1.94
Total 99.70 99.73 99.57 99.01 99.71 99.26 99 54 99.38 99.08 99.06 98.90 99.21 98.80 99.55 98.98

Ba 3116 2978 2862 2789 2698 2707 2645 2356 2122 2465 2078 2016 2358 2411 2479
Co 5 7 3 9 10 12 9 6 7 11 14 10
Cr 2 4 7 6 9 11 14 17 19 14 22 28 3 75 3
Nb 38 36 33 34 29 27 24 25 22 26 20 19 20 18 20
Ni 11 12 9 7 13 16 8 12 14 11 10 12 3 9 3
Rb 121 117 108 102 99 95 97 89 81 91 79 68 82 81 74
Sc 15 14 17 19 21 15 17 14 16 17 23 14
Sr 89 102 115 131 143 159 163 198 231 202 257 281 201 285 201
Y 54 52 49 44 46 41 39 37 34 40 33 29 47 44 51
Zr 847 789 756 741 707 692 682 661 602 589 555 507 555 477 589
La 91 82 78 75 72 69 63 59 54 76 51 46 71 59 72
Ce 177 161 152 144 141 139 129 123 119 130 111 104 147 128 149
Nd 84 79 77 73 69 61 58 57 53 62 49 47 79 74 80
note: samples 1-12 are pa rto f a stratigraphical traverse, near An Sgurr, see text for details, Sr 490 and 562 are from a different location, Beannan Breaca and An Corrach on the SEP 
and Sr 303 is from skerries of Olgh-sgeir, located 30 km NW of Eigg



Table 8.2. Age corrected Sr, Nd and Pb isotopic ratios for Sgurr o f Eigg and 6igh-sgeir samples. See Appendix 2 for measured isotope values.

Sample "Sr/®®Sr

(59Ma)

2 S E Sr(ppm) Rb (ppm) '^^Nd/’**Nd

(59Ma)

2S.E Nd (ppm) Sm (ppm) 20«pb/204pb

(59Ma)

2 S E 207pb,204pb

(59Ma)

2 S.E. 20«pb/204pb

(59Ma)

2 S E U (ppm) Th (ppm) Pb (ppm)

Sr 303 0.710732 0.000026 201 82 0.511483 0000012 79 61 15.949 0002 15.057 0 002 35.785 0 004 < 1 5 14

Sr490 0.710047 0000028 285 81 0.511505 0000014 74 60 15.973 0 005 15.059 0.006 35.821 0 006 < 1 4 13

Sr562 0.710498 0.000036 201 74 0.511522 0000014 80 61 15.947 0 005 15.059 0.006 35.791 0 006 < 1 5 14



Table 8.3: Selected radiometric dates from the Scottish sector of the NAIP 

Locality______________________Age (Ma) System________

Mull
Loch Ba Felsite 58.48 ±0.18 Ar-Ar‘

Ardnamurchan
Centre 3 tonalite 58.60 ± 0.20 U-Pb^

Eigg
SEP 58.72 ± 0.07 Ar-Ar^

Skye
Southern Porphyritic Granite 
Marsco Granite 
Loch Ainort Granite

57.00 ± 0.50 
58.40 ±2.10 
58.58 ±0.13

U-Pb^
U-Pb^
Ar-Ar‘

Rum
Western Granite
Rhyodacites
Eastern Layered Series

60.01 ±0.45 
60.33 ±0.21 
60.53 ± 0.08

Ar-Ar^
Ar-Ar"*
U-Pb^

'chambers & Pringle 2001; ^Hamilton unpublished, in Emeleus & 
Bell 2005; ^Chambers et at. 2005; ‘̂ Chapter 4', ^Hamilton et at. 1998.



Table 8.4: Estimated Sgurr o f  Eigg Pitchstone / Oigh-sgeir eruption volumes, at 

representative average thicknesses, (see Fig. 8.13 for flow paths).

1 = two co'cruptive flow lobes,

2  =  sm all sheet,

3  =  large sheet

Ave. thickness (m)
Flow volume (km^)

1 2 3

1 2.5 3.5 5.5

5 4.5 9.5 19.5

10 7 17 37

50 27 77 177

100 52 152 352
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Figure 8.1 Map o f the Palaeocene central igneous centres and associated lava fields (including estimated 
off-shore extensions, Fyfe et al. 1993). Highlighted are the positions o f  the Sgurr o f Eigg and skerries of 
Oigh sgeir located within the Small Isles off the Scottish north west coast. Surrounding igneous centres: 
S= Isle o f Skye, R= Isle o f  Rum, A= Ardnamurchan M=Isle o f  Mull and B=Blackstone Bank (submerged)
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Figure 8.2 Geological map of the Small Isles showing the Palaeocene Rum Central Igneous Complex 
and associated lava fields to the north and south o f the island. Highlighted are the positions of the 
Sgurr of Eigg and the skerries of Oigh Sgeir part of the Sgurr of Eigg Pitchstone Formation (SEP).



F ig u re  8.3 a )  Panoram ic photo o f  the Isle o f  Eigg as v iew ed from the top o f  Beinn nan Stac on the Isle o f  Rum. N ote  the basaltic lava flows m ak ing  up the island, visible to 
the left o f  the picture, while the Sgurr o f  Eigg Pitchstone Form ation makes up the w inding ridge to the right o f  the island, b) The ridge o f  An Sgurr as v iew ed from the south 
east, c) The light house which marks the skerries o f  O igh Sgeir, com posed  o f  pitchstone (see Fig 8.2), located som e 30km to the north w est o f  Eigg.
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F ig u re  8.4 a )  Photo o f  the 382 m high An Sgurr, Isle o f  E igg v iew ed from  the east, b ) G eolog ica l m ap o f  the Sgurr o f  E igg P itchstone F orm ation , show ing  the structures 
w ith in  the An S gurr ridge and the approxim ate positions and distribu tion  o f  the form er eroded valleys w ith in  the E igg  L ava Form ation  (m od ified  a fter E m eleus 1997). 
c) C ross section  o f  the w estern  end o f  the Sgurr o f  E igg  p itchstone at B idein B oidheach (B ased on A llw right 1980).



a Bidein Boidheach, West Eigg

60 -

Coliim ar-jointed pitchstone iincoiiform able over conglom erate 
Sub-horizontal tbhation throughout, w hich defines undulating 
la\ ers. (')ccasional lithic fraam ents o f  basalt (1-2 cm).

Conglomerate 5:
Poorh ' bedded finer conglom erate \\ ith pebbles and cobbles o f  
angular to sub rounded basalt, red sandstone and occasional 
boulder rich la> ers. Rare granite and red m udstone gra^•el and 
(lebbles. C oarsens up into clast supported boulders.

Conglomerate 4:
Course. liiglil> clast supported conglom erate with numerous 
rounded to angular boulders ( Im  o f  red sandstone and 0.75 to 
1.5m o f  basalt).

Conglomerate 3:
Finer-grained. vaguel\ stratified conglom erate with pebbles, 
cobbles and occasional boulders. Im brication o f  clasts, upright 

\ b l o c k s  and discontinuous g ra \e l lenses.

Conglomerate 2:
Poor exposure. Sub rounded to sub angular basalt cobbles and 
pebbles with rarer boulders. N o  ob \ ious stratification

Conglomerate 1:
R eddish orange w eathering, sub rounded to sub angular basalt 
boulders. U pically clast supported. N o obvious stratification.

Com pound basaltic lavas (E igg Lava Form ation)

East o f Collie’s Cleft, Eigg Feldspar-phyric colum nar-jointed pitchstone. C olum ns 0.7 to 
1.5ni thick Sub-horizontal foliation throughout, which defines 
undiilatina la\ ers. O ccasional lithic fraam ents o f  basalt (1-2 cm).

-10 -

20
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N o Exposure

Feldspar-ph\ ric. fresh, glassv pitchstone breccia. A ngular to sub 
angular fragm ents o f  pitchstone (1-20 cm ) set in a \  ellow. altered 
glassv' m atrix (de^■^trifled). N o obvious stratification. Pitchstone 
fragm ents al.so display a fabric

Clast to matrix supported conglom erate with rounded to sub 
angular btiuklers and cobbles o f  basalt and occasional red 
sandstone up to 15  in across. Poorly to chaotically sorted clasts 
set in a tine, sand arade m atrix

Clast to m atrix supported conglom erate w ith rounded to sub 
angular boulders and cobbles o f  basalt and red sandstone up to 
1 111 across. Vague bedding defined b> large blocks. 
D iscontinuous gra\ el layer at base o f  unit w ith rare pebbles.

Clast to m atrix supported conglom erate with sub rounded to sub 
rounded to sub angular boulders and cobbles o f  basalt and red 
s<indstone up to 1 ni across. C lasts set in a coarse. gra\ el grade 
iinatrix Large boulders are flat l> ing.

Vagueh bedded, clast supptirted. poorly sorted conglom erate 
\w ilh  sub rounded to rounded pebbles and gra\ el o f  basalt. 
am \ adaloidal basalt, red sandstone, areen sandstone and lrach\ te

Poorh  exposed basalt hn  a.

Figure 8.5 Schematic stratigraphic logs from, a) Bidein Boidheach [NM 44084 86629], and b) east o f  
Collie's Cleft [NM 46320 84595]. Pitchstone grain size exaggerated to highlight features.
Adapted from Brown et al. (submitted).



Figure 8.6 Field photographs o f  foliation (eutaxitic texture) in the pitchstone. Walking pole is ~1 m, 
hammer is 30 cm. a) Near the summit o f An Sgurr [NM 46250 84750], b) At Bidein Boidheach 
[NM 44084 86629]. c) The Nose [NM 44360 84670]. Note prominent fiamme (arrowed), d) The Nose 
[NM 443580 84650]. Note prominent fiamme (arrowed). Adapted from Brown el al. {submitted).
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Figure 8.7 a) Field relationships o f  the SEP. b) "Intrusive felsites" and multiple, sub-horizontal flow 
units in the SEP. c) Panorama o f undulating flow units. Dashed line = base o f unit not exposed. 
Adapted from Brown et al. (submitted).



F igu re  8.8 Photom icrographs o f  SEP showing fiam m e and eutaxitic textures. N ote the elongate, wispy, 
dark and light bands or shards, deform ed and flattened around m icrophenocysts and lithic fragments. The 
dark and light bands repeat on a sub-m illim etre scale. All plane-polarised light, a) Field o f  view =
6.2 X 4.65 mm. Note 'sieve-textured' feldspars in top right, b ) Field o f  view = 6.2 x 4.65 mm. View across 
groundm ass/fiam m e boundary (dark/pale). Note shards in top right, c) Field o f  view = 3.1 x 2.38 mm. 
Note em baym ent and rotated feldspar phenocryst (indicated by arrow) showing com paction and possibly 
some dextral shear. Adapted from Brown et al. (submitted).
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Figure 8.9 Total alkali-versus-silica (TAS) diagram, for the Sgurr o f Eigg and Oigh Sgeir.
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Figure 8.13 Postulated Sgurr o f  Eigg Pitchstone / O igh Sgeir eruption flow paths. I = tw o co-eruptive 
flow lobes, 2 = small sheet, 3 = large sheet. WRH = Western Red Hills Centre, (see Table 8.4).
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Chapter 9 Conclusions

CHAPTER 9 -  CONCLUSIONS

9.1 Summary of main conclusions

The rocks investigated during the course of this study on the Isle o f Rum, Isle of 

Eigg, Ardnamurchan and the Isle of Mull form an integral part of the North Atlantic 

Igneous Province. From the results reported in this thesis, four general and interlinked 

themes that shed new light on the evolution o f the British-Irish Palaeocene Igneous 

Province are further developed.

9.1.1 A revised evolution for the Rum Igneous Centre

Detailed new field investigations carried out over the course of this study on the Isle 

of Rum map out and further delineate the extent and importance of the numerous 

early felsic igneous rocks {Chapter 3). The fieldwork highlights the significance of 

the Am Mam-type intrusion breccias and the mafic clasts and inclusions entrained 

w'ithin it, which must be considered in order to fully understand the magmatic 

evolution of the Rum Centre. Evidence of the earliest mafic magmas on Rum, which 

led to large-scale crustal anatexis, is plentiful within the Am M am-type intrusion 

breccia and is not found external to this intrusion. Gabbro blocks within the breccia, 

along with smaller peridotite and dunite xenoliths, preserve a unique window into a 

potentially large and deeply-seated mafic magma body which initiated the 

voluminous felsic volcanic activity on Rum during the Palaeocene. It is proposed that 

these gabbro blocks, entrained within felsic intrusions along the course of the caldera 

ring fault were forcibly uplifted to their current stratigraphic level. This work 

highlights the importance of examining entrained xenoliths and the information that 

they can provide to supplement exposed geology (e.g. Upton et al. 1998, 2001).

The Am Mam intrusion breccia is closely linked spatially, temporally and genetically 

to the other felsic magmas on Rum e.g. the rhyodacite and granite (Chapters 3, 4  & 

5). It is important as it represents a rare example within the British-Irish Palaeocene 

Igneous Province, of a lithic-rich intermediate product of intruding mafic magmas 

and crustal partial melts. The Am Mam breccia represents a contact aureole and zone
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of mixing between evolving crustal melt-derived felsic systems and intruding mafic 

magma. Geochemical data {Chapter 5) highlight that the mafic magmas preserved 

within the Am Mam breccia and the rhyodacite have a complex contamination history 

and attest to a complicated magmatic plumbing system. The geochemistry shows 

basaltic magmas with mantle-like signatures as well as possessing varying degrees of 

crustal contamination from Lewisian granulite-facies gneiss, amphibolite-facies 

gneiss and Torridonian sandstone. The felsic rocks examined on Rum show high 

degrees of crustal gneiss incorporation ranging from 30 -  80%. This mix of mafic and 

felsic magmas that existed early in the Palaeocene history of Rum exploited, and 

intruded along, the course of the Main Ring Fault during large-scale felsic eruptions 

that were probably triggered by caldera collapse.

