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SUMMARY

This thesis presents a geochemical study of magma - crust interaction within
the volcanic centres of the southern British and Irish Palaeogene Igneous Province.
Three centres occur in northeast Ireland; the Carlingford Igneous Centre, Co. Louth,
the Slieve Gullion Igneous Centre, Co. Armagh and the Mourne Intrusive Centre,
Co. Down; while the fourth, the Drumadoon Intrusive Complex, is on the Isle of
Arran, south-west Scotland.

Major and trace elements, and Sr, Nd and Pb isotope ratios of both igneous
and crustal samples were analysed with the aim of revealing both the extent of
magma - crust interaction and processes by which it has occurred. These data
allowed the path of the magmas to be traced through the crust and to gauge the
processes occurring at various stages during magma storage and ascent, including
magma mixing, assimilation during fractional crystallisation and contamination by
crustal melts.

The Arran isotope data point towards major assimilation of Grampian terrane
lithologies, despite the Drumadoon Igneous Complex being located within the
Midland Valley crustal block. Therefore, while the magmas originated on the
northern side of the Highland Boundary Fault, they have crossed this boundary at
some point during their evolution and ascent, most likely during shallow-level
emplacement.

In the case of Carlingford and Mourne, all samples trend markedly towards
the local Silurian country rock, reflecting the involvement of a single crustal end
member and shallow crustal contamination. Nevertheless, the data imply

contamination was not straightforward. Rather, a succession of variably overprinted



processes that form a time sequence of contamination are seen; from initial
contamination by crustal partial melts to bulk contamination as the system heats up,
and final contamination by the remaining crustal restite. Processes such as xenocryst
entrainment, post-contamination fractionation and magma chamber convection were
also found to be significant during magma evolution.

On a broader scale, the felsic magmas of the southern British and Irish
Palaeogene Igneous Province (BIPIP) appear to result from high levels of
contamination during differentiation, producing a characteristic bimodal “Bunsen-
Daly” compositional gap, with little intermediate magmatism. There is a broad trend
of increasing volumes of felsic rocks as the BIPIP is traversed from north to south,
crossing from ancient gneissic terranes in the north into the less metamorphosed
Palaeozoic terranes to the south. These southern terranes (Grampian, Midland Valley
and Southern Upland terranes) are rich in fusible hydrous minerals (such as
muscovite and biotite) and are hence a very fertile contaminant. This appears to have
lead to increased production of felsic melts in the southern sectors of the British and
Irish Palaeogene Igneous Province.

Significantly, the intermediate compositions that bridge the Bunsen-Daly Gap
are not the products of fractional crystallisation, but rather appear to be the result of
both mixing of end-member compositions (Arran, Glasdrumman) and restricted
amounts of crustal contamination during storage, transport and emplacement

(Carlingford).
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4. INTRODUCTION

An introduction to the geological history of the British Isles, including discussion of
the North Atlantic Igneous Province and the British and Irish Palaecogene Igneous

Province.
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4.1. Aims of this study

Magma is one of the most important probes into the Earth’s interior,
preserving isotopic information on its source and/or the crust through which it has
passed. In old and lithologically variable crustal terranes, the boundaries between
crustal blocks are often marked by extremely diverse lithologies of different ages.
These compositional variations are frequently reflected in the radiogenic isotope
signature of the rocks (Stone et al., 1999). Such boundaries may, in turn, act as
preferential pathways for subsequently ascending magmas. Therefore, due to the
juxtaposition of discrete isotopic end members, the course of a magma may be traced
isotopically, elucidating not only from which crustal domain the magmas have
originated, but also at what point a boundary may have been crossed. This provides a
picture of magma ascent and storage at both a local and crustal scale.

Samples from the Drumadoon Igneous Complex, Isle of Arran, the
Carlingford Igneous Centre and Mourne Intrusive Complex, NE Ireland, were
analysed to elucidate the structure of the crust beneath Southern Scotland and
Northeast Ireland and the influence it has had on the magmas that have passed
through it. These igneous centres formed within the British and Irish Palaeogene
Igneous Province (61-55 Ma), which is itself part of the North Atlantic Igneous
Province (Emeleus and Bell, 2005).

