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Abstract

This study brings together for the first time in northwestern Ireland the onshore and offshore 

evolution of a passive margin during North Atlantic rifting and tries to contribute to a better 

understanding of the relationship between onshore and basin margin denudation, and basin 

deposition using a flexural model. Geomorphological observations in northwestern Ireland, 

including fluvial knickpoints, morphometric measures and analysis of digital geology and 

elevation data, are consistent with possible Cenozoic displacements on several mainly northeast- 

trending faults. Offshore, up to three km of Cenozoic sediments have been deposited west of 

Ireland in the northeastern Rockall Basin. Five regional Tertiary unconformities were mapped 

across the northeastern Irish Rockall Basin using offshore two-dimensional seismic reflection 

data. The data set includes 16 seismic surveys and offshore wells 132/15-1, 12/13-la, 19/5-1, 

13/3-1 and 27/13-1. Isochron maps of the sedimentary packages between these unconformities 

were depth converted and decompacted using the limited well data. During the Palaeocene a 

major depocentre developed north and south of the Hebrides Terrace with averaged accumulation 

rates of 93 m/My. This compares with denudation rates of only 9 m/My in northwestern Ireland. 

During the Eocene a northwest-directed sand progradation of unknown environment with 

accumulation rates of 38 m/My, together with high denudation rates in northwestern Ireland (16 

m/My) estimated from apatite fission track modelling suggests a local Irish source for at least 

some of the sediment in the northeastern Irish Rockall Basin. Seismic reflectors of ?01igocene 

age generally onlap onto an erosive unconformity, but sedimentary depocentres adjacent to and 

downslope of the basin margin locally show progradation of unknown environment, again 

suggesting some sediment input from the Irish continental margin. In the ?01igocene 

accumulation rates of 22 m/My in the Irish Rockall Basin compare with denudation rates of only 

8 m/My in northwestern Ireland. Estimated ?Miocene accumulation rates of 14 m/My are the 

lowest encountered during the Cenozoic. In the Plio-Pleistocene an increase on the accumulation 

rates of 51 m/My is related to a deltaic progradation with a sedimentary source located mainly in 

Scotland. Palaeocene to early Eocene extension caused offsets of the base Tertiary reflection of 

up to 800 ms and was related to a rift phase pre-dating oceanic spreading in the North Atlantic. 

Late Eocene to early Oligocene transpression with local folding was coeval with oceanic ridge 

push. The effects of Cenzoic offshore depositional loading and onshore erosional unloading on 

the continental margin were modelled assuming an elastic lithosphere of various rigidities 

overlying a viscous fluid. Cenozoic flexure gave rise to to rock uplift in the Irish Shelf and 

onshore northwestern Ireland of 700 m using a Te of 30 km and up to 1000 m using a T̂  of 3 km.
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Chapter 1 Introduction

1.1 Aim of this thesis

The aim of this project is to investigate the tectonic, erosional and depositional history of 

the northwestern Irish continental margin during the Cenozoic, and evaluate the flexural 

response to onshore denudation and offshore deposition. This work uses techniques such 

as tectonic geomorphology, seismic reflection interpretation, apatite fission track analysis 

and flexural modelling.

1.2 Rationale

Oil exploration data allow investigation and a better understanding of the evolution of the 

North Atlantic passive margin. However, how passive margins evolve during and after 

rifting is today a subject in debate. The sedimentary record preserved in basins allows a 

relatively good understanding of the geological history in basinal areas. In basin margins 

and topographically high areas, preservation of sediments is usually poor and geological 

methods, in addition to outcrop mapping are needed to understand the tectonic and 

denudational evolution of passive margins. Alternative methods such as tectonic 

geomorphology and apatite fission track analysis are required to better understand the 

evolution of these margins.

The Cenozoic landscape in a passive margin such as northwestern Ireland, was under the 

effect of processes such as: tectonic activity due to continental rifting, oceanic ridge push, 

isostatic rebound, variable climate conditions, differential erosion in fractures and 

lithologies, etc. All of them together contribute to the formation of the landscape.

Denudation of passive margins is very important in geomorphological studies because 

flexural isostasy in response to denudational unloading can give rise to significant 

topographic effects along older margins (Gilchrist and Summerfield 1990). Denudational
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histories of a number of other passive margins have been quantified using apatite fission 

track analysis (e.g., Cockbum et al. 2000; Gleadow and Brown 2000). Denudation maps 

for onshore Ireland using apatite fission track modelling have been published recently by 

different authors (Green et al. 2000; Allen et al. in press).

Geomorphic studies when combined with thermochronology data, analysis of basin 

sediments, and flexural modelling, can be a valuable tool in tectonic investigations. The 

combination of evidence from different geological disciplines allows a more reliable 

interpretation of the Cenozoic history of the northwestern Irish margin.

1.3 Methods

Onshore northwestern Ireland was investigated in this thesis using fluvial geomorphology 

and topographical analysis (Fig. 1.1). Geomorphic anomalies such as river knickpoints 

and high relief suggest recent tectonic activity has occurred. This method has been used 

in other passive margins to prove tectonic activity and has been applied locally in western 

Ireland (Dewey 2000) but has not been applied extensively in northwestem Ireland.