The new age dating work presented from the Isle of Rum {Chapter 4) places all of the 

main magmatic units on the island within a short lived sequence of events and firmly 

marks the onset of felsic activity on Rum at 60.33 + 0.21 Ma. This date fits neatly 

within, and alongside, other recently determined ages from the Small Isles area (e.g. 

Hamilton et al. 1998; Chambers et al. 2005) allowing for a more thorough 

examination of the igneous duration and the relationships of the differing igneous 

centres in the region. The total duration of igneous activity at the Rum complex may 

well have been 500,000 years or less.

The detailed sequence of events at the Rum Igneous Centre during the Palaeocene 

includes:

• Early mafic magma intrusions, doming and local uplift of the area bound 

within the Main Ring Fault by up to 1.7 km,

• Crustal anatexis and the production of a range of felsic magmas,

• Erosion of the dome and initial deposition of the sedimentary derived Coire

Dubh-type breccias and the epiclastic sandstones,

• Rhyodacite ignimbrite eruption and emplacement of the Am Mam-type 

intrusion breccia associated with caldera formation,

• Intrusion of Western, Long Loch and Papidil granite bodies,

• Renewed doming and intrusion of mafic magmas into the earlier felsic

products.
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• Intrusion of shallow-level ultramafic magmas and the probable construction 

of a large basaltic volcano,

• The cessation of magmatism is followed by the rapid erosion of ~ 1.5 km of 

overburden from the volcanic edifice.

The sequence may be of use as a proxy when comparing and examining the timing of 

events at other less well exposed igneous centres in the larger North Atlantic Igneous 

Province.

9.1.2 Magma crust interactions and the formation of felsic magmas across 

North-West Scotland during the Palaeocene.

The geochemical investigations from Rum, Ardnamurchan, Mull and Eigg highlight 

the role crustal lithologies, especially fusible metamorphic basement, plays in the 

formation of igneous rocks during the Palaeocene along the North Atlantic margin 

{Chapters 5, 6, 7 & 8). The isotopic characteristics and elemental chemistry of the 

rocks examined from across this large area essentially represent a system of mantle

like mafic magmas migrating through, and ponding within, crustal rocks. The 

geochemical data presented is indicative of mantle-like magmas that have been 

contaminated on migration and have mixed to varying degrees with crustal partial 

melts in reservoirs at a range of levels within the crust. Magma mixing between 

mantle-derived mafic magmas and crustal-derived felsic magmas is a key component 

in the magmatic evolution of these igneous centres and can, in most instances, 

adequately produce the range of rock compositions sampled. However, felsic 

magmatism is subordinate to, and dependant upon, the emplacement of basic magmas 

into fertile continental crust, resulting in the formation of a spectrum of rock 

compositions, via partial melting and fractional crystallization as well as bulk 

contamination processes. Crustal anatexis and the formation of mixtures between 

mantle and crustal melts, either by magma mixing or advanced ‘assimilation- 

fractional crystallisation’ (AFC), appear to be an integral part of igneous processes 

within the British-Irish Palaeocene Igneous Province.

Fractional crystallization is most likely a large and significant component in the 

petrogenesis of mafic magmas but most certainly not in the ‘extreme’ closed system 

manner as previously suggested (e.g. Sparks 1988). The contamination of basaltic 

magmas as they pass through the continental crust followed by subsequent magma
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mixing and hybridisation between basaltic and largely crustally-derived felsic-melt 

end members seems to be a very common process (e.g. crustal components of up to 

80% recorded for the rhyodacites of Rum, Chapter 5). Composite intrusions can be 

found throughout the whole of the British-Irish Palaeocene Igneous Province and 

attest to the coexistence of mafic and felsic magmas (Harker 1908; Blake & Skelhorn 

1966), with mixing of the two often responsible for rare and often enigmatic 

intermediate compositions e.g. the Am Mam-type intrusion breccia.

With the large degrees of crustal contamination recorded by this study, from across 

the region and especially within mafic magmas, it is of vital importance to work out 

and possibly re-evaluate what intrusions exposed at the present-day surface actually 

represent genuine mantle melts. There are few examples of mafic/ultramafic intrusion 

preserved within the whole North Atlantic Igneous Province that have largely 

escaped contamination with crustal material. The late-stage picritic melts on Rum are 

the closest analogue for mantle-like melts discovered in this study and confirm the 

findings of Upton et al. (2002), but even these rocks show some degree of crustal 

interaction. Therefore care must be taken, and these factors taken into consideration, 

when attempting to extract sensible information on primary magmatic sources from 

these ‘mantle-like’ rock types (Ellam & Stuart 2000).

Crustal anatexis is a common process in the formation of the North Atlantic Igneous 

Province (e.g. Meyer et al. 2007). Associations of felsic and mafic igneous rocks 

similar to those discussed in this thesis have been recovered from the now drowned 

seaward-dipping wedges on the shelf of South East Greenland and on the V0ring 

Plateau (e.g. Eldholm et al. 1989; Fitton et al. 1989a). All of these areas are underlain 

by metamorphic basement at shallow depths. Comparison of crustal melting in these 

differing locations can contribute to a better understanding of magma-crust 

interactions during the course of continental break-up. The ‘early mafic magma 

intrusions —> leading to felsic volcanism ^  followed by shallow-level ultramafic 

intrusions’ on the Isle of Rum is an excellent onshore analogue to help understand the 

construction of volcanic rifted margin systems and the numerous large central 

igneous complexes of the North Atlantic Igneous Province preserved offshore.
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9.1.3 Regional crustal structure as indicated by magma plumbing systems

The British-Irish Palaeocene Igneous Province is an ideal testing ground for the 

influence of crustal composition on ascending magmas. Major tectono-stratigraphic 

terranes exist in this region and these isotopically diverse crustal blocks are bounded 

by major crustal discontinuities {Chapter 1). The radiogenic isotopic compositions 

and trace element patterns of mafic magmas, felsic crustal melts and mixtures of the 

two prove very useful in the identification of the crustal components involved. This in 

turn may provide information on the depth of melting and the make-up of 

inaccessible crustal layers at the regional or local scale.

The new isotopic data from the wide range of igneous and crustal rocks studied 

during this project (also see Meade 2009) have set out a detailed crustal terrane 

isotopic map and database for this region of NW Scotland. It is hoped this will be of 

significant benefit for future investigations. The data obtained from crustal 

contamination signatures and investigation of magmatic plumbing systems has 

allowed the characterisation of the crustal structure beneath these volcanoes.

• The crustal structure beneath the Isle of Rum is composed of Torridonian 

sandstones at shallow-levels, overlying amphibolite-facies gneiss and at 

depth, previously undocumented, granulite-facies gneiss {Chapter 5). The 

crustal structure beneath Rum is therefore similar to that proposed for the Isle 

of Skye, located 15km to the north east, (e.g. Dickin 1981).

• Geochemical data from densely welded rhyodacites ignimbrites obtained from 

the Sgurr of Eigg and Oigh-sgeir, which most probably originated from one of 

the Skye granitic centres {Chapter 8), indicates that the crust beneath the Isle 

of Skye is composed of Lewisian gneiss.

• The Ardnamurchan Igneous Complex shows the influence of two levels of 

crustal contamination; Lewisian gneiss at depth followed by Moine 

metasedimentary lithologies {Chapter 6).

• Data from the felsic and mafic rocks of Mull Centre 3 indicate contamination 

from the Moine metasediments that are locally exposed at the present-day 

surface {Chapter 7). However, Centre 3 is the last expression of long-lived 

igneous activity on Mull, the earliest magmas of which show gneiss 

contamination followed by increased amounts of Moine metasedimentary
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interaction as the complex evolves and the active magmatic front migrates 

upwards through the crust (e.g. Kerr et al. 1999). The highly radiogenic 

isotopic signature of the Moine metasedimentary rocks may to some degree 

mask the signature of early gneissic interactions.

The local crust has indeed been a significant influence on the majority of magma 

compositions. A major correlation between crustal terrane and the isotopic 

composition of the rocks exists, implying that ascending magmas are significantly, 

and characteristically, modified by the crust through which they travel. The 

magnitude and detailed processes of contamination differ not only between centres, 

but also between, and within, the individual sample suites from single centres. 

Evolved mafic rocks frequently display lower crustal influences, while felsic rocks 

regularly record a more complex multi-stage evolution, reflecting the cumulative 

effects of successive contamination events in deep and upper crustal reservoirs.

9.1.4 Importance and extent of felsic magmatism

Work on the Sgurr of Eigg / Oigh-sgeir pitchstones {Chapter 8) and on the rhyodacite 

ignimbrite deposits on Rum {Chapter 3) allows a glimpse into the large areal extent 

and influence of felsic magmatic systems within the North Atlantic Igneous Province. 

These preserved ignimbrite successions represent a good proxy for other large felsic 

igneous centres, where high-levels of erosion after the cessation of magmatic activity 

have removed significant amounts of the volcanic deposits. The possibility exists that 

at least some of the central volcanoes of the province, if not all, were erupting large 

volumes of pyroclastic felsic material over much of the landscape by overtopping 

vent and caldera structures. The large run out distances (> 50km) and large volumes
T V

of material (possibly up to 100 km ) inferred from Eigg and Oigh-sgeir could be the 

norm for the felsic systems on the North Atlantic margin during the Palaeocene rather 

than the exception.
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9.2 Suggestions for further work

Examination o f the Palaeocene rocks along the west coast of Scotland is by no means 

complete and as this study has shown these classic areas can benefit from continued 

investigation. This re-examination is a worthwhile endeavour with significant 

contributions still to be made using modern sedimentary, volcanological and 

geochemical techniques and methodologies to further refine the evolution and 

detailed timing of events within this region. The large amount of data available from 

over two hundred years of geological examination within the British-Irish Palaeocene 

Igneous Province makes this an excellent area to improve theories and test new 

methodologies, ultimately leading to a more complete understanding of the workings 

of Large Igneous Provinces and their effects on the environment.

9.2,1 Lsle of Rum

Further examination of the rhyodacite ignimbrite sequences on Beinn nan Stac and 

within Sandy Corrie, Southern Mountains Zone, is needed with a view to producing a 

detailed correlation of these extrusive ignimbrite units. This investigation should be 

extended to see if any further geochemical correlation can be found within the 

different facies of rhyodacite described from the ignimbrite vent structure within 

Nameless Corrie, Southern M ountains Zone. Pyroxene barometry needs to be 

undertaken on the coarse gabbro blocks within the Am Mam-type intrusions to 

determine their depth of solidification. In addition, precise age determination of these 

gabbro blocks (by U/Pb of zircon if any can be found, or A t/ A t on fresh feldspars) 

would be of immense use in finalising the detailed timing of events at the Rum 

centre. Any age of thermal reset obtained from these gabbro blocks may also be of 

use in correlation with the entrainment of these blocks within the Am Mam-type 

magmas. The intrusion age of the gabbro body may in turn reveal a possible 

connection to the Eigg lava field. Further petrographic and geochemical examination 

is needed of the dunite and peridotite clasts discovered within partially melted 

Lewisian gneisses e.g. Beinn nan Stac, Southern Mountains Zone and along the 

course of the Main Ring Fault, Northern Marginal Zone. These data along with the 

timing and depth estimates from the coarse gabbro blocks within the Am Mam-type
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intrusions would help to fully characterise the very early mafic phase of igneous 

activity at the Rum Igneous Centre.

9.2.2 Ardnamurchan

The detailed isotopic examination of the composite cone sheets of Ardnamurchan 

provides evidence for a long-lived and complex magmatic plumbing system. There is 

a lack of precise age dating of the Ardnamurchan igneous complex throughout its 

lifetime. This is needed to constrain the duration of magmatism and it would be 

useful to compare and contrast this with the now well established timing on the Isles 

of Skye and Rum to the north and the Isle of Mull and Arran to the south and west. In 

addition, more detailed geochemical investigations are needed on the large range of 

igneous rocks preserved on Ardnamurchan. Sampling in greater detail, particularly 

around Ben Hiant and the rocks associated with Centre 1, as well as field mapping of 

the exposed cross-cutting relationships, is needed to test the notion of the individual 

Ardnamurchan Centres 1 -  3 as first proposed by Richey & Thomas (1930).

9.2.3 Isle of Mull

The work presented in this thesis presents new geochemical data, for the granitic and 

felsic intrusions of Mull Centre 3. Kerr el al. (1999) presents a thorough review of 

Palaeocene magmatic activity at the Mull complex, but presented little data on the 

Centre 3 rocks. The information provided by Pb isotopes in this study suggests that 

re-analysis of the older igneous rocks for Pb isotopes would be of enormous benefit. 

This would allow for insight into the Lewisian gneiss and Dalradian metasedimentary 

crustal input within the magmas of Centres 1 and 2. The Palaeocene igneous history 

of the Isle of Mull is well preserved, long-lived and structurally very complex. The 

completion of such a large geochemical dataset for the Mull igneous rocks would 

allow for a fully comprehensive review o f its unusually long magmatic evolution.

9.2.4 Isle of Eigg

The data presented shows that the Sgurr of Eigg Pitchstone Formation represents the 

highly eroded remnants of a densely welded ash-fiow ignimbrite, with a potentially 

large run-out distance. The isotopic evidence points towards a source vent on the Isle 

of Skye (cf. Upton 2004). Recent age dating of the Sgurr of Eigg by Chambers et al. 