Work has also focussed on the formation of intermediate magmas and the
processes of magma mixing and crustal contamination. Field observations, whole-
rock and micro-scale (crystal-zone) major and trace element data, together with
radiogenic isotope data were employed to trace igneous processes, magma-crust
interaction and magma pathways, as well as to unravel the long-standing

uncertainties regarding petrogenesis of intermediate magmas within the British and
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Irish Palaeogene Igneous Province. Detailed field observations have also allowed

analysis of intrusion processes at the Slieve Gullion Igneous Centre.

4.2. North Atlantic Igneous Province

The North Atlantic Igneous Province (NAIP) stretches from Greenland to
Northwest Britain and Ireland. The province has a total estimated area of 1.3 x 10°
km® and a volume of 5-10 x 10° km’ (White and McKenzie, 1989; Eldholm and
Grue, 1994; Holbrook et al., 2001). It developed in response to continental break-up
of Laurasia when the North American plate began to rift from the Eurasian plate
approximately 60 Ma ago (Upton, 1988). The area has had a long history of crustal
stretching since Mesozoic times, with thinning of the continental crust and formation
of sedimentary basins during the Cretaceous (Anderton, 2000).

The NAIP formed in two main pulses; the first began 62-61 Ma and preceded
sea-floor spreading (continental stretching). This first phase comprised a number of
central volcanic complexes, as well as several large lava fields (Upton, 1988;
Saunders et al., 1997). The rate of magma production slowed ~57 Ma, but increased
once again at 56.1 = 0.5 Ma marking the beginning of Phase 2 (Storey et al., 2007).
This, more voluminous, second phase (56-53 Ma) formed during sea-floor spreading
(Saunders et al., 1997) and is represented by a 3-8 km thick lava pile, recognised as
seaward dipping reflector sequences (Figure 4.1); as well as an addition of ~15 km of
igneous material to the lower crust, mostly in the form of sills (White, 1988; White et

al., 2008).
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Figure 4.1 Distribution of magmatism within the North Atlantic Igneous Province. Plates are
reconstructed for the Palaeocene-Eocene boundary. Map modified from Saunders ez al. (2007) -

Figure 7. Black box shows area of Figure 4.11.

4.3. Formation of the North Atlantic Igneous Province

Much research has focussed on the formation of the NAIP, and a number of
theories have been put forward, ranging from meteorite impact to delamination of the
continental lithosphere (Meyer et al., 2007). However, a mantle plume remains the
most plausible cause for rifting and magmatism at present (Meyer et al., 2007).

The majority of workers consider continental break-up in the North Atlantic
to have occurred due to the interaction of the currently active Iceland mantle plume
with continental rift zones (Smallwood and White, 2002). The large head of a start-
up mantle plume (c.f. Richards et al., 1989; c.f. Campbell and Griffiths, 1990)
impacted on the base of the lithosphere and rapidly dispersed, causing initial
magmatism over an area 2000 km in diameter, representing Phase 1 of the NAIP.

Partial melting is considered to have occurred by decompression melting caused by
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active upwelling, elevating mantle temperatures by ~100-150°C (Holbrook et al.,
2001; Storey et al., 2007).

Magmatism waned until ~56 Ma, when magma production again increased as
the lithosphere thinned and large-scale sea-floor spreading began, with abundant
formation of new oceanic crust (Phase 2). This broad area of initial influence quickly
reduced to a narrow core, approximately 100 km in diameter (the plume tail), and
magmatism focussed on the spreading ridges, as seen today in Iceland and along the
North Atlantic mid-ocean ridge (Storey et al., 2007). Assuming the formation of
~50% cumulates, a melt production rate of ~160 km® per kilometre of rift per million
years has been estimated for Phase 1, while a rate of 3000 km3/km/my has been

envisaged for Phase 2 (Storey et al., 2007).

4.3.1. Parental magma(s)

Ellam and Stuart (2000) suggested that the NAIP plume had a significant
asthenospheric mantle component and they refer to the resulting primary/parental
magma as the “North Atlantic End-member (NAEM)”. It has strontium and
neodymium isotopic ratios akin to depleted mantle (such as an upper mantle N-
MORB source), but lead isotope ratios that lie close to the 4.55 Ga geochron (similar
to the lower mantle). However, considering the upper mantle-type Sr and Nd isotope
signatures, it is likely the similarity of the Pb ratios to primordial lower mantle is
coincidental, and therefore they concluded the NAEM had a deep-seated upper
mantle source.