The northwestem Irish offshore basins have been investigated using seismic reflection 

data interpretation in order to compile isopach maps for the Cenozoic (Fig. 1.1). Basin 

margin denudation is quantified using apatite fission track analysis. This study brings 

together for the first time in northwestem Ireland the onshore and offshore evolution of a 

passive margin during North Atlantic rifting and tries to contribute to a better 

understanding of the relationship between onshore and basin margin denudation, and 

basin deposition using a flexural model.

1.4 Why northwestern Ireland?

Northwestem Ireland is underlain by Precambrian and Devonian to Carboniferous 

bedrock, and no Mesozoic or Cenozoic rocks are preserved in the sedimentary record. 

Seismic reflection and well data in the Rockall Basin reveal an almost complete Cenozoic
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sedimentary succession approximately 3 km thick. The Rockall Basin to the west and the 

Ulster Basin to the east both contain Mesozoic and Tertiary sediments that were 

deformed by tectonic activity during the Palaeogene (Fig. 1.1). Thus, Cenozoic tectonic 

activity in northwestern Ireland, which lies between two areas that were tectonically 

active in the Cenozoic, is highly likely but has not been previously described in detail.

Northwestern Ireland is interesting firstly because of its relatively high topography 

compared to both the lowlands of central Ireland and the gently west-dipping slope of the 

Irish Mainland Shelf This raises the first set of questions: how did the present 

topography form and why is it located there?

The Rockall Basin lies under a bathymetric trough bordered by a steep scarp, partially 

formed by Cenozoic normal faulting. This raises the second question: is the topography 

of onshore northwestern Ireland also fault controlled?

The abundance of Cenozoic sediments in the Rockall Basin and the lack of Cenozoic 

sediments in northwestern Ireland raises a third question; where did those sediments 

come from?

And lastly, what flexural effects have been imposed on the lithosphere by the onshore 

denudation and offshore deposition and can one explain the present day topography by 

lithospheric flexure?
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1.5 Regional setting of the study area

The northeastern Atlantic continental passive margin extends for approximately 3000 km 

from offshore Norway in the north, to the Rockall and Porcupine Basins in the south (Fig. 

1.2). It is bounded to the west by Cenozoic oceanic crust and to the southwest by 

Cretaceous oceanic crust. The North American and North European plates separated 

during the Cenozoic along the Reykjanes Ridge and continue to spread to the present day.

The northwestern European continental margin consists of Precambrian to Lower 

Palaeozoic basement and a series of Devonian to Cenozoic extensional basins (Dore et al. 

1999). Devonian and Carboniferous basins are today preserved on onshore Ireland. 

Permo-Triassic rift basins lie offshore northern Scotland and northeastern Ireland. 

Jurassic and Cretaceous rift basins, such as the north-trending Porcupine Basin, lie to the 

west of Ireland. Cretaceous to Cenozoic rifting episodes gave rise to fiirther extension in 

a series of basins fixrther to the west, where approximately 4 km of Cretaceous to 

Cenozoic successions are preserved (e.g., Rockall Basin). During the Cretaceous to 

Cenozoic the northeastern Atlantic was affected by a number of large scale, regional 

events, which included;

• Late Mesozoic to Early Tertiary extension and Cenozoic post-rift thermal subsidence 

(DoxQetal. 1999),

• Early Tertiary North Atlantic magmatism (Ritchie et al. 1999) and associated uplift 

and denudation (White and Lovell 1997),

• early Eocene onset of the oceanic spreading centre in the North Atlantic and 

associated ridge push (Dore and Lundin 1996),

• late Eocene onset of deep water ocean circulation in the north Atlantic following a 

phase of basin subsidence (Stoker 1998),

• late Eocene to early Oligocene Pyrenean compression (Roberts 1989) and,

• early Miocene Alpine compression (Muller a/. 1992).
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Ireland has very little onshore Tertiary outcrop, with the exception of the Palaeogene 

volcanic rocks and Oligocene sediments of the Ulster Basin in northeastern Ireland. Most 

of the surviving Cenozoic successions lie below sea level and their study is only possible 

through interpretation of well and seismic reflection data from the offshore basins.

1.6 Structure of the thesis

A geological history of the region is presented in Chapter 2 with a discussion of 

previous work and outstanding problems.

In Chapter 3, geomorphological observations are used to deduce information about 

possible tectonic activity in northwestern Ireland. Lithology and topography are 

quantitatively compared in order to determine whether the landscape is the product of 

simple differential erosion, or whether other factors like tectonism might have 

contributed to the present day topography. Analyses of longitudinal river profiles and 

terraces are used to constrain the location of recent faulting. The word ‘recent’ is used in 

this study to mean any time in the Cenozoic.

Chapter 4 presents interpretations of two-dimensional seismic reflection lines that image 

the Cenozoic section in the northeastern Irish Rockall Basin. Five different Tertiary 

sedimentary packages are distinguished across the basin. These packages are depth 

converted and decompacted using all present available well data, yielding spatial 

estimates of the magnitude of Cenozoic deposition across the Rockall Basin. A short 

Cenozoic depositional and structural history is also described.