(2005) suggests an overlap in timing with the majority of the Skye granites. This
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hypothesis should be followed up by a more detailed examination of the isotopic 

signatures and the age of emplacement for the Skye granites and associated shallow 

level and rare surface felsic rocks. It would appear that voluminous felsic ignimbrites 

are more common than previously believed within the British-Irish Palaeocene 

Igneous Province. Evidence for this has largely been removed due to erosion 

following the cessation of magmatic activity. However, potentially extensive 

evidence may still be found within the offshore extensional basins that were active 

during the Palaeocene. Also, as noted by Brown et al. (2006), enigmatic pitchstones 

and rhyolite clasts exist in the sedimentary breccias of Ardnamurchan, and potentially 

within numerous other undocumented or unrecognised Palaeocene sedimentary 

breccias. The detailed geochemical and isotopic data base compiled during the course 

of this study could be of use in the investigation of the provenance of such felsic 

rocks located offshore or preserved within erosion successions.
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R b yo d a c ilf fe ldspars, N o rth e ra  M T g ia a l Z b a t______________________________________________________ ___________________________________________
SainHe name___________Position SO; MjO, FeO CaO N a fi K ;0 Total An Oatconc S  Al Fe Ca Na K TotaJ A n

12/2»4-R
Base of Cnapan Breaca, NMZ

Fsp22-2«
Lower Cnapan Breaca. NMZ

psp os>3e
Lower Cnapan Breaca, NMZ

Fsp 0841
Upper Cnapan Breaca. NMZ

29/34
Top of Cnapan Breaca. NMZ

Fsp 08-15
Top of Cnapan Breaca. NM2

F tp  45-14
Coire Dubh. NMZ

35/11-C-R
Corre Oubh. NMZ

Fsp 18-29
North Meafl Breac. NMZ

Pos 1 63.54 22.68 0.31 3.79 926 1M.38 18^
Pos2 61 49 23.29 0 26 4 62 8 54 0.73 98.92 23.0
Pos 3 60 77 24 02 026 5 62 8 01 0.59 9927 273
Pos 4 62 42 23 11 027 4 73 882 094 10029 27.9
Pos 5 62 68 22 71 028 4 07 9 28 0 62 99.84 22.9
Pos 6 63 84 22 15 0 28 3 35 8 32 1.20 99.14 193
Pos 7 62 99 22 92 024 404 9 39 041 99.98 182
Pos 8 6258 22 78 026 4 25 956 023 99.68 192
Pos 9 60 74 23.81 040 S63 8 33 0 40 99J2 19.7
Pos 10 61 42 23.45 0 34 5 03 8 90 0 42 9937 272
Pos t1 63 14 22 92 0 36 4 02 943 0.35 10023 233
Pos 12 61 84 22 77 023 4 16 917 0.71 98.89 19.1
P os i 6323 23.30 0.33 4.13 10.01 028 10127 18.5
Pos 2 6407 22 94 0 17 3 50 10 59 0 25 101.52 15.4
Pos 3 64 47 22 87 0 29 344 1062 0 30 101.99 152
Pos 4 6316 2324 028 4 14 978 057 101.17 193
Pos 5 60 62 24 39 0 28 596 8 47 0 62 100^3 283
Pos 6 62 15 22 79 0.22 3 82 9 89 0 32 99.18 173
Rose 6 1 ^ 23.60 0.31 5.43 8.30 1.01 99.90 26.5
Pos 1 61 29 23.29 0 32 S 18 8 53 0 51 99.11 25.1
Pos 2 60 71 23 98 025 5 81 796 066 99 J7 28.7
Pos 3 60 52 23.01 028 574 8 20 0.59 98.35 27.9
Pos 4 59 66 24.11 032 622 7 90 023 98.43 303
Pos 5 60 76 23 39 027 4 94 8.32 064 98.32 24.7
Pos 6 60 66 22 97 036 4 90 836 080 98.04 243
Pos 7 61.30 21.53 0 24 3.13 3.32 869 9821 342
Pos 8 61 66 22 62 0 36 4 89 8 13 1 08 98.75 25.0
Pos 9 61 59 22.27 0 33 484 8 80 063 98.46 233
PosC 62.55 22.70 0.29 3.54 8.88 0.60 98.5« 18.1
Pos 1 62,73 21 95 0 27 3 76 9 01 0 57 9827 18.7
Pos 2 62 70 21 77 0 33 3 47 9 23 0 79 9828 172
Pos 3 6295 22 59 0 23 3 73 891 095 99.34 183
Pos 4 62 52 22 94 0 25 4 45 8 95 0 80 99.91 213
Pos 5 62 55 22 90 0 35 4 19 9 19 0 35 9933 20.1
Pos 6 62 44 23 19 0 24 490 8 71 0 60 100.08 23.7
Pos 7 62 81 22 78 0 28 4 50 8 95 0 99 10028 21.7
Pos 8 6290 21 96 0 33 3 31 8 78 1 38 98.66 172
Pos 9 61 83 22 69 0.28 4 30 904 0 43 9837 203
Pos 10 62 42 22 40 0 31 4 07 9 37 0 42 98.99 193
Pos 11 64 89 19 56 0 13 0 83 5 28 8 31 99i>0 7.9
Pos 1 83.71 23.11 0.33 4.13 9.65 028 10121 19.1
Pos 2 61 68 23.87 0 28 5 28 9 26 0 32 100.68 24.0
Pos 3 61 14 24 04 0 28 557 904 0 25 100J1 25.4
Pos 4 62.08 23 51 0 20 466 927 029 100.01 21.7
Pos 5 61 12 23 81 0 19 526 8 93 026 9937 243
Pose 62 15 23.31 021 4 53 943 0 28 99.91 210
Pos 7 63 43 23 08 022 3 99 9 62 0 12 100.44 183
Pos 8 62 36 23 48 033 4 77 9 23 0 19 10036 222
Pos 9 61 67 23.47 0 23 4 98 882 042 9937 233
Pos 10 63 47 23 49 023 391 9 62 041 100.13 183
Pos 11 62 84 22 50 0 31 3 63 9 32 0 37 98.97 17.7
PosC 62.55 22.70 029 3.d4 8.98 0.60 99.06 19.5
Pos 1 62 33 22.95 0.27 3 76 9 01 0 57 98.87 18.7
P os i 62 70 21 77 0 33 3 47 923 079 98.28 172
Po»3 62 95 22.59 023 3 73 8 91 0 95 9934 183
Pos 4 62 52 22 94 025 4 45 895 0 80 99.91 213
Pos 5 62 55 22 90 0 35 4 19 9 19 0 35 9933 20.1
Pos 6 62 44 23 19 0 24 490 8 71 0 60 100.08 23.7
Pos 7 62 81 22 76 0 28 4 50 8 95 0 99 10028 21.7
Pos8 62 90 21 96 033 331 8 78 1 38 98.66 172
Pos 9 62 83 22 69 028 4 30 904 043 9937 203
Pos 10 62 42 22 40 0 31 4 07 9 37 042 98.99 193
Pos 11 64 89 1956 0 13 0 83 5 28 8 31 99.00 7.9
Pos1<rim> 64.37 22.90 0.15 3.59 9.83 0.13 100.97 1«.t
Pos2 63 58 23 07 0 21 4 21 9 09 0 39 100.54 20.4
Pos3 63 55 2321 0 33 4 32 904 0 51 100.99 20.9
Pos 4 61 93 22 35 0 32 4 18 8 97 0 52 9827 203
PosS 62-29 23 59 026 513 8 76 0 42 100.46 243
Pos 6 60 13 23 15 025 517 999 047 99.17 222
Pos 7 62 60 23 29 0.21 4 68 9 02 0 19 99.99 223
Pos 8 62.83 23 42 029 4 90 8 80 0 38 100.63 233
Pos 9 8376 22 85 0 30 4 23 9 38 0 19 100.71 20.0
Pos 10 63.41 23.34 0 28 4 38 9 31 022 100.94 203
Pos 11 6282 22 70 0 22 4 02 9.17 041 9934 193
Pos 12 63.01 22 85 028 4.23 9.27 027 99.90 20.1
Posi 63.68 22/46 0.31 3.44 9.68 0.49 100.06 16^
Pos2 63 78 22 63 0 14 3 82 992 0.16 100.47 173
Pos3 6382 22 95 0 39 4 32 921 1 03 101.72 203
Po»4 62 63 23 82 0.31 4.91 9.17 0 42 10126 223
PosS 62.16 2324 0 31 4 95 9 0S 0 39 100.10 232
Pos6 62 21 23 56 033 5.07 8 49 0 95 100.61 243
Pos 7 63 64 2273 0 30 394 915 1 06 10032 192
Pos 8 63 97 22 78 0.29 3 88 938 060 100.90 183
P o s i 62.62 22.92 0.30 4.41 9.94 0.32 100.51 19.7
Pos 2 62 27 2291 0.25 4 18 973 0 33 99.67 192
PosS 61 30 23.30 027 472 8 87 0 79 99.25 22.7
Pos 4 62 31 23.47 0 39 4 34 952 047 10030 20.1
PosS 61 07 23 28 0 27 4 58 8 98 1 26 99.44 223
Pos 6 61.21 2369 0 35 537 9 30 0.20 100.12 242
Pos 7 62 51 23.44 0.32 4 68 9 46 0 45 10036 213
PosS 60 95 2327 028 502 9 32 026 90.10 223
Pos 9 60 95 2358 084 4 40 9 09 060 90.46 21.1
Pos 10 61 47 23.66 0 37 4.97 9 01 0 40 9937 23A
Pos 11 62 34 2407 0 40 505 958 027 101.72 223
Pos 12 61 33 2363 0.34 546 936 0 35 100.47 24.4
Pos 13 62 79 23.59 014 4 41 9.70 0 73 10135 20.1
Pos 14 61.94 2325 0.32 440 9.55 0 19 9935 203
Pos 15 6245 23 12 0.26 461 933 0.78 10033 21.4
Pos 16 62 40 22.51 0 24 379 992 0 35 9922 17.4
Pos 17 63 09 22 39 022 376 9 50 0 71 99.66 17.9