Kent and Fitton (2000) also consider the presence of a second mantle source,
the ‘Icelandic Plume” component, a similarly deep upper mantle source, but

relatively enriched in Nb and depleted in other incompatible elements, when
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compared to N-MORB. They suggest four main parental magma types (M1-M4),
relating to variations in partial melting of these sources. M1 and M2 are tholeiitic to
alkalic in composition and represent a partial melt of a depleted N-MORB type
source at approximately >100-75 km in depth (garnet-spinel transition field). M1 had
a purely N-MORB type source, while M2 gradually incorporated an “Icelandic”
source with time. Parental magmas M1 and M2 are recognised throughout the BIPIP.

Magma type M3 is locally known as the Preshal More Tholeiite. It is
tholeiitic in composition and represents shallow partial melting (~55 km, spinel field)
of an N-MORB source under thinned lithosphere. It is the most common magma type
in the Hebrides and Antrim, the BIPIP sites nearest the rifted margins of the NAIP
(Kent and Fitton, 2000).

Finally, parental magma type M4 is tholeiitic to mildly alkalic in
composition. It represents low degrees of partial melting of a garnet lherzolite (Kerr
et al., 1999). M3 and M4 are not seen in the southernmost BIPIP (northern

England/Wales/Lundy) (Kent and Fitton, 2000).

4.4. The British and Irish Palaeogene Igneous Province

The British and Irish Palaeogene Igneous Province occurs at the south
eastern-most extreme of the area influenced by the North Atlantic Igneous Province
plume (Figure 4.1, Figure 4.2). This is approximately 1000 km from the centre of the
plume head, and there are several theories why such voluminous magmatism
occurred so far from the source.

Smallwood and White (2002) (and references therein) have suggested the

extent and linear expression of the BIPIP relates to intersecting sheets of hot
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asthenospheric mantle which have ascended due to instability, evolving into a

conventional plume head at the intersection (Figure 4.2).

Figure 4.2 Reconstruction of the North Atlantic at 55 Ma, showing approximate area affected by
the mantle plume. Hatched areas are lavas and sills, thin lines are dykes. Area in red represents
the axes along which magmatism occurred, suggested to be the surface expression of rising

sheets of asthenospheric mantle (Smallwood and White, 2002, Figure 1).

However, with the availability of detailed seismic data for the regions around
the British Isles, it has become apparent that there are many more Palaeogene
igneous centres offshore (e.g. Rockall), meaning the BIPIP is probably considerably

less linear in its surface expression (compare Figure 4.2 and Figure 4.3).
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Figure 4.3 Map of the British and Irish Palacogene Igneous Province, showing the major

onshore and onshore central complexes and lava fields (after Mussett ef al., 1988, Figure 1).

Therefore, as an alternative, crustal thin spots have been suggested as the
cause for the siting of the British and Irish Palacogene Igneous Province (Figure 4.4)
(Thompson and Gibson, 1991). These crustal thin spots were formed throughout the
Mesozoic and caused basin formation, acting as depocentres which resulted in thick
successions of Triassic, Jurassic and Cretaceous sediments (Glennie, 2002; Harker,
2002; Hudson and Trewin, 2002). This thinned lithosphere would have focussed
magma migration, as well as encouraging decompressional melting, forming central
complexes and lava fields, perhaps locally aided by pre-existing faults within these
basins and the basement on which they developed (Thompson and Gibson, 1991;

Bell and Williamson, 2002).
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Figure 4.4 The theoretical effects of crustal thinspots on rising plume magmas. Figure 1 from

Thompson and Gibson (1991).

4.4.1. Volcanism within the British and Irish Palaeogene Igneous

Province

The British and Irish Palaeogene Igneous Province mostly formed throughout
Phase 1 of the North Atlantic Igneous Province and comprises both lava fields and
central complexes. The centres extend from St. Kilda in the north to Lundy in the
south and there are extensive lava fields at Skye, Eigg, Mull and in Antrim (Figure
4.3).

4.4.1.1. Lava fields

The BPIP has four main lava fields. Skye, Eigg and Mull in Scotland and
Antrim in Northern Ireland. The Scottish lava fields are associated with, though pre-
dating, large central complexes (Skye, Rum and Mull respectively). The Antrim lava
field, however, has no associated central complex. The lava fields all formed within

the Mesozoic basins of western Scotland and Northern Ireland between 61 and 58
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Ma, during Phase 1 of NAIP activity (Cooper and Johnston, 2004; Emeleus and Bell,
2005).