In Chapter 5, thermal histories and associated Cenozoic denudation chronologies of four 

offshore wells are estimated using apatite fission track modelling. Basin margin 

denudation is then compared with sedimentary deposition in the Rockall Basin 

throughout the Cenozoic to calculate sedimentary mass balance. The effects of 

denudational unloading on the Irish Shelf and mainland, coupled with depositional 

loading of sediments in the Rockall Basin offshore, are used to generate estimates of the
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total Cenozoic loads applied to the continental margin. This load induces a flexural 

response, which is calculated using a one-dimensional flexural model. The flexural uplift 

may partially explain the present day topography in northwestern Ireland.

Chapter 6 summarizes and discusses the conclusions of this thesis.
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Chapter 2 A review of the geology of the northwestern 
Irish continental margin

2.1 Introduction

The northwestern Irish margin is underlain by Archean to Silurian basement and Upper 

Palaeozoic to Mesozoic fault-bounded basins (Fig. 2.1). The oldest rocks are inferred to 

be Archean in age, and are located north of the trace of Great Glen fault offshore 

northwestern Ireland (Daly 2001). Later Proterozoic rocks, such as Dalradian 

metasediments, form most of the basement for later basin formation. The Upper 

Palaeozoic to Mesozoic basins preserved sediments that range in age from Devonian to 

Cenozoic. Onshore northwestern Ireland lies today between sedimentary basins to the 

west and east. To the west, the Mesozoic Slyne-Erris-Donegal Basins extend along the 

northwestern shelf of Ireland. Further west is the much deeper Rockall Basin, which is 

filled with Mesozoic and Cenozoic sediments. The Mesozoic Ulster Basin lies to the east 

of northwestern Ireland and is also filled with Mesozoic to Cenozoic rocks. No 

significant outcrops of post-Carboniferous rocks are found onshore in northwestern 

Ireland, and several phases of denudation are known to have occurred in post- 

Carboniferous time (Naylor 1998; Allen et al. in press).

2.2 The crust

The crust underlying the study area is generally accepted to be continental in nature, 

albeit highly stretched in places, by analysis of seismic refraction and wide-angle 

reflection profiles (Roberts et al. 1988; Joppen and White 1990; Makris et al. 1991; 

Shannon et al. 1994, 1995; O’Reilly 1995). The crustal thickness beneath the Rockall 

Basin varies fi*om less than 6 km in the southwest (O’Reilly et al. 1995) to over 23 km in 

the extreme northeast (Bott et al. 1979). Crustal thicknesses underlying the adjacent 

basement platforms, the Irish Mainland Shelf/Ireland and the Rockall Plateau, are 

typically 25-30 km (Shannon et al. 1995). The similarity in crustal velocity structure
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suggests that there is no major compositional difference between the stretched lower crust 

under the Rockall Basin and the lower crust beneath onshore Ireland (O’Reilly et al. 

1995). The seismic structure of the continental crust on both sides of the Rockall Basin is 

three-layered (upper, middle and lower crust), but it is two-layered (upper and lower 

crust) in the Rockall Basin (Shannon et al. 1995).

2.3 Archean and Proterozoic

Crystalline basement to the northwest of the northwestern Irish continental margin 

comprises two major terranes: the Hebridean Terrane of Archean age and the Colonsay- 

Islay-Inistrahull Terrane of Early Proterozoic age (Pharaoh et al. 1996; Daly 2001). The 

two terranes are separated by the northeast-trending Great Glen fault (Fig. 2.1).

Onshore northwestern Ireland, Proterozoic rocks are foimd in the Armagh Gneiss 

Complex in northwestern County Mayo, the Ox Mountains Complex in counties Mayo 

and Sligo and the Inishtrahull Gneiss Complex off northeastern County Donegal (Fig. 

2.1). The Armagh Gneiss Complex was affected by the Grenvillian Orogeny 1000 My 

ago (Daly 1995). The presence of Proterozoic Grenvillian granulites on the Rockall 

Plateau near 56° N (Miller et al. 1973) indicates a common shared geological history 

between the Rockall Bank and Irish Mainland Shelf at least from Grenvillian time (Daly 

etal. 1995).

Dalradian metasediments were deposited in the Neoproterozoic during break-up of the 

super continent of Rodinia which led to the formation of the lapetus Ocean. Dalradian 

rocks are preserved in the north and south of County Donegal, the Ox Mountains and 

northwestern County Mayo (Fig. 2.1). Precambrian basic igneous intrusives within 

Dalradian metasediments are also common.
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2.4 The Palaeozoic

In the Cambrian the lapetus Ocean continued to open forming oceanic crust between the 

Gondwanan and Laurentian continents. Dalradian rocks were then deformed in the 

Grampian Orogeny during the Early Ordovician time (Phillips 2001). In the Early 

Ordovician, the closure and subduction of the lapetus Ocean generated an extensive arc- 

marginal basin complex. Volcanic rocks within Ordovician sediments are preserved in 

southern County Mayo (Fig. 2.1).

During the Silurian, deposition continued in the lapetus Ocean. Sediments deposited on 

the northwestern shelf of the lapetus Ocean are currently exposed south of Clew Bay and 

on Clare Island in County Mayo (Fig. 2.1). During final closure in Late Silurian times, 

three continental blocks assembled from opposite sides of the lapetus Ocean; Laurentia, 

which included northwestern Ireland and Avalonia, including southeast Ireland, and 

Baltica (Fortrey and Cocks 1988). The position of the suture after closing is located south 

of northwestern Ireland (Phillips 2001). Large granitic intrusions such as the Donegal 

Batholith intruded in County Donegal and the Ox Mountains Granodiorite (Fig. 2.1) were 

emplaced during Caledonian deformation in Early Devonian time (Stillman 2001).