3.012 2309 1.181 0.011 0.180 0.794 0.045 5.020 184
2963 2 763 1.233 0010 0 222 0.744 0 042 5.014 23.0
2 969 2 725 1 270 0010 0,270 0696 0 034 5305 273
2 969 2 725 1 270 0.010 0 270 0696 0 034 5.005 273
2 998 2 772 1210 0.010 0225 0759 0.053 5.029 223
2 987 2794 1.193 0.010 0.194 0 801 0035 5328 193
2 987 2 845 1 163 0010 0 160 0719 0 068 4.966 182
3.002 2 794 1 198 0 009 0 192 0.807 0 023 5.022 192
2 989 2 787 1 196 0010 0 203 0 825 0.013 5.034 19.7
2 967 2726 1.259 0.015 0.271 0 725 0 023 5319 272
2 977 2747 1 236 0013 0 241 0 772 0 024 5333 233
3 009 2 794 1 195 0013 0 191 0 809 0020 5323 19.1
3.033 2.776 1205 0.012 0.194 0.852 0.015 5355 18.5
3 046 2 801 1.182 0 006 0 164 0 898 0014 5.064 15.4
3 059 2 807 1 173 0010 0 161 0 896 0017 5.063 152
3 028 2778 1 204 0010 0 195 0834 0 032 5353 193
2989 2 701 1 280 0010 0 284 0 732 0 035 5.043 283
2 973 2 783 1 203 0 008 0 183 0 859 0018 5.054 173
2379 2.738 1243 0.011 0260 0.719 0.058 5.029 24.5
2 965 2 752 1 233 0012 0 249 0742 0 029 5317 25.1
2 969 2 723 1 268 0 009 0 279 0692 0 038 5.009 28.7
2 937 2.744 1230 0 011 0 279 0 721 0 034 5318 273
2 941 2702 1 286 0012 0302 0 694 0013 5.009 303
2944 2.748 1 247 0010 0 239 0.730 0 037 5312 24.7
2 931 2 756 1 230 0 014 0238 0736 0 046 5.020 243
2 879 2 835 1 174 0009 0 155 0298 0.513 4.983 342
2 953 2780 1 202 0014 0236 0 711 0 062 5305 253
2 945 2.785 1 187 0013 0234 0 771 0 036 5326 233
2.967 2307 1201 0.011 0.170 0.773 0.034 4.996 18.1
2 956 2 826 1 165 0 010 0 181 0 787 0033 5.002 18.7
2 951 2 829 1 157 0012 0 168 0 807 0 045 5319 172
2 983 2 809 1 188 0 008 0 178 0771 0 054 5.009 183
2 992 2 783 1 203 0 009 0212 0772 0 046 5.025 213
2 988 2788 1 203 0013 0 200 0 794 0020 5318 20.1
2 998 2 773 1 214 0 009 0 233 0 750 0 034 5312 23.7
2 999 2 788 1 191 0010 0214 0 770 0 056 5.029 21.7
2 960 2 830 1 164 0013 0 159 0 766 0 079 5.011 172
2 957 2 784 1 204 0010 0 207 0 789 0025 5.021 203
2 969 2 799 1 184 0012 0 195 0 815 0 024 5328 193
2 926 2 953 1 049 0 005 0 040 0 466 0 483 4.996 73
3.038 2.793 1.194 0.012 0.194 0320 0.016 5328 19.1
3 006 2 732 1 246 0010 0 250 0 795 0.018 5.052 243
2 994 2719 1 260 0010 0 265 0 779 0014 5.048 254
2 097 2 758 1 231 0 007 0 222 0 798 0 016 S334 21.7
2978 2 732 1 254 0 007 0 252 0 774 0015 5335 243
2 994 2 764 1 222 0 008 0216 0 813 0 016 5.039 213
3 021 2 796 1 199 0 008 0 188 0 822 0 006 5319 183
3 007 2 761 1 225 0012 0 226 0 793 0 011 5.028 222
2 982 2 754 1 235 0 008 0 238 0 763 0 024 5322 233
3 007 2811 1 174 0 009 0 185 0825 0 023 5327 183
2,977 2 810 1.186 0012 0 174 0 808 0021 5311 17.7
2.976 2.799 1.197 0.011 0189 0.779 0034 ).009 19.S
2 972 2 792 1 212 0 010 0 180 0 783 0 033 5.009 18.7
2 951 2 829 1 157 0012 0 168 0 807 0 045 5319 172
2 983 2 809 1 188 0 008 0 178 0 771 0 054 5309 183
2 992 2 783 1 203 0 009 0 212 0 772 0 046 5325 213
2988 2 788 1 203 0013 0 200 0 794 0 020 5318 20.1
2 998 2 773 1 214 0 009 0233 0 750 0 034 5.012 23.7
2 999 2 788 1191 0 010 0214 0 770 0 056 5.029 21.7
2 960 2 830 1 164 0013 0 159 0 766 0 079 5.011 172
2 990 2 798 1 191 0010 0 205 0 781 0 025 5.009 203
2 969 2 799 1 184 0 012 0 195 0 815 0 024 5328 193
2.926 2 953 1 049 0 005 0 040 0 466 0.483 4.996 7.9
3.043 2317 1.181 0.006 0.168 0.834 0,007 5.013 18.8
3 024 2 800 1 197 0 008 0 199 0 776 0 022 5.001 20.4
3 031 2 792 1 202 0012 0 203 0 770 0 028 5.007 203
2 948 2797 1 189 0012 0202 0 786 0 030 5316 203
3 009 2 757 1230 0010 0243 0 752 0 024 5316 243
2 945 2 719 1234 0010 0250 0375 0 027 5.118 222
3003 2 776 1 217 0 008 0222 0 776 0 011 5.009 223
3018 2772 1 218 0011 0 232 0 752 0022 5.006 233
3 028 2 804 1.184 0011 0.199 0 800 0011 5.009 203
3 032 2.785 1 208 0010 0.206 0792 0013 5314 203
2 986 2 801 1 193 0 008 0.192 0 793 0 023 5311 f» 3
3 001 2795 1.195 0.010 0.201 0797 0 015 5314 20.1
3.008 2319 1.172 0.011 0.163 0.831 0.028 5.024 184
3 021 2811 1 175 0005 0 180 0 848 0 010 5.030 173
3 042 2 794 1.184 0014 0203 0782 0 058 5334 203
3030 2.752 1,234 0011 0231 0 781 0023 5333 223
2 996 2763 1 217 0012 0236 0 780 0022 5.029 232
3006 2.756 1 230 0.012 0 241 0729 0054 5.021 243
3021 2 805 1 181 0 011 0 186 0 782 0 060 5325 192
3.031 2 811 1 180 0 011 0 183 0799 0.034 5316 183
3.005 2.774 1.197 0.011 0209 0.854 0.018 5.064 19.7
2 986 2 777 1 204 0 009 0 200 0B41 0.019 5.051 192
2 966 2752 1 233 0010 0 227 0 772 0 045 5.040 22.7
3 006 2760 1.225 0015 0 206 0818 0 026 5.049 20.1
2 962 2.746 1 234 0010 0 220 0 782 0 072 5.065 223
2 988 2 728 1245 0013 0257 0 804 0011 5.057 242
3 016 2 760 1219 0012 0221 0810 0 025 5.048 213
2 960 2 742 1.233 0 011 0242 0313 0.015 5356 223
2 966 2736 1 248 0032 0 211 0 791 0034 5.053 21.1
2 986 2741 1,244 0014 0.238 0 779 0.023 5338 234
3.037 2734 1 244 0015 0 237 0614 0015 5399 223
2994 2 728 1 239 0 013 0 260 0807 0020 5.006 244
3029 2760 1,222 0005 0208 0827 0 041 5.062 20.1
2 985 2.763 1.222 0012 0210 0 826 0.011 5.044 203
3 003 2.769 1 208 0.010 0219 0802 0 044 5.050 214
2974 2 794 1 187 0 009 0 182 0 861 0020 5353 174
2990 2 810 1 175 0 008 0 179 0820 0 040 5.033 173



Rhyodache feldspars, Nortbena M arg B a lZ «ac
Sample nan»___________ Position SiO; AKOs FeO CaO N a ;0  K ;0  Total An Oatconc. S  Al Fe Ca Na K______Total An

Psp 14-45
North Meail Breac. NMZ

Psp 05*27
North Meall Breac. NMZ

Fsp 25/20
South Meall Breac. NMZ

Psp 05*29
South Am Mam Hril. NMZ

Po« 1 63.64 22.73 0.32 3.60 9J5 0 ^ 10041 16.8 3.018 2.808 1.182 0.012 0.170 0.842 0.015 5.030 18.8
Pos2 62 52 23 12 024 4 36 9 11 023 99.58 20.9 2 992 2 782 1 213 0 009 0208 0 786 0013 5.011 203
Pos3 6221 2322 0 27 4 48 9 09 0 35 99J1 214 2 988 2 772 1 219 0010 0214 0 785 0 020 5.020 214
Pos4 63.20 2250 0 25 4 16 9.61 0 35 100.06 193 3 002 2 803 1 178 0 009 0.198 0 826 0 020 5i>32 193
Pos 5 6301 22 53 0 22 373 9 70 0 38 99.57 173 2 990 2 805 1 182 0 008 0 178 0837 0 022 5.033 173
Pos6 62 10 23.19 0 11 4 38 9 42 0 24 99.43 20.4 2984 2 771 1 220 0 004 0210 0815 0013 5.033 204
Pos 7 6254 22 96 026 4 47 8 97 0 31 9930 21.6 2 989 2 786 1 205 0010 0213 0775 0.018 5.007 213
Pos 8 6305 22 62 025 3.85 9 54 041 99.71 182 2 995 2 804 1.185 0009 0 183 0 822 0.023 5.027 18.2
Pos 9 62 05 23 68 0 30 4 92 9 08 0 42 100.48 23.1 3 005 2 749 1 236 0011 0 234 0 780 0 024 5.035 23.1
Pos 10 61 84 23 40 0 24 5 10 903 0 34 99.94 233 2.991 2.754 1 228 0 009 0 243 0779 0019 5.032 233
Pos 11 62 00 22 82 0 33 4 24 907 0 48 98.93 203 2 967 2783 1 207 0012 0 204 0789 0027 5.022 203
Pos 12 62 55 22 95 037 4 41 902 0 45 99.74 213 2 991 2 784 1 204 0014 0210 0778 0026 5.016 213
Pos 13 62 04 22 69 0 24 4 23 904 0 35 98.59 203 2 961 2790 1 202 0 009 0 204 0 788 0 020 5i)13 203
Pos 14 6322 22 85 025 4,17 9 52 0 48 100.49 193 3013 2 794 1 190 0009 0 197 0816 0027 5.033 193
Pos 15 62.62 22 92 0.35 4.27 9 15 0 45 99.75 203 2 992 2 787 1.202 0013 0.203 0789 0025 5320 203
Po«C 63.33 21.95 0.27 3.76 9.01 0.67 98J7 18.7 2.976 2.834 1.157 0.010 0.180 0.782 0.032 4.995 11.7
Pos 1 62 99 22 33 0.35 4 22 8 20 0 30 98.39 22.1 2 970 2 825 1 180 0013 0 203 0712 0.017 4.950 22.1
Pos 2 62 55 22 53 031 4 09 9 14 030 98.91 193 2 973 2802 1.189 0 011 0196 0794 0 017 5.009 193
Pos 3 62 06 22 17 020 4 05 886 0 75 98.08 20.1 2 944 2.807 1.182 0 007 0.196 0777 0 043 5.012 20.1
Pos 4 62 86 21 88 0 29 3 63 8 16 1 29 98.12 19.7 2 951 2837 1 164 0 011 0 176 0714 0 075 4.976 19.7
Pos 5 62.91 21 68 035 3 41 9 19 056 98.09 17.0 2 952 2838 1 153 0.013 0 165 0 803 0 032 5.004 173
Pos 6 61 92 22 99 031 4 50 8 78 092 99Ai 22.0 2 974 2773 1 213 0012 0 216 0 762 0 052 5328 223
Pos 7 6267 22 74 0.33 4 42 9 17 0 59 99.91 21.0 2 993 2 788 1 192 0012 0.211 0 791 0 034 5.028 213
Pos 8 62.29 22 20 0 39 3 80 9 02 0 79 98.49 18.9 2 954 2808 1 179 0 015 0 184 0 788 0 045 5J)19 183
Pos 9 62.70 22 10 032 4 03 9 14 0 54 98.03 19.6 2 967 2814 1 169 0.012 0 194 0795 0 031 5.015 193
PosC 61.64 24.44 0 ^7 5.68 8.81 0.22 101.06 26.3 3.021 2.717 1.270 0.010 0.268 0.753 0.012 5.031 26.3
Pos 1 61 07 24 45 0 46 6 11 9 01 0.27 101.37 27.3 3 016 2 696 1.272 0.017 0.289 0 771 0 015 5.061 273
Pos 2 6224 23.31 022 4 67 9 48 0 35 100.27 21.4 3 001 2 762 1 219 0 008 0222 0 816 0 020 5XM6 214
Poti 3 62 18 23.51 030 4 51 9 45 0 34 100.29 20.9 3 002 2758 1 229 0 011 0.214 0812 0.019 5XM4 20.9
Pos 4 63 68 23 18 026 3 92 1025 026 101.55 17.4 3 044 2 786 1 195 0 010 0 184 0 869 0 015 5.056 17.4
Pos 5 62 90 23 80 025 4 97 9 32 030 10134 22.7 3040 2755 1 229 0 009 0 233 0 791 0.017 5334 22.7
Pose 61 688 73 157 0231 4 461 9 392 0 327 99.26 203 2 973 2.763 1 222 0 009 0214 0816 0019 53427 203
Pos 7 63 05 2374 0 26 4 51 966 0 28 101.49 203 3040 2.762 1 225 0 009 0212 0820 0015 5344 203
Pos 8 63 38 23 43 022 4 03 9 76 0 33 101.15 183 3035 2781 1 211 0 008 0.189 0830 0.018 5338 183
P o s i 63.83 22.27 0.25 3/45 9.99 0.73 100.52 18.6 3.014 2.820 1.160 0.009 0.163 0.856 0.041 5.049 16.0
Pos 2 62 20 22 59 0 26 4 46 9 08 0 79 99.39 21.4 2 973 2 785 1 192 0010 0214 0 788 0 045 5.035 214
Pos 3 63 42 22 78 0 27 3 83 9 35 1 12 100.77 183 3 016 2 800 1 185 0010 0 181 0 800 0 063 5339 183
Pos 4 63 54 22 28 0 28 353 9 42 1 06 100.11 17.1 3 001 2 819 1 165 0 010 0 166 0.810 0 060 5333 17.1
Pos 5 62 71 22 47 0 38 4 10 9 53 0 38 99.58 19.2 2 985 2797 1 181 0 014 0 196 0 824 0.022 5 035 19.2
Pose 63 17 21 92 0 32 3 40 8 79 1 65 99.24 173 2972 2 830 1 157 0012 0 163 0 763 0 094 5320 173
Pos? 62 64 21 73 3 11 4 11 8 40 0 42 100.41 213 2 981 2 798 1 144 0 116 0 197 0 727 0 024 5.006 213
Pos 8 62 00 22 02 0 30 4 98 8 83 046 9839 233 2952 2 796 1 171 0011 0241 0 772 0027 5317 233
Pos 9 60 oe 25 51 0 37 4 68 10 54 036 10132 19.7 3012 2 655 1 329 0014 0222 0 903 0 021 5.143 19.7
Pos 10 62 60 22 92 034 4 30 975 0 22 100.11 193 2 999 2 779 1 199 0013 0 204 0 839 0012 5347 193
Pos 11 62 84 23 17 0 39 4 39 9 69 0 25 100.73 20.0 3016 2 774 1 205 0014 0 208 0 829 0014 5.045 20.0
Pos 12 63 09 22 69 0 25 4 07 9 70 0 42 1 0 0 ^ 183 3 005 2 796 1.185 0 009 0 193 0 833 0 024 5340 183
Pos 13 62 25 22 93 026 4 54 905 0 82 99.85 21.7 2 986 2 776 1 205 0010 0217 0 782 0 047 5.036 21.7
Pos 14 62 99 22 53 021 374 9 21 1 00 99.68 183 2 989 2 806 1 183 0 008 0 179 0 796 0 057 5.028 183
Pos 15 62 54 22 47 0 24 3 63 904 1 34 99.26 18.2 2 971 2 803 1 187 0 009 0 174 0 786 0 077 5335 18.2
Pos 16 62 24 22 81 034 4 45 9 07 0 77 99.88 213 2 982 2 780 1 200 0013 0213 0 786 0 044 5335 213
Pos 17 62 22 22 81 0 29 4 20 898 0 89 99.39 203 2 976 2 784 1 203 0011 0 201 0 779 0 051 5.029 203
Pos 18 62 26 22 67 0 24 4 45 9 45 054 9939 20.7 2 980 2 782 1 194 0 009 0213 0819 0 031 5.046 20.7
Pos 19 62 40 22 81 026 4 29 926 0 30 9931 204 2 981 2 787 1 201 0 010 0 205 0 802 0017 5322 204
Pos 20 62 34 22 40 034 3 90 9 91 026 99.15 17.9 2 971 2 794 1 183 0 013 0 187 0 861 0015 5353 173