Initial magmatism was often hydroclastic and hyaloclastic, indicating
eruption into shallow water, leading on to sub-aerial eruption that was strongly
affected by Palaeocene palaeotopography (Figure 4.5). Early flows were often
basaltic and hawaiitic in composition, becoming progressively more evolved with
time (to mugearite, benmorite and trachyte). Often the less-evolved flows were thin
(up to 5 m), getting thicker with more evolved compositions (up to 20 m). Flows
gradually filled in the palacotopography, including narrow valley fills, which cooled
with columnar jointing, as seen on Staffa, and at the Giant’s Causeway (Figure 4.6)

(Bell and Williamson, 2002 and references therein).

Figure 4.5 Palaeogene lavas unconformably overlying Mesozoic sediments (Cretaceous Chalk)

in north Antrim, N. Ireland.
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Figure 4.6 Columnar basalts from the Giants Causeway (Causeway Tholeiite Member), Antrim,

showing colonnade and entablature (after Lyle, 2000).

Many of the lava fields have interbedded sediments, representing hiatuses in
volcanism. These boles and palaeosols correspond to time gaps, whereby weathering
and deposition occurred between lava flows, the most famous being the /nterbasaltic
Formation of the Antrim Basalts, which represents a time gap of ~1 Ma (Figure 4.6
and Figure 4.7) (Cooper, 2004). During this pause in activity, local extrusive
rhyolitic volcanism occurred within the Antrim area, including the Tardree rhyolite

dome and the Sandy Braes obsidian (Old, 1975; Cooper, 2004).
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Figure 4.7 The Interbasaltic Formation, including the Post na Spaniagh interbasaltic member

(red) lying between the Lower Basalts (below) and the Causeway Tholeiite Member (above).

4.4.1.2.  Central complexes

The central complexes of the BIPIP represent the eroded roots of large central
volcanoes. Variable erosion and faulting throughout the province has resulted in the
exposure of various levels of the sub-volcanic system at each centre, from magma
chambers (Rum Ultrabasic Intrusion, Arran Northern Granite, Mourne Granites)
(Figure 4.8), to the upper reaches of caldera systems/ring-fault intrusions (Slieve
Gullion, Rum, Mull, Arran Central Complex) and locally exposed surface eruptive

products (Rum, Eigg, Skye) (Figure 4.9) (Bell and Williamson, 2002).
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Figure 4.8 Intrusive igneous rocks of the BIPIP, representing crystallised magma chambers.
Northern Granite, Glen Sannox, Arran (left) and the Central Igneous Complex of Rum

(peridotite) (right).

Figure 4.9 The Slieve Gullion Complex, with a central layered intrusion and a surrounding ring-

dyke intrusion, representing the upper-levels of the sub-volcanic system.

These central complexes appear to be located at intersections of older
Caledonian lineaments and the basement highs between the major Mesozoic basins.
They were relatively short-lived volcanoes, with magmatism and unroofing at some
centres occurring within less than 500 Ka (e.g. Rum) (Hamilton ez al., 1998;
Chambers et al., 2005; Troll et al., 2008). Despite their short lifespan, these centres
had well-developed sub-volcanic systems. These systems were open, and much

interaction occurred between the rising/ponding magmas and the surrounding crust.
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The development of magma chambers and sophisticated magma storage systems
allowed fractional crystallisation to occur, and with that, assimilation, due to the
energy release from fractional crystallisation causing large-scale crustal melting.
This led to the evolution of silica-rich magmas in the province (Dickin et al., 1981;
Gamble et al., 1992; Meighan et al., 1992; Troll et al., 2004; Troll et al., 2005).
Almost all centres (Skye, Rum, Mull, Arran, Slieve Gullion, Mourne and
Carlingford) have significant granitic and rhyolitic components. Only the
Ardnamurchan centre does not have a significant volume of felsic rocks (Bell and
Williamson, 2002), however, some rhyolite dykes are present (Geldmacher et al.,

1998). Significantly, intermediate rocks are rare at all centres.