Mountain building during the Caledonian Orogeny reached its maximum in the Devonian 

and resulted in rapid erosion, and deposition of red sandstone preserved in small Lower 

and Middle Devonian fault-controlled sedimentary basins in County Mayo, between 

Castlebar and Lough Conn, in the Curlew Mountains of County Leitrim and at 

Ballimastocker in northern Coimty Donegal (Fig. 2.1). Both the Grampian and 

Caledonian Orogenies in northwestern Ireland produced major folds and shear zones that 

follow a general northeast to east trend. The Termon Granite in western County Mayo 

intruded during the Devonian and the Donegal Granite was intruded along a major 

sinistral shear zone.

In the Carboniferous a northward marine transgression reached County Donegal 

(Sevastopulo and Wyse Jackson 2001). Marine deposits of Lower Carboniferous age are
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preserved onshore in the shallow synclines of County Mayo, County Donegal, Omagh 

and Lough Foyle, northeastern Ireland, as well as offshore in the Erris and Donegal 

Basins (wells 19/5-1 and 13/3-1) (Fig. 2.1). The Variscan Orogeny culminated in the 

formation of the super continent of Pangea, and imprinted northwestern Irish rocks with 

gentle folds. Variscan faults are believed to have been controlled by pre-existing 
Caledonide structures.

No sedimentary rocks younger than Carboniferous age are preserved in onshore 

northwestern Ireland, except for the Quaternary deposits of glacial and fluvio-glacial 

origin. During the Permian, and after the formation of Pangea, initial rifting resulted in 

dyke intrusion and the initiation of basin formation west of Ireland. Upper Permian 

evaporites rest unconformably on the Carboniferous in the northeast-trending Erris Basin 

(well 19/5-1 and 12/13-la) (Chapman et al. 1999) and Slyne Basin (well 27/5-1) (Dancer 

etal. 1999).

Well data indicate that Palaeozoic and older rocks form the basement to the Mesozoic 

basins offshore western Ireland (Croker and Shannon 1987; Robeson et al. 1988). 

Caledonian northeast to east-trending lineaments have long been inferred to control Late 

Palaeozoic and Mesozoic basin formation (Roberts and Holdsworth 1999).

2.5 The Mesozoic

Permo-Triassic rifting offshore northwestern Ireland produced a series of half grabens 

such as the Erris and Slyne Basins, controlled by down-to-the-southeast normal faults 

(Chapman et al. 1999). Triassic sediments in these two basins are mainly sandstones and 

mudstones of continental affinity, and are identified in several offshore wells. In 

northeastern onshore Ireland a series of basins developed, such as the Rathlin and Lame 

Basins (Wilson et al. 2001) (Fig. 2.1).

In the Jurassic marine flooding of the Permo-Triassic rift basins took place (Dore 1992). 

Jurassic sediments are well preserved in both the Slyne and Erris Basins. A phase of east-
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west directed rifting occurred in the Middle Jurassic in the Slyne Basin synchronous with 

a change in sedimentation pattern in the Enis Basin (Chapman et al. 1999). In the Late 

Jurassic previously east-dipping faults were reactivated and rotated changing polarity to 
west dips (Chapman eM/. 1999).

The base Cretaceous unconformity, observed in the Slyne Basin, is more pronounced in 

the Erris Basin. This unconformity suggests a period of widespread denudation along the 

eastern margin of the Rockall Basin. In the Early Cretaceous extension continued but the 

stretching direction changed to northwest-southeast in the Late Jurassic (Dore et al. 1999; 

Lundin and Dore 1997). Musgrove and Mitchener (1996) described a Lower Cretaceous 

syn-rift succession in well 132/15-1, in which Lower Cretaceous sediments overlie 

crystalline Precambrian basement. During the Late Lower Cretaceous (Aptian-Albian 

unconformity), reactivation of earlier faults in the Erris Basin docimients a minor episode 

of rifting (Chapman e/a/. 1999).

Extension continued through the Late Cretaceous to the Early Tertiary with thermal 

subsidence in the Rockall Basin and rock uplift along the basin margin. The Iceland 

Plume, may have initiated during the Late Cretaceous (Kitchen et al. 1997).

2.6 The Cenozoic

The igneous activity associated with Early Tertiary continental break-up generated flood 

basalts in Coimty Antrim, northeastern Ireland, dykes in northwestern Ireland (Preston 

2001), and offshore intrusive complexes such as the Hebrides Terrace Seamount and 

volcanoclastics and sills (Ritchie and Kitchen 1996) that partially obscure the pre- 

Tertiary sedimentary sequence of the Rockall Basin. However, the Cenozoic sequence in 

the Rockall Basin is well imaged on seismic reflection data. Palaeocene extensional 

activity is well documented by major offsets of a base Tertiary reflector along the faults 

bounding the eastern margin of the Rockall Basin (Fig. 2.1). Extension of the same age 

has been also recognised in the Faeroe-Shetland Basin (Dean et al. 1999; Holmes et al. 