R h yo d tc iic  fcM>p«r», SoB thcm  M o w a f i in  Zo»e________ _______________ _________________________________________________________________ ______ _________________
Sanpte name______ Position SiO; AI2Q3 FeO CaO Na?0 KgO Total An______ Oatconc Si Ai Fe Ca Na K Total An

ROP-BnS-1 Hifcn) 65.94 23/48 0.21 3.55 7.56 0.61 101.3S 20.« 3.081 2.850 1.196 0.008 0.164 0334 0.034 4.885 20.6
Bemn nan Stac. SMZ 2 65 51 2327 0.30 399 7 99 0.76 101.82 21.6 3 078 2 834 1 186 0 011 0 185 0370 0042 4329 213

3 64 24 23.07 041 4.33 8 11 081 100.97 223 3040 2 814 1 191 0015 0203 0 689 0 045 4357 223
4 64 27 23.54 0 30 4 42 848 0.82 101.83 224 3061 2 796 1 207 0.011 0206 0715 0 046 4.981 224
5 65 18 22.20 045 3 90 856 099 1 0 1 ^ 20.1 3 047 2 848 M 4 3 0.016 0 183 0 725 0.055 4.971 20.1
9 64 04 23.14 0.37 4.29 8.61 0 90 101.35 213 3 043 2.802 1.193 0.014 0201 0730 0 050 4.991 213

7(cor«) 62 52 23 02 040 4 76 6.71 0.87 96.28 28.2 2 966 2.806 1.218 0.015 0229 0.584 0.050 4.902 28.2
RDP-ftnS-2 Kfim) 64.74 24.02 0.06 4.64 6.94 0.37 100.77 27.0 3.061 2.816 1.231 0.002 0.216 0.585 0.021 4.871 27.0
Beinn nan Stac. SMZ 3 64 19 23.26 041 4 31 7 71 071 100.59 233 3 036 2 816 1.202 0.015 0203 0.656 0.040 4.931 233

4 61 61 24.19 0 30 6 01 7 75 0.31 100.17 30.0 3 002 2732 1 264 0.011 0286 0.666 0.018 4.977 303
5(core) 60 59 24 58 0.53 682 6 53 0 56 99.61 36.6 2980 2707 1 294 0020 0 326 0566 0032 4.945 36.6

ROP-6n8-4 Hiirn) 66.45 22.96 0/45 3/48 6.17 0.54 100.85 23.8 3.061 2.890 1.177 0.016 0.162 0.520 0.030 4.796 233
Beinn nan Stac. SMZ 2 64 44 23.60 0 43 4 76 7.21 0.79 101.23 26.7 3 055 2 809 1.212 0.016 0222 0 609 0044 4.912 26.7

3 63.71 23.18 0.72 4.46 8.45 0.83 101.35 223 3 038 2.793 1.198 0.026 0209 0.718 0 046 4.991 223
4(core) 61 15 23.21 025 6.19 7.02 0 47 9 8 ^ 323 2.951 2.780 1.234 0009 0.299 0614 0.027 4.944 323

RDP-Bne-S Krim) 63.79 22.80 0.36 4.10 8.94 0.53 106.52 20.2 3.022 2.810 1.184 0.013 0.194 0.764 0.030 4.994 26.2
Bevw nan Stac. SMZ 2 63 01 23 19 0.19 4 24 923 0 63 100.49 20.2 3014 2784 1 208 0 007 0 201 0791 0036 5325 20.2

3 63.32 2453 0.33 4 96 805 0.66 101.85 254 3060 2 756 1 258 0012 0 231 0679 0.037 4.973 254
4 6566 21.50 0 28 2 39 664 4 85 101.34 163 3 024 2892 1 116 0010 0 113 0 567 0.272 4370 163
5 6367 2339 0.29 466 854 0 79 101J4 23.2 3 041 2 788 1 207 0 011 0219 0725 0 044 4.993 232
6 63 61 2385 029 4 79 8 37 0 80 101.91 243 3 059 2 778 1 224 0 011 0.223 0 706 0 044 4.986 243
7 62 53 2320 027 5 26 8 17 058 100.01 2 0^ 3 000 2776 1214 0010 0.250 0 703 0 033 4.985 262
6 62 99 2326 0 31 5 15 7 52 0 73 99.96 273 3 006 2 790 1 214 0011 0 244 0 646 0 041 4.947 273
9 63 17 23.33 0 29 538 7 87 077 100J1 274 3 024 2 781 1 210 0011 0254 0672 0 043 4.971 274
10 6264 2314 043 5 35 727 073 99.56 283 2 993 2 787 1 213 0016 0255 0 627 0 041 4.940 283
11 6346 23 10 0 43 512 800 0 74 100S7 26.1 3027 2.792 1 198 0.016 0.241 0 662 0 042 4371 26.1

12(cor«) 63 26 2301 040 5 08 8 15 043 100.33 253 3015 2 794 1 198 0015 0 240 0 698 0 024 4.968 253
RDP-ftnS-« Klim) 67.07 22.72 0.29 3.78 4.67 045 98.96 303 3.052 2.926 1.168 O.Otl 0.176 0.395 0025 4.700 30.9
Bemn nan Stac. SMZ 2 64 85 2259 0 32 4 03 8 53 0 55 100.87 20.7 3 043 2 837 1 165 0012 0 189 0 724 0 031 4.957 20.7

3 64 15 2276 0.32 421 776 061 99J1 23.1 3 016 2632 1.184 0.012 0 199 0 664 0 034 4.925 23.1
4 65 32 23 06 0.33 4 23 6 51 066 102.11 213 3077 2 826 1 176 0 012 0 196 0714 0036 4361 213
S 64 19 22.88 043 4 36 7 82 076 100.44 233 3 028 2823 1 186 0 016 0 205 0 667 0 043 4339 233
6 64 60 22-57 0.31 4 27 7 86 0 82 100.43 23.1 3 031 2 838 1 169 0 011 0 201 0670 0 046 4.935 23.1
7 6514 22 41 032 387 8.10 0 98 100.82 203 3 042 2.851 1 156 0012 0181 0687 0055 4342 203
8 64 33 23.10 0 30 460 8.24 0.85 101/42 233 3 049 2.809 1 189 0.011 0215 0698 0 047 4.969 233
9 62 88 2373 023 527 8 13 0 75 100.99 264 3028 2765 1 230 0 008 0248 0 693 0 042 4.967 264
10 62 14 24 49 0 14 6 13 7.64 064 101.18 30.7 3 030 2.730 1.268 0.005 0289 0 651 0036 4379 30.7
11 61.99 24 68 0 26 596 7 49 0 63 101.01 303 3 027 2 727 1 279 0010 0281 0 639 0 035 4371 303
12 61 77 24 70 0 38 624 7.16 006 100.91 323 3 022 2 722 1283 0.014 0295 0 612 0 037 4361 323
13 61 99 2407 0 30 5 70 7 71 0 67 100.44 293 3009 2743 1.255 0 011 0.270 0661 0 038 4379 293
14 64 21 2394 0 33 503 7 59 078 101.88 263 3067 2788 1 225 0 012 0234 0639 0 043 4.941 263
IS 62 24 24 03 024 4 63 7 00 1 19 99.33 263 2 990 2.771 1 261 0009 0 221 0 604 0 068 4334 263
16 64 21 23.27 0 48 4 35 809 075 101.15 223 3 045 2808 1.199 0016 0204 0 686 0 042 4.956 223

17(core) 57 20 28 15 1 56 5 40 5 04 1 96 99.31 37.2 2 953 2 580 1 496 0 059 0.261 0 441 0 113 4.949 37.2
R0P*enS-9 Krim) 73.10 21/40 0.19 0.59 6J24 0̂ 101.72 5.0 3.179 3.062 1.056 0.007 0.026 0.507 o.ott 4.669 5.0
Bemn nan Stac SMZ 2 64 89 22 94 0 32 4 11 828 0 63 101.17 213 3 053 2 830 1 179 0 012 0 192 0 700 0 035 4.948 213

3 64 29 22 55 0 15 400 784 0 70 99 .S3 223 3011 2 843 1 175 0 006 0190 0 672 0 039 4.92S 22.0
4 6S28 22 59 035 365 879 096 101.62 187 3060 2 841 1 159 0013 0170 0 742 0 053 4377 18.7
5 64 38 22 82 0 33 4 34 822 1 00 101.09 223 3 040 2 820 1 178 0 012 0 204 0 698 0 056 4.968 223
6 63 22 23 18 0 35 508 7 75 083 10041 263 3016 2791 1 206 0013 0 240 0 663 0 047 4.961 263

7(core) 64 29 23 17 0 35 4 36 7 95 0 88 101.00 233 3 042 2614 1.195 0013 0 204 0 675 0 049 4.990 23.3
ROP-1 Krim) 66.54 23 34 0.38 3.82 8 18 042 101.69 28.5 3.078 2336 1.190 0.014 0,177 0.686 0.023 432S 29.5
StonvCome. SMZ 2 65 62 2341 0 50 4 19 7.17 0 73 101.62 244 3 076 2 836 1 193 0 018 0 194 0 601 0 040 4366 244

3 51 77 32 23 7 21 3.45 5 52 0 58 100.78 25.7 2 929 2 354 1727 0274 0168 0 487 0 034 5.043 2S.7
4 65 51 2271 041 3 93 6 67 070 99 J3 24.6 3 040 2870 1 172 0 015 0 184 0566 0 039 4347 243
6 64 68 2387 0 35 4 49 7 54 0 73 101.66 243 3070 2 806 1 220 0 013 0 209 0 634 0 040 4.922 243
7 63 63 24 53 0 47 535 7 36 046 101.80 28.7 3 066 2.764 1 256 0017 0 249 0620 0 025 4.931 28.7

iROP-a Kfim) 64.06 2345 0.66 4.91 4.79 0.53 9840 3«^ 3.002 2341 1.226 0.024 0.233 0412 0.030 4.767 36.2
stony Come. SMZ 7 64 86 23 56 0 35 4 34 7 81 0 63 101.55 233 3 067 2.816 1 205 0013 0 202 0357 0 035 4328 233

3 64 95 23 21 028 432 8 38 0 68 101J2 222 3 068 2819 1 187 0 010 0201 0 705 0 038 4.959 U 2
4 64 08 2301 076 4 17 5 75 066 9843 283 2 995 2 849 1 206 0 028 0 199 0 496 0037 4315 283
5 65 06 23 32 033 4.43 8 17 049 101.80 23.1 3.073 2.820 1191 0012 0206 0686 0 027 4.942 23.1

6(core) 64 60 23 45 025 4 47 7 49 070 100.96 243 3 052 2319 1.206 0009 0 209 0334 0 039 4315 243
iRDP-1t Krim) 66.3d 23.19 0.37 3.82 6.56 0.38 100.71 24.3 3.076 2.874 1.183 0.013 0.177 0.561 0.021 4329 24.3
Stony Come. SMZ 2 65 66 23.27 0 39 4.31 7 10 0 46 101.19 25.1 3 072 2 646 1.189 0 014 0200 0 597 0 025 4371 25.1

3 65 63 23 25 0 35 429 7 01 056 101.09 253 3 069 2 847 1 189 0013 0 199 0590 0.031 4369 253
4 64.78 22 96 0 41 4.33 8.82 0.57 101.87 213 3063 2316 1.176 0.015 0202 0743 0032 4.983 213

5(core) 64 03 23.07 0.39 4.76 856 080 101.61 233 3 047 2 798 1 188 0 014 0 223 0 725 0 04S 4.993 233
RDP-19 Krim) 65.96 22.50 0.33 3.88 7.68 0/48 100.73 22.0 3.069 2.871 1.154 0.012 0.181 0.640 0.027 4385 22.0
Stony Come. SMZ 2 95 05 24 30 0.12 4 46 7 33 0 59 101S5 25.2 3 086 2807 1.236 0 004 0 206 0613 0 032 4.898 2S2

3 64 83 22 92 021 4 11 8 76 0 73 10136 203 3 058 2823 1.176 0 008 0.192 0740 0 041 4379 203
4 64 56 25 54 066 2.57 514 2 62 101.13 213 3067 2 803 1 307 0 025 0 120 0 433 0145 4332 213
5 65 48 23 13 0 69 4.52 692 0 84 10138 263 3.071 2 839 1 182 0 025 0210 0 582 0 046 4384 263
6 64 94 23.46 033 4.35 7 31 090 10131 24.7 3.062 2.824 1 203 0.012 0.203 0616 0050 4.906 24.7

7(core) 63 92 23.71 0 56 5 25 7.57 0 59 101.60 27.7 3055 2 786 1 218 0 020 0 245 0.640 0 033 4.942 27.7
iRDP-20 Kfim) 6743 22.74 0.24 3.85 6.90 0.38 101.54 233 3.101 2.896 1.161 0.009 0.177 0.574 0.021 4.827 233
Stony Come. SMZ 2 65 43 2347 0.23 4 34 7 05 074 101.26 25.4 3071 2 837 1 199 0 008 0202 0 593 0 041 4360 254

3 64 59 2323 046 443 847 0 79 101.97 224 3064 2 807 1.190 0 017 0 206 0714 0 044 4377 224
4 64 TO 23.45 0 32 4 60 796 081 101.24 242 3047 2801 1 208 0012 0215 0 674 0 045 4.955 24J