4.4.2. Bimodal magmatism

Magmatism within the BIPIP is compositionally bimodal, with large volumes
of basalt/gabbro and rhyolite/granite. In contrast, intermediate compositions are both
spatially and volumetrically rare, a phenomenon known as the “Bunsen-Daly Gap”
(Figure 4.10) (Bunsen, 1851; Daly, 1925). Felsic rocks are almost exclusively
associated with the central complexes, where they often form large granitic plutons
or laccoliths, e.g. Skye, Arran and Mourne (Thompson, 1969; England, 1992;
Stevenson et al., 2007); micro-granite ring-dykes, e.g. Mull and Slieve Gullion
(Emeleus, 1962; Sparks, 1988; McDonnell et al., 2004); and thick sill complexes,
e.g. Arran and Bute (Smellie, 1914; Harrison, 1925; Kanaris-Sotiriou and Gibb,
1985).

This paucity of intermediate rocks has been a matter of debate for more than
150 years and a number of causes have been suggested. Besides the possibilities of
sample bias and trapping of intermediate compositions at lower levels in the magma
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system, crustal contamination is currently the main process held responsible (Dickin

et al., 1984; Marshall and Sparks, 1984; Geldmacher er al., 1998).

Distribution of rock types

Basalt Basalt

Rhyolite

Dacite

Relative abundance

Rhyolite

Andesite Dacite

BOWEN BIPIP

Figure 4.10 Approximate distribution of magma compositions within the BIPIP (right)
compared to the proportions expected if magmas evolved exclusively by Bowen-styled fractional

crystallisation (left). The paucity of intermediate compositions is known as the “Bunsen-Daly

”»

Gap”.

4.5. Regional geology

The northern British Isles comprise five main terranes; the northernmost
Hebridean Terrane, the Northern Highlands Terrane, the Grampian Terrane, the
Midland Valley Terrane and the Southern Uplands Terrane in the south. All five
terranes are exposed sequentially from northern Scotland to northern England, while
only the southernmost three are exposed in Ireland. These terranes record a varied
and complicated geological history, spanning the last 3000 Ma. This history is
summarised below, largely based on Macdonald and Fettes (2007) and the references

therein.
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Figure 4.11 Terrane map of the Northern British Isles. Palacogene igneous centres are marked
as red stars. See also Figure 4.3. Line A-B represents the line along which the cross section seen

in Figure 4.12 has been constructed.
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4.5.1. The Hebridean Terrane

The Hebridean Terrane is both the northernmost and oldest terrane in the
northern British Isles (Figure 4.11, Figure 4.12). The Archaean Lewisian Gneiss
Complex (~3000-1900 Ma) represents the oldest rock suite of NW-Scotland and
comprises ancient crust that formed part of the supercontinent Kenorland. It has
since been involved in several episodes of metamorphism and deformation and most
likely underlies the entire Hebridean Terrane. It also forms the foreland to the
younger (overthrust) rocks of the Northern Highlands Terrane. Petrologically, it
displays both para- and ortho-gneiss, with extensive metasedimentary rocks intruded
by basalts, granodiorites and tonalities. Scourian (2700-2500 Ma) and Laxfordian
(~1700 Ma) events have metamorphosed these gneisses to granulite and amphibolite
facies, with locally intensely migmatised zones (Trewin and Rollin, 2002;
Macdonald and Fettes, 2007).

The Mesoproterozoic to Neoproterozoic Torridonian, a succession of red
arkosic sandstones, unconformably overlies the Lewisian Gneisses. They were
deposited within a graben on the continent of Rhodinia ~1000-1200 Ma. Zircon ages
suggest that the sediment source was not the exposed Lewisian rocks, but rather
Precambrian gneisses from Laurentia that give an age range from 2500 to 1100 Ma.
On the Isle of Skye, and to the north, the Lewisian and Torridonian rocks are
frequently overlain by Cambro-Ordovician shelf deposits, including clastic and
carbonate deposits, which formed on the passive margin of Laurentia following the
break-up of Rhodinia and the formation of the Iapetus Ocean. The Hebridean
Terrane is bounded to the south by the Moine Thrust, and forms the foreland to the
over-thrust Northern Highlands Terrane (see Section 4.5.2) (Trewin and Rollin,
2002; Macdonald and Fettes, 2007).
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4.5.2. The Northern Highlands Terrane