1999).
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Palaeocene surface uplift over a region of c.2000 km in diameter centred in Greenland 

(White 1989) resulted in uplift of Precambrian source areas in Scotland and northwestern 

Ireland (Corfield et al. 1999). The Slyne, Erris and Donegal Basins and northwestem 

Ireland became regions of footwall uplift and erosion (Naylor & Shannon 1982; Stoker et 

al. 1993) and an incipient passive margin developed (Corfield et al. 1999). The northwest 

of Ireland has no extensive mapped Tertiary deposits except for some local late Pliocene 

lignite and silicious sands in Poulnahallia, Co. Galway (Coxon and Flegg 1987).

In the early Eocene, continental break-up along the Reykjanes Ridge initiated production 

of North Atlantic oceanic crust and southeast-directed ridge push. In the Rockall Basin 

pre-existing normal faults were inverted as folds and thrusts after the early Eocene 

(Roberts 1989; Boldreel and Andersen 1993).

In the late Eocene to Oligocene, the Rockall Basin underwent major subsidence. This is 

recorded as a regional unconformity (Stoker et al. 2001). In the basin margin, studies 

addressing Cenozoic uplift, cooling and erosion have been carried out in Ireland 

(McCullogh 1993; Green et al. 2000; Allen et al. in press), the Slyne Basin (Scotchman 

& Thomas 1995) and Northern Ireland (Parnell 1991). The northwestem Irish basin 

margin certainly contributed sediments to the offshore basins to the west, such as Rockall 

and Porcupine Basins, although the magnitude and pathway of this sediment flux have 

not been ftilly established.

The northwestem Irish landscape was described by Charlesworth (1924, 1928) who noted 

that ‘the U-shape valleys of the Donegal Hills, owe their origin to a Tertiary uplift and 

rejuvenation; glacial erosion has somewhat modified their form, having altered the 

gradients, widened, over-deepened and over-steepened the valleys’. Charlesworth (1924, 

1928) Synge (1963, 1979), Colhoun (1968, 1971), Coxon and Browne (1991) and 

McCabe (1999) studied the Quatemary glacial deposits of northwestem Ireland. Several 

phases of glaciation covered the margin with ice, leaving behind glacial deposits, both 

onshore and offshore Ireland, and bare and rounded hills. Valleys are deeply overspread
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with glacial deposits with drumlins and eskers indicating ice flow directions (Fig. 2.2). 

Two main centres of ice dispersion were located in southern County Mayo and western 

County Sligo, while there is a local centre in central Donegal. The main ice flow 

directions were to the west and northwest.

Moraines in western County Mayo mark the western limit of the last glaciation. During a 

more extensive and earlier glaciation only the higher mountains in County Mayo, 

remained unglaciated (Synge 1963, 1979). This implies that the maximum thickness of 

ice during the last glaciations in northwestern Ireland was ~800 m.

2.7 Summary of known Variscan and Caledonide faults

Many structural studies have been done on Carboniferous and older rocks in northwestern 

Ireland. However, the lack of post-Carboniferous sediments in northwestern Ireland 

makes the Mesozoic and Cenozoic tectonic history difficult to determine. For this reason 

one needs to extend to areas such as northeastern Ireland and offshore western Ireland 

where Cenozoic sediments are preserved and therefore tectonic activity can be easily 

documented.

The Tow Valley and Sixmilewater faults in the Ulster Basin and the main eastern 

boundary fault in the Rockall Basin are the best examples of large structures offsetting 

Tertiary rocks (Fig. 2.1). These faults have offsets of the order of himdreds o f metres in 

Tertiary sediments and igneous rocks, and reactivate pre-existing structures (Kerr 1987). 

The fault on the western side of the Erris Basin was active at least since Permo-Triassic 

time (Cunningham and Shannon 1997). Further north, near well 132/15-1, west-dipping 

north-trending faults rotate Cretaceous blocks, and extensional activity continued into the 

Early Tertiary. The main north- to northeast-trending fault bounding the eastern side of 

the Rockall Basin is considered to be a reactivation o f a much older structure 

(Cunningham and Shannon 1997). In the Slyne Basin reactivated structures cause 

shortening within the Cenozoic section (Dancer et al. 1999).
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The northeast-trending Great Glen fault is mapped onshore Scotland and can be traced on 

seismic lines across to the west of freland (Fig. 2.1). The Great Glen fauh is a major 

Caledonian structure that imderwent several phases of strike-slip movements during the 

Palaeozoic (Stewart et al. 1999). It was reactivated as a strike-slip fault in the Mesozoic 

and may be presently active, as shovm by historic earthquakes (Kennedy 1946; Flinn 

1992). Apparent Moho offsets north of Counties Donegal and Mayo are probably due to 

the Great Glen fault and associated splays (Klemperer et al. 1991).

The northeast-trending Leannan fault is a composite structure extending across onshore 

Ireland from Killybegs to Malin Head in County Donegal. The Leannan fault juxtaposes 

Dalradian rocks with discordant strikes, and is interpreted as a major late-Caledonian 

strike-slip fault (Alsop et al. 1992). Geophysical data shows that the Leannan fault 

continues offshore to the northeast and joins the Great Glen fault (Dobson et al. 1975; 

Max and Baker 1978). Dip-slip movement on the Leannan fault, down to the southwest, 

is shown by the downthrow of Devonian deposits, which suggests several episodes of 

movement may have occurred (Pitcher and Berger 1972).