5(rtin) 64 79 22 65 0 32 4 13 847 0.32 100.68 212 3.041 2 837 1 169 0012 0 194 0 719 0018 4.947 212



Sam ple nam e Position SiO; AizOj FeO CaO Na20 ^20 Total An______ Oat.conc. Si At Fe Ca Na K______ Totat

R-OH4 292 59.24 26.34 0.27 8.18 6.72 0.13 1M.88 4«.2 3.006 2.624 1.375 0.010 0.000 0.388 0.577 4.981
Sgurr na Giltean. SUZ 293 S8.96 26 44 0.22 8 14 7.01 020 190.97 39.1 3.004 2613 1 381 0 008 0 367 0 602 0.011 6.003

294 60 22 26 03 012 688 7.05 040 1N .7I 36.93 3 013 2 661 1 356 0004 0 326 0604 0023 4.974
295 59.74 25 60 014 756 695 046 1M.69 37.6 3002 2 ^ 1 349 0005 0360 0 598 0.027 4 J f f
296 60 08 26 02 021 724 701 016 1H.72 36.3 3.012 2 656 1 355 0006 0343 0 601 0009

R-ON-1 297 59.14 26.13 043 7.85 6.94 0.18 1N.67 38.5 2.997 2.627 1.368 0.016 0.000 0.374 0.598 4.H 3
Sgurr na GiHean. SMZ 296 59 29 26 45 022 8 10 6.89 052 101.47 394 3.016 2.618 1 376 0008 0 000 0 383 0 590 6.004

299 59.23 26 16 0.22 782 6 70 042 1M.66 39J 2 996 2 632 1 370 0008 0 000 0 372 0577 4.983
300 61 01 26 07 000 768 615 054 191.46 46.8 3 040 2.672 1 346 0 000 0 000 0360 0522 4.*31
301 60 S4 26 09 0 17 743 6.57 056 191.46 38.S 3 033 2 662 1 350 0 006 0000 0 349 0559 4.^68
302 61 09 25 81 012 714 694 048 191.68 36J 3039 2677 1 333 0004 0000 0.335 0569 4.966
303 59 97 25 38 033 7.07 652 041 H .M 37.6 2 960 2675 1.336 0012 0 000 0 338 0565 4.661

1 60.97 24.63 0.06 6.04 8.54 0.28 1N.S2 28.1 3.004 2.703 1.287 0.002 0.000 0.287 0.734 5.628
NW Minishal (cortotomerate ctast) 60 92 24 42 013 600 8 44 0 33 1M.24 28.2 2995 2.709 1 279 0005 0000 0 286 0.728 6.026

60 65 24.27 O il 5 92 832 034 •9.62 28^ 2 978 2 712 1 279 0004 0000 0.284 0 721 6.010
4 61 36 25 30 003 600 832 046 191.46 28.6 3033 2 694 1.309 0 001 0000 0 282 0.708 6.919

62 02 25 26 000 565 640 036 191.7* 27.1 3 048 2 709 1.301 0000 0000 0 265 0 711 6.9M
Sr14«-Z 1 6M 1 24.81 0.06 5.79 8.34 043 1M.S4 27.7 3.017 2.710 1.290 0.002 0.000 0.274 0.713 5.914
NW Mmishsl (conglORterate clast) 61 75 24 68 0 10 5 62 8 44 036 101.1S 26.9 3 029 2 714 1 269 0 003 0 000 0 265 0 719 6.011

61 76 25 04 010 5 58 854 0 43 191.47 29.6 3037 2 709 1 294 0003 0000 0 262 0 726 6.919
4 61 43 24 99 008 556 8 52 046 191.9C 26.6 3 023 2 706 1 297 0003 0000 0 262 0 728 6.922

60 31 2431 008 596 847 040 n .c 3 28.9 2971 2 703 1 264 0.003 0 000 0 286 0 736 6.936
59 54 2435 0 15 624 633 051 99.13 29.3 2 952 2666 1 295 0006 0 000 0 302 0 729 6.946

) 63.19 23.31 0J)7 3.97 9.30 0.56 IM ^I 19.1 3.017 2.789 1.212 0.003 0.188 0.796 0.032 S.919
NW Minrshal (congtomerate clast) 63 24 23 06 005 406 936 0 45 109.21 19.3 3.012 2 795 1 201 0.002 0192 0 602 0.025 6.018

63 16 23 06 010 403 891 060 99.9C 29.9 3.004 2.799 1.204 0004 0191 0 766 0034 4J98
4 63.27 23 24 010 390 9 17 056 1H.24 19.9 3.015 2 795 1.210 0.004 0184 0 785 0 032 6.96«

65 00 22.26 015 2 75 10 12 038 1M.97 13.1 3037 2 850 1 150 0006 0 129 0 861 0 021 6.916
Sr 321-1 1 60 96 24.40 0.09 5.75 8.58 0.31 199.99 27.6 2.993 2.712 1.279 0.003 0.000 0.274 0.740 5.927
S Fionchra (conglomerate clast) 60 36 24 31 008 564 8 42 035 9I.1S 27.0 2966 2.710 1 286 0 003 0 000 0271 0733 6.023

60 22 2438 014 559 8 49 0 41 99.22 26.7 2 965 2 705 1 290 0005 0000 0269 0 739 6.932
4 60 45 2431 010 547 854 035 99J2 26.1 2 968 2 712 1 285 0004 0000 0263 0 743 6.927

60 67 2322 010 559 8 32 037 •8.46 27.1 2 949 2 749 1 236 0004 0000 0.270 0 728 6.9«8
60 69 23 23 008 543 844 G.32 98.49 26.2 2 948 2 750 1 237 0.003 0000 0 263 0 739 6.919

T 60 96 24 10 009 572 844 036 99.79 27J 2 987 2.723 1 268 0003 0000 0.274 0 731 6.919
60 52 24 36 0 15 5.67 8 45 030 99.4* 27.1 2974 2 710 1.285 0 006 0 000 0.272 0 733 6.923

1 61.46 25.00 0.00 5.73 8.50 0.24 1M.92 27.1 3.023 2.707 1.297 0.000 0.000 0.270 0.726 5.914
S Fionchra (conglomerale ctast) 60 44 23 87 001 584 841 0 34 •8.89 27.7 2956 2 721 1 266 0000 0000 0 282 0 734 6.022

6047 24 11 006 5 74 858 0.33 99.29 27.9 2 968 2713 1275 0002 0000 0 276 0 746 6.932
4 61 07 2462 O il 5 76 841 029 1M.26 27.6 3000 2 710 1 288 0004 0000 0274 0 724 6.919

61 24 2455 003 5 75 8 52 034 1N.43 27J 3005 2.714 1 282 0 001 0000 0 273 0.732 •-•21
60 B9 24 49 002 568 8 75 029 1M.12 264 2993 2 709 1 284 0 001 0000 0271 0 755 6.936

7 61 95 2525 008 587 8 17 025 191.67 284 3 046 2 709 1 301 0003 0000 0.275 0692 4.9»4
tr  321*3 1 60.95 23.57 0.11 5.4« 8.54 0.25 •8.88 26.1 2.962 2.740 1.249 0.004 0.000 0.263 0.744 S.915
S Fionchra (conatomerate ciafi) 60 35 23 78 0.07 5 48 8 46 0 35 •8 4 9 284 2948 2 726 1 266 0003 0000 0 265 0 741 6.021

60 89 23 87 004 529 6 45 062 M . l t 26.7 2 967 2 733 1 262 0 001 0000 0 254 0 735 6.921
4 60 51 23 77 0 11 544 630 033 •847 28.8 2 950 2 731 1 265 0004 0000 0 263 0 726 (.969

61 01 24 13 003 560 8 37 026 99.39 27.9 2 979 2 727 1 271 0 001 0000 0 266 0 725 6.967
60 70 23 86 003 579 854 0 24 •9.11 27.3 2 967 2 725 1 262 0 001 0000 0.278 0 743 6.923

tr 321-4 1 61.11 25i>6 0.00 S.98 8.06 0.27 1 ^ « ^ 29.9 3.010 2.703 1.306 0.000 0.000 0.282 0.691 4.H 7
S FiotKhra (conglomerate clast) 2 61 25 24 62 0 02 5 72 8 43 0 16 10OJ3 27.3 3004 2 715 1 286 0 001 0000 0 272 0 725 i.009

61 13 24 87 001 581 840 0 26 100 41 27.6 3009 2 705 1 297 0000 0000 0 276 0 721 S.014
4 60 75 24 50 006 5 78 8 45 034 •9.8S 274 2967 2 708 1 287 0 002 0000 0 276 0 731 6.923

Sr 321-5 1 60.65 24.15 0.10 5.76 7.99 0.28 • • .•2 28.5 2.965 2.723 1JZ78 0.004 0.000 0.277 0.696 4.M3
S FiorKhra (cortglomersle cbsi) 60 07 24 17 003 5 57 8 63 041 •8.88 29.3 2954 2 708 1 284 0 001 0000 0 269 0 754 fi.939

3 58 91 2430 012 565 641 036 M .7I 27.9 2 951 2 703 1292 0004 0000 0 273 0736 (.•29
4 60 34 24 17 0.11 5 42 863 032 98.98 26J 2960 2 714 1 281 0 004 0 000 0261 0.753 6.931

60 53 24 10 005 5 47 845 0 26 98.S8 26.3 2 962 2 722 1 277 0002 0000 0263 0736 6.916
60 08 24 61 0 10 5 45 848 036 99.98 26.2 2 963 2 700 1.303 0 004 0 000 0262 0 739 6.928

SrS21-« 1 6442 23.96 0.07 0.63 10.25 1.32 199.64 X3 3.041 2.821 1.236 0.002 0.000 0.030 0.870 S.933
S Fionchra (conglomerate clast) 2 63 50 23 79 0 16 1 11 10 01 1 29 99.8S 6.8 3 011 2 608 1 240 0 006 0000 0 053 0 858 6.037

3 64 63 23 61 000 1 58 10 31 064 199.77 7.8 3 048 2 824 1 216 0000 0000 0 074 0 873 6.922
4 63 27 24 37 0 26 0 77 832 272 99.73 4.9 3 004 2805 1 273 0010 0000 0 037 0 715 4J93

62 39 23 16 009 5 16 859 025 99.66 24.9 2 993 2 776 1 214 0003 0000 0246 0 741 4.9«6
62 02 23 03 0 05 509 827 035 98.82 264 2971 2 780 1 216 0002 0000 0 245 0 719 4.961

Sr32i-r » « o . « r 24.30 0Ji7 5.08 8.53 0.32 •8.92 24a 2.965 2.722 f.2S6 0 M 3 0.000 0.245 0.743 5.616
S Fionchra (conglomerate clast> 2 60 68 24 17 000 530 8 49 0 31 • • • I 26.7 2966 2 724 1.279 0 000 0 000 0 255 0 739 6.016

65 61 22 40 004 239 1016 054 101.13 11.6 3056 2 859 1 150 0 001 0000 0 112 0 658 6.919
4 62 96 22 78 000 351 960 0 42 ••.2« 18.8 2 969 2 806 1.196 0 000 0 000 0 167 0.829 6.023

Sr CtS-l 1 61.91 23.35 0.60 4.74 8.59 0.29 H A * 23.4 2 J83 2.764 1.229 0.023 0.000 0.227 0.743 S.992
E of Priomh Loch 61 33 23 94 0 48 5 52 8 42 0 24 • • • 2 26.6 2 989 2 732 1 257 0 018 0 000 0 263 0 727 6.010

61 10 24 18 0 62 558 834 0 40 100.20 27.0 2 992 2 719 1.268 0023 0 000 0 266 0 720 6.916
4 60 38 23 78 054 583 819 038 •9.09 28.2 2 957 2 719 1.262 0021 0 000 0261 0.715 6.019

Sr ««$-2 \ 6247 23.06 043 4.50 8.83 0 43 N.75 22.9 2.992 2.780 1.210 0.016 0.000 0.215 0.762 5.998
E of Priomh Loch 61 53 23 66 0 45 5 01 845 025 99.6« 24.7 2 965 2.745 1 254 0017 0 000 0 239 0 731 6.001

3 62 86 23.99 0 40 481 8 89 041 191.36 23.0 3037 2.756 1 239 0015 0 000 0.226 0 756 6.014
4 61 56 22.57 0 48 4 43 8 77 035 •8.17 21.8 2 944 2 784 1 203 0018 0 000 0215 0 769 6.000

61 64 23 56 041 4 62 858 0.35 •1.(8 23.7 2 986 2.757 1 239 0015 0 000 0 230 0742 6.004
Sr M5.3 1 56.93 28.51 0.33 9.63 5.33 0.16 H.8» 59.9 2.965 2.512 1.509 0.012 0.000 0464 0464 4.979
E of Priomh Loch 50 07 33.74 024 13 48 2 59 009 190.22 74J 2 946 2 263 1 797 0009 0 000 0.653 0227 4.964

50 81 29 81 1.33 1289 3.52 O i l 98.48 66.9 2.875 2 353 1 627 0052 0 000 0639 0.316 4.^^6
4 58 32 25 84 028 722 722 0.11 • • 9 « 36.6 2 952 2 630 1 374 0 011 0 000 0 349 0 631 6.992
5 61 63 23 93 0 43 5.30 8 22 040 • •.» • 26.3 2 993 2.742 1 255 0 016 0 000 0.253 0 709 4J96
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Measured and age corrected Sr and Nd botope vaiues fo r the sampled rocks from the Isle o f Rum (Chapter 5 )