The Northern Highlands Terrane is bound by the Moine Thrust Belt to the
north and the Great Glen Fault to the south (Figure 4.11, Figure 4.12). It consists of
extensive outcrops of the Mesoproterozoic Moine Supergroup as well as many inliers
of tectonically emplaced exotic gneisses. These Archaean gneisses have not been
correlated to the Lewisian gneisses and represent the basement to the Moine rocks,
which comprise muds and silts that formed in shallow marine half griben ~1000-870
Ma (Strachan et al., 2002). These basins formed as East Gondwana rifted from
Laurentia (Dalziel and Soper, 2001). The Knoydartian compressional event (~820-
750 Ma) caused much of the early deformation in the area, followed by the
Grampian Event (480-465 Ma), which significantly deformed the eastern part of the
terrane. These events metamorphosed the marine sediments to form schists and
psammites. The Scandian Event (435-420 Ma) thrust the terrane several kilometres
along the Moine Thrust Fault over the Hebridean foreland to the northwest (Bluck ez

al., 1997; Macdonald and Fettes, 2007).

4.5.3. The Grampian Terrane

The Grampian Terrane is bounded by the Great Glen Fault to the north and
the Highland Boundary Fault to the south (Figure 4.11, Figure 4.12). The Grampian
Terrane upper crust comprises the meta-sediments of the Dalradian basin (Anderton,
1982). The basement to the Dalradian has not been directly observed, but has been
recognised both geophysically (Hall ez al.,, 1984) and geochemically (Frost and
O'Nions, 1985; Dickin and Bowes, 1991; Hitchen et al., 1997; Dickin and Durant,

2002). These authors show crustally contaminated igneous rocks have been
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influenced by a composition similar to a Rhinns Complex-type composition (gneiss),
and suggest this may compose the underlying basement in the Scottish Grampian
Highlands. Work by Daly et al. (1991) and Marcantonio et al. (1988) links Rhinns
Complex gneisses on Islay with those on Inishtrahull in Northern Ireland, extending
the region of known Proterozoic gneissic basement to the west. Together, these data
suggest the lower crust takes the form of a southward narrowing, wedge-shaped,
parallel-sided block, on the order of 600 km (E-W), and extending approximately
100 km N-S, obscured by the overlying Dalradian sequence (Hall et al., 1984;
Dickin, 1992).

The terrane is dominated by the Neoproterozoic-Cambrian (~800-520 Ma)
rocks of the Dalradian Supergroup, a series of metasedimentary rocks, initially
deposited in the Iapetean Dalradian Basin on the passive margin of Laurentia. These
sediments were deposited in a deepening basin and comprise sandstones, siltstones
and mudstones, which were later metamorphosed to greenshist-amphibolite facies in
the Grampian Orogeny (480-465 Ma). This event represented the collision of an
island arc with the Laurentian margin as the Iapetus Ocean began to close and was

accompanied by extensive granite emplacement (Macdonald and Fettes, 2007).

4.5.4. The Midland Valley Terrane

The Midland Valley Terrane lies between the Highland Boundary Fault and
the Southern Uplands Fault (Figure 4.11, Figure 4.12). Structurally, it forms a
graben, with mostly Palaeozoic rocks exposed. The Midland Valley Terrane
basement is known from xenolith suites in Carboniferous volcanic rocks and
comprises both mafic and felsic granulites up to a depth of 7-8 km (Bamford ez al.,
1977; Graham and Upton, 1978; Halliday et al., 1993). These fragments of
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information suggest the Midland Valley basement is likely to be the island arc that
caused the Grampian Orogeny (Section 4.5.3). This basement is overlain by both
Upper and Lower Palaeozoic sediments, which filled basins throughout the
Ordovician, Silurian and Devonian. Carboniferous sandstones throughout Scotland
represent deltaic sequences, with shallow marine limestone forming in Ireland
(Sevastopulo and Wyse Jackson, 2001). The Permo-Trias, seen in the Arran area, is

mostly aeolian and fluvial sandstones (Trewin, 2002).

4.5.5. The Southern Uplands Terrane

To the south of the Southern Uplands fault, and bounded on its southern
extreme by the Iapetus Suture, lies the Southern Uplands Terrane (Figure 4.11,
Figure 4.12). Once again, only Palaeozoic rocks are exposed with little known of the
terrane basement. However, xenolith suites from within Carboniferous lamprophyres
show mylonitised meta-sediments, meta-diorites and meta-tonalites that most likely
represent an under-thrust meta-igneous succession of Lake District type (island arc)
(Anderson and Oliver, 1996).