The Main Donegal granite is situated close to, and parallel with, a major tectonic slide, 

within the Dalradian in County Donegal. The crust into which the granite intruded 

underwent repeated shearing shown by the trace of the granite foliation (Hutton 1982; 

Alsop 1992). The Gweebarra fault displaces dextrally the Main Donegal Granite.

The northeast to southwest-trending late Caledonian Belshade fault shows a 3.5 km 

sinistral displacement of the Bamesmore Granite. The Belshade fault continues into 

Carboniferous basement, where the southeastern block is down-thrown by ~600 m. The 

Boundary fault crosses and displaces sinistrally the Belshade fault, and cuts the Lower 

Carboniferous (Fig. 2.1).

Near the western end of the Barnes Lough valley, several northwest trending Tertiary 

dolerite dykes change direction close to the Bameslough fault. This change in trend, 

combined with crushed granite and other crushed dolerite dykes (which are undated)
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suggests at least some Tertiary movement on the Bameslough fault (Leedal and Walker 
1954).

The Highland Boundary fault in Scotland continues into Ireland and can be traced to the 

west coast along the southern shore of Clew Bay (Max and Riddihough 1975). The Leek 

fault outcrops between Clare Island and Lough Conn in western County Mayo, running 

eastwards along Clew Bay with dominant strike-slip displacement during the Silurian and 

Devonian, and post-Carboniferous down-throw to the north (Phillip 2001). Further east 

the fault curves into a northeast trend in the southwestern Ox Mountains, where it 

consists of a series of low angle and vertical fractures displacing Middle Devonian rocks. 

Some strike-slip movements may be older than Devonian, but probably the most 

important lateral movements occurred between the Devonian and the Carboniferous.

Several northwest-trending faults are mapped in southern County Mayo, with dextral 

displacements of Silurian, Ordovician and Dalradian rocks (Graham 1985). The 

northeast-trending Erriff fault in south County Mayo (Fig. 2.1) has been suggested to 

have some Cenozoic displacements based on its present day topographical relief of 500 m 

(Badley 2001) and vertical displacements of present day streams crossing the fault 

(Dewey 2000).

2.8 Summary

Northwestern Ireland is part of a passive margin that underwent extension during the 

Mesozoic and Early Cenozoic. The northwestern Irish passive margin is located between 

the highly extended Rockall Basin in the Atlantic Ocean to the northwest and the Ulster 

Basin in Northern Ireland to the east, both filled with Palaeogene volcanic rocks, 

Cenozoic and Mesozoic sediments (Fig. 2.1). Oligocene clays are limited to northeastern 

Ireland (Wilkinson et al. 1980), but no Mesozoic or Tertiary sediments are found in 

northwestern Ireland. The Caledonian and Variscan Orogenies deformed Palaeozoic and 

Precambrian rocks. In the next chapter a study of the present day topography and river
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profiles will be presented to assess the potential evidence for Cenozoic tectonic 

reactivation in northwestern Ireland.
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Chapter 3 Tectonic geomorphology of northwestern 
Ireland

3.1 Introduction

3.1.1 Was northwestern Ireland tectonically active in the Cenozoic?

In view of the absence of Mesozoic and Tertiary deposits in northwestern Ireland (Fig.

2.1), tectonism of Cenozoic age is difficult to identify. Tectonic analysis of 

geomorphology can however be used as an alternative strategy.

This chapter investigates whether evidence of Cenozoic tectonism is preserved in the 

present day landscape and fluvial morphology, primarily in the form of fault-controlled 

topographic scarps and river kniclqjoints. Northwestern Ireland makes this type of study 

possible because it is underlain by resistant Precambrian and Palaeozoic bedrock (Fig.

2.1). Therefore any tectonic signature in the landscape, such as a fault-controlled 

topographic scarp or a river knickpoint, will be preserved for a longer time than in 

younger and probably less resistant bedrock.

During the Palaeogene, the study area was located between two active extensional basins, 

the Rockall Basin and the Ulster Basin (Fig. 2.1). Both basins opened in a northwest 

direction during North Atlantic rifting in the Late Mesozoic and Early Cenozoic. 

Regional stresses inverted from extensional to compressional sometime in the Middle 

Tertiary with strike-slip faults and associated folding deforming offshore basin 

sediments, possibly due to oceanic ridge push stresses (Dore and Lundin 1996; Corfield 

et al. 1999). Palaeogene basalts and Oligocene sediments in northeastern Ireland show 

considerable faulting (Kerr 1987). Northwestern Ireland, although lacking Tertiary 

sediments, does contain Palaeocene igneous intrusions (Emeleus and Preston 1969; Mohr 

1987; Preston 2001) that are sometimes faulted (Leedal and Walker 1954; Bennett pers. 

comm. 2001; Bennett and Phillips in press). It is therefore likely that northwestem Ireland
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was tectonically active during at least the Early Cenozoic, as this is the time of maximum 

tectonic activity in the Rockall Basin, and the effects of this activity might be recorded by 
the topography of onshore Ireland.