Sample L a b N u rrb e r  Age * ' S r ^ S r , „ , 2 S .E . Sr (p p m ) R b  (p p m ) ®^Sr/®®Sr{S) g. 2 S .E , N d (p p m ) Sm (ppm ) ' « N d / ’ " N d , 5 „ 5 ,

N M Z-AM -BM E309 60 5 0.711597 0000013 299 27 0.711375 0,512070 0000009 17 5 0.511994
N M Z -A M ^ 2 E137 60.5 0.715060 OU00012 274 38 0.714717 0.512155 0000006 23 6 0.512093
S M Z h R D P-BM E130 60.5 0.710648 0000012 272 18 0.710152 0.512158 0 000006 21 5 0.512100
S M Z -R -iR D P v-B E771 60.5 0.714269 0 000013 270 35 0.714269 0.512098 0 000048 23 5 0.512047
S M Z -R -M E -8  # 3635 60.5 0.722363 0000006 417 119 0.721672 0.511736 0000005 35 7 0.511181
S M Z -R -M E -1 0 # 3636 60.5 0.711297 0 000007 309 31 0.711050 0.512019 0000004 22 6 0.511954
S M Z -R -M E -1 1 # 3637 60.5 0.704104 0000010 26 6 56 0.703618 0.511997 ooooooe 26 6 0.512072
SM Z-AM G -1 E147 60.5 0 717573 0.000011 302 96 0.716781 0.511386 0000006 26 6 0.511345
S M Z-A M G -O t (re pe at) E773 60.5 0.717837 0000013 302 96 0.717045 0.511377 0 000007 26 6 0.511377

M R F -G n B -4 E768 60.5 0.711802 0.000013 455 82 0.711354 0.511678 0 000006 37 7 0.511633
M R F-G nB-1 E769 60.5 0.713400 0000014 450 77 0.712976 0.511580 0000015 42 6 0.511546
rW 2 -A M -0 6 E328 60.5 0.714940 0000012 475 85 0.714444 0.511589 0000600 36 6 0.511589
MWlZ-AM-07 E135 60.5 0.714447 0000014 502 82 0.714050 0.511590 0 001600 38 5 0.511590
R -A M G M -TLH E 60.5 0.713913 0000012 455 82 0.713466 0.511556 0000600 31 5 0.511518
S M 2-A M -03 E146 60.5 0.715114 0000013 330 59 0.714618 0.511551 0 000700 39 6 0.511510
SM 2-A M -04 E323 60.5 0.715044 0 000015 337 63 0.714581 0.511514 0000600 28 6 0.611463
SMZ-AM-OS E145 60.5 0.712546 0000005 505 74 0.712185 0.511625 0000006 41 6 0.511590
S M 2 -A M -1 3 # 3633 60.5 0.712839 0000009 514 74 0.712483 0.511392 0 000006 37 6 0.511357
SM2-AM-14# 3634 60 5 0.714140 0 000005 347 67 0.713663 0,511522 0 000006 37 7 0.511478

M ^ - A M -R D P L E325 60.5 0 715054 0000013 189 98 0.713769 0.511341 0 000700 46 7 0.511309
N M 2 -A M -R D P LM E327 60.5 0.715132 0 000013 177 98 0.713664 0.511376 0 000007 42 8 0.511337
S M Z -R -R D P -M g # 3640 60.5 0.711754 0 000009 309 67 0.711425 0.511426 0000005 36 6 0.511383

N M 2 -R D P -A M -05 E324 60 5 0 715770 0 000012 195 101 0.714488 0.511326 0000600 42 7 0.511285
SM2-R-04-»RDP-1 E141 60.5 0.714756 0 000012 243 81 0.713925 0.511376 0 001300 45 7 0.511334
S M Z -R -04 -IR D P -2 E142 60.5 0,713259 0000012 250 71 0.712555 0.511337 0 000700 50 7 0.511295
S M Z -R D P -1 2-B N S E140 60.5 0.715547 0 000013 208 98 0.714377 0 511326 0000700 43 7 0.511284

BN S groundrTBSS M23-3 60.5 0.719604 0000100 38 84 0.714112 n.d.
BN S 5 co re M 23 -2 60.5 0.714034 0000022 518 2 0.714025 rud.

BN S 5 rim M23-5 60.5 0.714072 0 000019 371 3 0.714054 n.d.

BN S 6  co re M23-6 60 5 0.714154 0000013 320 3 0.714133 n.d.
BNS 6  rim M23-7 60.5 0.714033 0000014 295 3 0.714004 n.d.

BN S en c lave M23-4 60,5 0.723941 000059? 3 19 0 709652 n.d

R -W G  1 0 60.5 0.715065 0 000015 185 99 0.713734 0.511748 oooooeo 62 12 0.511700
R -W G  3 D 60 5 0 717371 0 000010 106 133 0.714262 0511814 0 000070 31 7 0.511774
R -W G 6 D 60.5 0.716275 0 000013 99 118 0.713313 0.511802 0 000070 44 10 0.511750
^WZ-LLG-1 E134 60.5 0.715485 0 000012 203 109 0.714153 0.511334 0001300 48 0.611293
SM2-PG-02 E 3 26 60.5 0.716526 0000015 171 109 0.713564 0,511690 ooooeoo 39 7 0.511664
SM2-PG-03 E132 60.5 0.714068 0 000012 504 55 0.711107 0 511370 0 001100 18 4 0.511329

R -AM G B-1 # 3639 60.5 0.710233 0000009 421 7 0.710204 0,512096 0000006 0.511960
N W Z-AM GB-1 E149 60,5 0.710000 0 000013 359 2 0.709984 0.512228 0000012 17 0.512210
N M Z-AM G B -2 E322 60.5 0.710100 0000012 409 3 0.710082 0.512096 0 000013 2 0.511940
R -A M G B ^ 2  (repeat) E772 60.5 0.709436 0000013 409 3 0.709418 0,512292 0000014 3 0.512222
R -M G A M -W A M -G B E 60.5 0.709917 0 000014 482 3 0.709900 0,511858 0000014 4 0.511791

FPD-03-C E 1 36 60.5 0 704655 0 000012 251 5 0.704608 0513111 0 000010 0.513053
FPCM33-M E139 60.5 0706793 0000015 225 27 0.706497 0,513162 0 000010 6 0.513104
R -F P D -0 2 E770 60.5 0 704653 0 000014 239 7 0.704780 0.513125 0000011 5 0.513078
040D(7) core M23-15 60.5 0.703727 0 000012 125 0.703686 n.d.
04 0 D (7 ) rim M23-17 60.5 0.703597 0 000012 144 0.703559 n.d.
040D(15) core M23-16 60.5 0.704064 0 000012 154 3 0.703993 n.d.
040D(15) rim M 23 -1 8 60 5 0 704861 0000017 127 7 0.704706 n.d.
0400(15) rimii M23-19 60.5 0.703987 0000026 88 2 0.703918 n.d.

R-PXG-U9 F83 60.5 0.703761 0 000012 142 0.703743 n.d. 1 0.513078
R -P -U 9 F84 60.5 0 703928 0 000013 55 0.703883 n.d. 1 0.513078
R -A-U 0 F85 60.5 0.703724 0 000013 290 0.703715 n.d. 1 0.513078
R-M9 F81 60.5 0.702844 0.000012 76 0.702844 n.d. 4 0.513127
R-CO-Pic F82 60.5 0 705284 0000014 71 2 0.705284 n.d. 5 0.513127
R-McO D 60.5 0.702847 0.000012 66 0.702809 0.513175 0 000007 5 0.513127

R-G n-1 # 3638 60.5 0.715636 0000013 74 247 0.715414 0.511353 0 000007 54 9 0.511301
R-Gn-01 (repeat) E774 60.5 0.715537 0 000013 55 207 0.715537 0.511411 0 000007 54 14 0.511411
R -G N -2 E 60.5 0 743306 0 000007 385 34 0.715414 0.511348 0 000007 49 11 0.511296
B n $-G n -2 6 E 7 66 60.5 0.747695 0 000012 35 378 0.719941 0.510482 0 000013 60 13 0.510482
It = Samptes analysised at the Oepartment of Mineralogy. University of Geneva. Switzerland.



M ca»uird in d  aec co n rc te d  P b iw lo p c  v i h o  for the s in p l td  ro c ia  from ihc b |e  o f Rum {C kapU rS)-----------T ----------- W- -

S a m p le Lab Number ^ e 2 S  E ^ P b f ® V b ,6 0  5) 2 8 . E. » > b P « P b ,a o 5 ) ”*piy=n>b,rt 2 S .E =“ Pty=“ Pb,e„„ U (p p m ) TTi {ppfT^ P b  (ppm )

NMZ-AM-BM E309 61 18 373 0002 ia.327 15 470 0002 16.4*8 37.744 0004 37.6*3 5

NMZ-AM-02 £137 61 18 185 0003 l l . I C f 15 385 0002 1«.3*4 36 375 0005 38.33* 20

SMZ-rROP-BM E130 61 16 401 0002 1#.371 15 095 0002 16.0*4 37 751 0005 37.*71 3

SMZ-R-iROPv-B E771 61 n.d.
SM Z-R-ME-8* 3635 61 1 8 2 8 3 0003 1S.1S1 15 592 0003 16.6*7 37 558 0003 37.3>* 10 12

SM Z-R-M E-10i 3636 61 17 096 0002 17.049 15274 0003 16^72 38 069 0003 37.*** 0 5

SMZ-R-ME-11 « 3637 61 1 7486 0002 17.42B 15421 0002 16.41* 38 595 0002 3*.4*» 6

SMZ-AMG-1 £147 61 15.741 0004 1C.710 14.990 0003 14.*** 37.076 0009 37.03* 5 6

SMZ-AMG-01 (repeat) E773 81 15.942 0 010 16.760 15072 0 012 16.0*3 37.538 0 014 37.3*0 5 6

MRF-GnB-4 E768 61 17.207 0013 17.111 15.247 o o ie 16J43 37.841 0018 37.0*7 7 9

MRF-6nB-1 £769 61 17 791 0019 17.70I 15.449 0 015 16.446 3 7872 0 017 37.*73 9 9

NMZ-AM-06 E326 61 18.424 0002 11.3*2 15.506 0002 16.604 36 069 0004 37 .**6 6 20

NMZ-AM-07 £135 61 18.559 0003 1S.S27 15.514 0 003 16.612 37 966 0006 37.**2 14

R-AMGM-TLH 61 17 945 0003 17J4C 15 4 0 5 0 003 16.406 36 065 0007 38.0*6 5 17

SMZ-AM-03 E146 61 17 393 0003 17.3t2 15.254 0003 16.262 37.860 0006 37.77* 5 6

SMZ-AM-04 E323 61 17.318 0005 17.24C 15.255 0005 16.262 37.941 0006 37.7*7 5 8

SMZ'AM-05 E145 61 18 058 0003 17.M1 15.424 0002 16.418 37 537 0005 37.440 5 10

SMZ-AM 1 3 * 3633 61 17 771 0.002 17.«7i 15326 0003 16.321 37 027 0003 3* .8*6 6 9
SMZ-AM-14# 3634 61 17 399 0002 17.315 15.364 0002 16.3*0 38 323 0002 3*.12* 9 9

NMZ-AM-ROPL E325 61 n.d.
NMZ-AU-ROPLM £ 327 6 t 16637 0001 15164 0001 16.1*3 37.895 0004 37J14 1 7 9

SM Z-R-RDP-M g# 3640 61 17.641 0003 17.MC 15455 0003 16.461 37 472 0003 37.32* 6 8

NUZ-RDP-AM-05 E324 61 rt.d.
SM ZR -04-iR DP-l E141 61 17006 0002 11.171 15211 0002 16.210 37 691 0005 37.*1* 5 8
SMZ-R-04-iRDP-2 E142 81 15 944 0003 1S.t14 15 002 0003 16.001 37 596 0006 37.62* 5 9
SMZ-RDP-12-BNS £ 140 61 15 828 0003 16.7M 1 4 9 6 0 0003 14.*70 37 614 0 007 37.643 5 11

R-WG 1 D 61 16.866 0003 11.132 15.175 0 003 16.174 37 952 0003 37.*4* 1 7 13
R-W G 3 D 61 17.461 0002 17427 15.375 0003 16.373 38 316 0003 3* 1 * * 1 9 13
R-WG 6 0 61 17,273 0002 17.24* 15252 0002 16.261 37.972 0002 37.877 1 9 17
NMZ-LLG-1 E134 61 16 298 0 001 1«.2*6 15 067 0 002 16.06* 37 828 0004 37.704 1 6 10
SMZ-PG-02 E326 61 16 111 0002 1l.*7* 15 051 0002 16.060 37.609 0005 37.4*6 1 6 13

SMZ-PG-03 £132 61 17.390 0002 174*7 15 200 0002 16.1*0 36 464 0004 3*.33* 6 11

R-AMGB-1 « 3639 61 17.991 0002 1*.32* 15.245 0002 16J*1 37 941 0002 3*.162 0 2 5

NMZ-AMGB-1 £149 61 16919 0005 1*.S3» 15,257 0005 16.230 37.959 0006 37.7** 2 2
NUZ-AMOB-2 £322 61 16 6692 0013 16.611 15 175 0 016 16.120 37 996 0 018 37.*17 2 2
R-AMGB-02 (repeat) £772 61 17 8 4 9 0013 1l.l*» 1 5 2 2 5 ooie 16.176 38 3 7 8 0 018 37.*M 2 2
R-MGAM-WAM-G6 61 17 359 0 014 1I.1B2 1 5105 0013 16.04* 38.748 0034 3*.3*0 2 2

F P 0 -0 3 J : E138 61 16 036 0006 17.802 15,403 0005 16.3*2 37 641 0005 37.6*4 1 2
FPD-03-M £139 61 18 474 0005 11.237 15 504 0005 16.4*3 37 914 0005 37.*3* 2 2
R-FPD-02 E770 61 n.d.