The exposed rocks of the terrane are Ordovician and Silurian greywackes and
mudstones, formed in the Iapetus Ocean (Holland, 2001). On closure of Iapetus these
sediments were metamorphosed to greenshist facies and formed an imbricate thrust
belt. This event is called the Caledonian Orogeny and influenced both the Midland
Valley and Grampian terranes to the north (Phillips, 2001). The southern boundary of
the terrane, the Iapetus suture, represents an ancient subduction zone and oceanic arc,
and separates the sediments of the “Laurentian” Iapetus from the “Avalonian”

Iapetus to the south.
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Post-collisional emplacement of highly alkaline magmas occurred widely,
both within and around the Caledonian belt. Calc-alkaline granitic plutons intruded
throughout the Northern Highlands, Grampian and Southern Uplands terranes,

including the Ross of Mull and the Newry granites (Halliday, 1984).

4.5.6. Post-accretionary geological history

Terrane accretion completed with the Caledonian Orogeny and the formation
of the supercontinent Laurussia in late Silurian - early Devonian times. The Lower
and Upper Old Red Sandstones and conglomerates of late Silurian to early
Carboniferous age, such as those on Arran, were deposited by large rivers draining
from the N-NE. These Old Red Sandstone deposits, together with the Lower
Carboniferous sandstones, siltstones, limestones, and basaltic lavas filled the
Midland Valley graben system (Macdonald and Fettes, 2007). In Ireland, the
Carboniferous succession is represented by shallow shelf carbonates, rather than
interbedded limestones and deltaic sands, as seen in Scotland (Sevastopulo and Wyse
Jackson, 2001).

Major sedimentary basins formed from the end of the Palaeozoic, and
continued into the Cenozoic, trending approximately N-S. Some marginal basin
deposits are found onshore (e.g. northwest Rum, western Arran) while many others
are preserved offshore (Glennie, 2002; Harker, 2002; Hudson and Trewin, 2002).
These basins represent the onset of crustal thinning in the region, ultimately leading
to the opening of the North Atlantic Ocean and culminating in the formation of the
North Atlantic Igneous Province during the Palacogene (Thompson and Gibson,

1991; Anderton, 2000).
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4.6. The centres of the southern British and Irish Palaeogene

Igneous Province

4.6.1. Carlingford

The Carlingford Igneous Centre lies within the Southern Uplands Terrane in
Co. Louth, northeastern Ireland. It is the only BIPIP centre entirely in the Republic
of Ireland. It formed ~60 Ma years ago (Thompson, 1986) and the earliest activity
preserved is a series of basaltic lavas exposed in the south of the centre. These are
the sole evidence for the centre’s extrusive past. The oldest Palaecogene intrusion
recorded is the ‘Early Gabbro’ of Trumpet Hill, followed by the loppolithic ‘Later
Gabbros’ (Le Bas, 1960). Subsequently, they were intruded by a granophyric micro-

granite ring-dyke (Le Bas, 1967) (Figure 4.13).
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Figure 4.13 Geology of the Carlingford Igneous Centre (modified from Le Bas, 1967)

Allen et al. (2002) suggested these intrusions were emplaced at ~3-4 km
below an extrusive volcanic edifice. Finally the major intrusions were crosscut by a
series of aphyric to highly porphyritic basaltic cone-sheets with subordinate rhyolite,
basaltic-andesite and trachy-andesite, representing the final phase of intrusive

activity preserved at the Carlingford Igneous Centre.

4.6.2. Arran

The Isle of Arran lies within the Firth of Clyde, south-western Scotland.
Palaeogene igneous activity on Arran spanned 3 million years, from 61-58 Ma
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(Hodgson et al., 1990) and was focussed on two main centres, the Northern Granite
(Flett, 1942; England, 1992; Goulty et al., 2001) and the Central Complex (King,
1954; King, 1955; King, 1959; Emeleus and Sutherland, 1982) (Figure 4.14). Arran
is also characterised by several pulses of minor intrusion, including a well-developed

regional N-S basaltic dyke swarm (Speight ez al., 1982).
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Figure 4.14 Distribution of Palaeogene igneous rocks on the Isle of Arran
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