3.1.2 Why is northwestern Ireland high?

The northwestern Irish topography is relatively high compared with the rest of Ireland, 

with mountains up to 800 m high (Fig. 3.2). The topography of passive margins is not 

simply the reflection of tectonic processes since the rocks are subjected to some degree of 

modification by denudational processes. Topography is the result of the complex 

interaction between crustal processes, including tectonic, igneous and isostatic of flexural 

activity, and surficial processes, including erosion and sedimentation, which in turn are 

driven by climate and base level changes. These processes are usually poorly constrained 

and vary simultaneously making the topographic response difficult to explain (Lifton and 

Chase 1992). Chapter 3 investigates whether the northwestern Irish topography can be 

attributed to Cenozoic fault displacements or to other factors such as differential erosion 

between different lithologies.

The goal of tectonic geomorphology is to deduce information about tectonic processes 

based on landscape observations (e.g. Burbank and Anderson 2001). Relationships 

between topography, uplift and denudation were given by Ahnert (1970), for mid-latitude 

basins in different tectonic settings including passive margins. Relationships between 

geomorphology and tectonics on passive margins, such as South Africa and Australia, 

have also been studied (Summerfield 1991; Brown et al. 2000; Bishop and Goldrick 

2000; Kerr et al. 2000; Pazzaglia et al. 2000). Pazzaglia et al. (1998) compared bedrock 

fluvial incision and longitudinal profile development in tectonically active and inactive 

areas.

Ahnert (1996) derived from a global compilation an approximate time scale for landform 

preservation, with mountain ranges being denuded to 1% of the total in approximately 37 

My accounting for isostatic compensation. For denudation rates in valleys as low as 100
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m/My (Small and Anderson 1998) so any trace of topography 6 km in amplitude and 10 
km wave-length would be erased in 60 My.

The northwestern Irish bedrock is composed mainly of Dalradian quartzites, schists, 

psammites, and pelites and Carboniferous sandstones, mudstones and limestones (Fig 

3.3). The resistance of the northwest Irish bedrock types is probably higher than the mean 

resistance of Mesozoic and Tertiary sediments (Clayton and Shamoon 1998), because of 

the higher grade of compaction and metamorphism. Therefore landscape preservation 

might be higher in northwestern Ireland. However, surface processes in Ireland during the 

last 250 My are likely to have removed any inherited Variscan and Caledonian landscape, 

because even low, constant upland denudation rates of 30 m/My would remove an 8 km 

high mountain range in 250 My. The fact that no Mesozoic and Tertiary sediments are 

preserved in northwestern Ireland and the fact that Precambrian bedrock is presently 

exposed at the surface makes low time-averaged denudation rates of 30 m/My even more 

unlikely.

One possible way of preserving old Variscan or Caledonian topographic remnants is by 

Late Palaeozoic or Mesozoic sedimentary burial of the landscape followed by 

exhumation. The preservation of a considerable thickness of Mesozoic and Cenozoic 

sediments in the offshore basins around Ireland and the lack of extensive Mesozoic and 

Tertiary sediments onshore Ireland (Fig. 2.1) suggest that most of the country underwent 

denudation in post-Variscan times (Naylor 1992). Thermochronology data from onshore 

Ireland also suggest denudation throughout the Mesozoic and Cenozoic (Allen et al. in 

press; Green et al. 2000) and with time-variable rates much higher than 30 m/My. 

Therefore it seems very unlikely that the present day landscape is simply the result of 

exhumation of a Variscan orogenic belt only. The fact that the present-day topography 

and drainage is controlled by northeast-trending and east-trending structures might be 

related to post-Variscan fault reactivation and displacement. This study looks for 

evidence of recent fault activity in northwestern Ireland.
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Several rifting phases recorded in the Irish offshore basins during the Permo-Triassic, 

Jurassic and Cretaceous are likely to have a profound tectonic effect on the study area. 

The present day landscape might therefore be explained by reactivation of Variscan and 
Caledonian structures in post-Carboniferous times.

3.1.3 Structure of Chapter 3

Chapter 3 describes topographical and lithological relationships and longitudinal river 

profiles along the northwestern Irish passive margin.

First, previous work is summarised and a brief discussion on topography is given. 

Secondly, methods and data are described. A morphometric analysis introduces the main 

topographic features in northwestern Ireland and describes general relationships between 

elevation, slope and relief Then a comparison between morphometric features and 

lithology raises the question whether the topography is influenced by tectonic activity.

Then, longitudinal river profiles in relation to bedrock geology and faults are described 

for separate areas, along with the finding that some of the northwestern Irish rivers are 

out of equilibrium. The cause of those knickpoints and why the same rock resistance 

occurs at different topographic levels is discussed, with Cenozoic tectonism suggested as 

a possible explanation.

The presence of several river knickpoints, topographic scarps or topographic asymmetries 

within a consistent lithology are used to infer Cenozoic fault activity on some faults 

previously thought to be inactive. A final structural map derived from this type of 

evidence is presented at the end of this chapter and compared with previous work on 

Cenozoic faults, strain orientations, and stress systems. The hypothesis of Cenozoic 

tectonic activity will be tested against the offshore sedimentary from the Rockall Basin in 

Chapter 4. Conclusions and a brief discussion of Chapter 3 are also included.
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3.2 Previous work

Previous work on Cenozoic tectonics and geomorphology in northwestern Ireland is 

scarce. Some of the previous landscape studies in Ireland, have suggested relatively late 

tectonic activity (Farrington 1929; Davies 1970; Mitchell 1980, 1981). Evidence usually 

comes from topographic, lithological and drainage studies, and scattered Tertiary 

deposits. However, the subject still remains controversial because of the difficulty of 

proving Tertiary tectonism in a region of Precambrian to Carboniferous bedrock. 