R-PxG-U9 F83 61 17 291 0094 17.600 15 304 0094 16.2*0 37 713 0004 37 .*1* 1 1 2
R-P-U9 F64 61 17 5 1 8 0 001 17J20 1 5 3 1 9 0093 16.3*« 37 739 0002 37.462 1 3 2
R-A-U9 F65 61 17,233 0069 1*.«44 15.269 oori 16.26* 37.622 0 071 37.432 1 2 2
R-M9 F81 61 17 263 0 028 17.044 15 306 0026 16^*7 37 556 0027 37471 1 1
R-CD-Pic F82 61 18 046 0012 17.*26 15 479 0014 16.4*8 37 314 0015 37.22* 1 1
R-McD D 61 17 331 0005 17.112 15 350 0004 16.340 37 636 0005 37.664 1 1

R-Gn-1 9 3636 61 31 043 0003 30.2*4 16.944 0K 2 1*.*0* 38 362 0006 3 * 0 * * 1 5 27
R-Gn-01 (repeat) £774 61 31 188 0005 31.*1* 16 886 0008 1«.**0 37 127 0010 3«.*«* 4 17 15
R-GN-2 61 14 284 0002 13.**« 14 715 0002 14.**7 38 066 0002 37.81* 7 9 6
BnS-Gr>-2« E7M 61 14.539 0 007 1 4 ^ 1 14.715 0009 14.7H 0 010 3*.M 3 « 2 t 2€
9  s  Ssm oles analysiscd a t the D epartm ent o l M neratoav. Urwrenitv of G eneva. Sw tzeftond



Measured and age corrected Sr and Nd isotope values for the sampled rocks from Ardnamurchan {Chapter 6 )

Sample Lab Number Age (Ma) ®'Sr/®®Sr( )̂ 2S.E. Sr (ppm) Rb (ppm) ®'Sr/®®Sr,59, 2S.E. Nd (ppm) Sm (ppm) ^^^Nd/^^^Nd,59)

Ard-Moine-1 E298 59 0.737931 0.000013 122 70 0.736525 0.511790 0,000007 4 9 0.511278

Ard-LayGB E758 59 0.705855 0.000015 733 31 0.705753 0.512200 0.000125 11 3 0.512137
Ard-Gr-Eu E759 59 0.704681 0,000012 700 29 0.704581 0.512110 0.000134 10 2 0.512064

Ard-Pi-2 E301 59 0.706861 0.000013 373 17 0.706754 0.512326 0.000009 3 4 0.512217
Ard-Pi-3 E302 59 0.707809 0.000012 501 43 0.707599 0.512890 0.000007 26 3 0.512876

Ard-GCi-2 E303 59 0.707250 0.000011 283 13 0.707139 0.511511 0.000014 17 4 0.511511
Ard-GCi-5 E304 59 0.707961 0.000012 775 22 0.707892 0.512107 0.000012 < 3 3 0.511991
Ard-Cmi-2 E751 59 0.710810 0.000013 239 82 0.709978 0.511711 0.000056 34 8 0.511656
Ard-Cmi-7 E752 59 0.708899 0.000016 266 10 0.708808 0.511463 0.000112 12 2 0.511424
Ard-Ming-2 E753 59 0.708556 0.000012 271 11 0.708458 0,511465 0.000056 15 3 0.511418
Ard-Ming-4 E754 59 0.714072 0.000013 168 114 0.712425 0.511819 0.000008 52 10 0.511775
Ard-Ming-5 E755 59 0.714930 0.000013 142 107 0.713102 0.511827 0.000006 49 11 0.511775

Ard-Ci-1 E760 59 0.707235 0.000014 268 12 0.707127 0.512107 0,000007 13 3 0.512053
Ard-Ci-2 E761 59 0.710143 0.000015 225 73 0.709356 0.511973 0.000007 33 7 0.511923
Ard-Ci-3 E762 59 0.709240 0.000014 229 69 0.708509 0.512059 0.000006 29 5 0.512019

Ard-Cpi-4 E756 59 0.704751 0.000012 277 13 0.704637 0.512020 0.000006 12 3 0.511962
Ard-Cpl-8 E757 59 0.706009 0.000013 241 81 0.705194 0.511698 0.000006 31 5 0.511661
Ard-Cpi-11 E763 59 0.709300 0.000012 240 52 0.708775 0.512219 0.000009 37 7 0.512175

Ard-Cpi-11 b E764 59 0.708357 0.000013 296 8 0.708291 0.512420 0.000031 24 4 0.512381
Ard-Cpi-20 E299 59 0.705110 0.000012 256 6 0.705050 0.512442 0.000006 4 3 0.512334
Ard-Cpi-21 E300 59 0.709259 0.000013 336 80 0.708681 0.512934 0.000009 35 3 0.512934



M easured and age corrected Pb isotope values fo r the sampled rocks from  A rdnam urchan (C hapter 6

pie Lab Number Age
2 0 6 p b /2 0 4 p b ^^^

2 S E.
206pby204pb^69) 207 pb /2 04pb^^^

2 S.E

Ard-Moine-1 E298 59 17.354 0.0006 17.323 15.481 0 0067

Ard-Pi-2 E301 59 17.356 0.0037 16.839 15.328 0,0042

Ard-Pi-3 E302 59 17.043 0.0048 16.855 15.281 0.0063

Ard-GCi-2 E303 59 17 503 0.0082 17.325 15.329 0.0086

Ard-GCi-5 E304 59 17.494 0.0092 17.138 15.345 0 0099

Ard-Cmi-2 E751 59 16.769 0.0122 16.733 15,239 0.0136

Ard-Cmi-7 E752 59 16.483 0.0123 16.207 15.180 0.0139

Ard-Ming-2 E753 59 16.682 0.0124 16.403 15,207 0.0138

Ard-Ming-4 E754 59 17.310 0.0158 17.243 15,344 0.0172

Ard-Ming-5 E755 59 17.433 0.0098 17.362 15,361 0.0110

Ard-Ci-1 E760 59 17.400 0.0137 17.115 15 396 0 0162

Ard-Ci-2 E761 59 17,469 0 0142 17.406 15,358 0.0169

Ard-Ci-3 E762 59 17.425 0.012S 17.368 15,351 0.0167

Ard-Cpi-4 E756 59 15.310 0.0129 15.132 14,961 0.0146

Ard-Cpl-8 E757 59 15.233 0.0101 15.174 14,953 0.0116

Ard-Cpi-11 E763 59 17.383 0.0197 17.331 15.343 0.0214

Ard-Cpi-11b E764 59 18.021 0.0128 17.730 15.489 0.0150

Ard-Cpi-20 E299 59 17.124 0.0039 16.183 15.296 0.0045

Ard-Cpi-21 E300 59 17.455 0.0051 17.401 15.342 0.0061

207pb/204pb^^9^ 2 08 pb /2 04pb^^^
2 S.E.

208pb/204pb^^9^ U (ppm) Th (ppm) Pb (ppm)

15.480 36.964 0,0062 36.926 1 2 15

15.304 37.232 0,0060 36.943 1 2 1
15.272 37.159 0,0068 37.004 1 3 3
15.321 37.272 00086 37.009 5 3
15.328 37.305 0.0102 37.153 1 1 2
15.236 36.726 0.0150 36.634 1 5 10
15.167 36.403 0 0150 36.312 1 1 2
15.194 36.552 0.0148 36.460 1 1 2
15.341 37.081 0,0186 36.994 8 17
15.358 37.164 0,0133 37.082 7 16
15.382 37.360 0,0181 37.266 1 1 2
15.355 37.397 00177 37.335 1 3 9
15.348 37.371 0,0217 37.333 1 2 10
14.953 35.093 0,0166 35.035 1 1 3
14.950 35.033 0,0132 34.975 1 3 9
15.341 37.299 0,0226 37.231 1 4 11
15.475 38.040 0,0167 37.944 1 1 2
15.252 37.026 0,0051 36.408 1 2 1
15.339 37.344 0,0066 37.227 1 7 11



Measured and age corrected Sr and Nd isotope values for the sampled rocks from the Isle of Mull {Chapter 7)

Sample Lab Number Age (Ma) ®'Sr/®®Sr,^, 2S.E. Sr(ppm ) Rb (ppm) ®̂ Sr/®®Sr(58.5) 143m  . ,144m  .Nd/ Nd(m) 2 S.E. Nd (ppm) Sm (ppm) ^^^Nd/^^^Nd,58.5)

Mul-Moine-Crg E767 58.5 0.719065 0.000014 122 70 0.717672 0.511908 0,000007 4 9 0.511358
Mul-Moine-1 E306 58.5 0.719315 0.000013 385 96 0.718708 0.511795 0.000009 34 9 0.511731
Mul-Moine-2 E307 58.5 0.720898 0.000013 166 29 0.720480 0.512873 0.000007 13 9 0.512706

Mul-Dal E765 58.5 0.731356 0.000013 153 171 0.728627 0.511741 0.000039 63 10 0.511704
Mul-lona-Sed E305 58.5 0.709242 0.000014 658 46 0.709074 0.511624 0.000006 35 7 0.511577

Mul-lona-Gneiss E308 58.5 0.710068 0.000013 455 21 0.709955 0.510550 0.000006 35 5 0.510515

Mul-GCG F86 58.5 0.718428 0.000012 47 171 0.709671 0.512633 0,000008 56 13 0.512579
Mul-BAGG F87 58.5 0.719325 0.000013 55 207 0.710265 0.512565 0,000007 54 14 0.512507

LB-1 E143 58.5 0.723729 0.000013 74 247 0.715696 0.512106 0,000007 54 9 0.512068
LB-6 F89 58.5 0.722973 0.000012 78 224 0.716058 0.512155 0,000008 60 13 0.512105

LB-SE-1 F88 58.5 0.723134 0.000013 72 215 0.715943 0.512182 0,000008 41 9 0.512132
LB-en-1 F90 58.5 0.716026 0.000013 147 80 0.714716 0.512348 0,000004 43 10 0.512296
LB-en-2 F91 58.5 0.713827 0.000011 162 56 0.712995 0.512403 0,000003 35 8 0.512349
LB-en-3 F92 58.5 0.714088 0.000014 168 87 0.712842 0.512438 0,000003 37 9 0.512385
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values for the sampled rocks from the Isle of Mull (Chapter 7)

Pb/'°"Pb,„) 2S.E. "°®Pb/20"Pb,58 5)
207q u /204q lPol  Pb(m) 2S.E. ^°^Pb/'°^Pb,58 5,

208pb/204pb^^^ 2S.E. 2“ Pb/"‘̂ Pb,s8 6,

18.731 0.014 18.691 15.603 0.016 15.602 38.154 0.018 38.131
18.299 0.006 18.299 15.576 0.007 15.576 37.737 0.007 37.737
18.324 0.008 18.324 15.576 0.009 15.576 37.935 0.C09 37.935
19.382 0.028 19.361 15.597 0.029 15.596 40.400 0.029 40.343
17.962 0.006 17.962 15.460 0.007 15.460 36.670 0.007 36.670
14 550 0.006 14.522 14.807 0 006 14.806 35.453 0.063 35.366

18.612 0.0074 18.541 15.551 0.0092 15.548 38 410 0.0107 38.272
18,741 0.0064 18.646 15.585 0.0075 15.580 38.499 0.0097 38.354
19.045 0.003 19.014 15.597 0.002 15.595 38.779 0.006 38.706
19.022 0.0073 18.935 15.631 0.0086 15.627 38.831 0.0103 38.711
18.999 0.0081 18.897 15.636 0.0084 15.631 38.815 0.0099 38.677
18.968 0 0082 18.872 15.608 0.0093 15.604 38.721 0.0103 38.570
18.942 0.0069 18.841 15.607 0.0082 15.602 38679 0.0088 38.557
18.928 0.0073 18.826 15 603 0.0087 15.598 38.665 0.0100 38.543



Measured and age corrected Sr, Nd and Pb isotope values fo r the sampled rocks from the Isle of Eigg and Oigh-sgeir {Chapter 8 )

Sample Lab N u m b er Age (Ma) " S r /“"Sr,^ 2 S.E. Sr (ppm) Rb (ppm) ®'Sr/®"Sr,59) 2 S.E. Nd (ppm) Sm  (ppm) ^"^Nd/''''‘Nd(59)
S r3 0 3 E144 59 0.711453 0.000026 201 82 0.710732 0.511505 0.000012 79 61 0.511483

S r490 E320 59 0.710733 0.000028 285 81 0.710047 0.511529 0.000014 74 60 0.511505

S r562 E319 59 0.711395 0.000036 201 74 0.710498 0.511544 0.000014 80 61 0.511522

Sample Lab Number Age (Ma) 2 S.E. 2°®Pb/^°^Pb(59) 2 S.E. '" P b /" ‘'*Pb(58) 208pjj/204pb^^^
2 S.E.

208pb/204pb^^g, U (ppm) Th (ppm) Pb (ppm)

S r303 E144 59 17.945 0.002 15.949 15.405 0.002 15.067 38.065 0.004 35.785 < 1 5 14

S r490 E320 59 16.016 0.005 15.973 15,061 0.006 15.059 35.870 0.006 35.821 < 1 4 13

S r562 E319 59 15.985 0.005 15.947 15.061 0 006 15.059 35,847 0.006 35.791 < 1 5 14