Mesozoic basins around Ireland and in Northern Ireland are filled with Tertiary sediments 

and show clear evidence of Tertiary tectonism thus, onshore Tertiary tectonic activity is 

also likely.

Dewey (2000) used topography, river knickpoints and Tertiary dyke offsets in southern 

Coxmty Mayo and County Galway to infer Late Cenozoic tectonic activity. Dewey and 

McKerrow (1963) suggested mid-Tertiary uplift of the pre-Carboniferous land surface in 

southern Mayo; they believed that this surface uplift was responsible for the 

superposition of drainage from a deformed Carboniferous cover. Badley (2001) used 

forward modelling to explain the present-day 500 m- high scarp of the Erriff fault, south 

Mayo, and inferred a Late Tertiary fault movement. Mohr (1986, 2000) associated 

morphological offsets observable in the topography of western Ireland with recent 

tectonic movements. In southeastem Ireland, Cunningham (2001) analysed the 

relationships between geological structures and landscape morphology and foxmd 

evidence of Cenozoic tectonic activity.

In Northern Ireland, Tertiary tectonic activity is somewhat easier to determine because 

fault offsets can be measured in Palaeogene rocks. George (1967) suggested from outcrop 

studies that a Neogene landform was established after mid-Tertiary tectonic activity 

ceased.

The Tertiary structural history onshore £ind offshore Ireland as deduced by several 

authors is summarised in Figure 3.1. Kerr’s (1987) structural analysis in the Rathlin
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Trough, Northern Ireland yielded reliable evidence of Palaeogene stratigraphic offsets. 

He concluded that Northern Ireland was affected by four discrete deformation episodes in 

the Cenozoic: (1) Palaeocene northeast-directed extension with normal faulting; (2) mid- 

Eocene to mid-Miocene north-northeast compression and east-southeast-directed 

extension shown by strike-slip reactivation of Palaeocene normal faults; (3) late Miocene 

east-northeast-directed extension; and (4) post-Miocene extension. Miller’s (1990) 

structural analysis of Carboniferous basins in northwestern Ireland found similar stress 

orientations for the Tertiary, although proving the timing of these post-Carboniferous 

events was a difficuh task. Geoffroy et al. (1996) found: (1) syn-magmatic northeast to 

north-northeast-directed extension in Northern Ireland during the Palaeocene; (2) a 

probably Eocene strike-slip to compressional northeast to north-northeast-directed stress 

regime associated with the partial reactivation of normal faults formed during the first 

phase; and (3) an Oligocene north-northeast-directed extension (Fig. 3.1). All of these 

authors assumed an Andersonian-type fault mechanics and stress-strain relationships, in 

which northwest-directed extension would produce simple northeast trending normal 

faults. Heterogeneities in a crust that has been affected by several orogenies, Uke in 

northwestern Ireland, can produce strains that are very different from those implied by 

Andersonian-type stress systems.

This chapter presents a study of the relationships between lithology and topography in 

northwestern Ireland. Longitudinal river profiles were also studied and the presence of 

river knickpoints is explained by lithological changes, glacial erosion or deformation of 

the river bed.

3.3 Data and methods

The geomorphology of northwestern Ireland has been studied in the past using field 

descriptions and topographic maps. Topography is easier to quantify when digital 

elevation models (DEMs) are used (e.g., Willgoose 1994; Mayer 2000). Simple 

geometric properties of the landscape such as asymmetric mountain ranges, linear 

topographic scarps, and windgaps can be easily identified on DEMs and quantification of
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spatial variables such as elevation and relief can be made much more rapidly. The 

elevation distribution of an area can also be quantified for a uniform lithology to compare 

topography with rock resistance. If topography is strongly lithologically controlled, 

similar statistical elevation distributions should be found for regions underlain by the 

same formation. If the distributions are different, topography may be explained by other 

causes. Anomalies in the regional drainage pattern or in the morphology of individual 

catchments, such as river knickpoints found along faults, might suggest recent activity on 

these structures. In this way recent fault activity or the intensity of erosional processes 

can be explored from the topography (Ahnert 1970; Summerfield 1991b; Hurtrez et al. 

1999). If a fault in a Precambrian or Palaeozoic basement was active during the last 65 

My, the fault scarp might be preserved in the present day landscape. The preservation 

depends mainly on the magnitude of the fault offset and on bedrock resistance to erosion.

Digital elevation models for southern County Donegal and Counties Fermanagh, Sligo 

and Mayo were compiled from 10 m digital contoxir vector data, produced by the 

Ordnance Survey of Ireland. The compiled DEMs have a pixel size of 10 x 10 metres. 

The Arc/INFO and ArcView geographical information system (GIS) software packages 

were used to compile and manipulate the DEMs. For the rest of the study area, a grid of 

200 X 200 m was used. This regional DEM for Ireland (200 x 200 m pixel size) from the 

Ordnance Survey of Ireland was resampled to 1 x 1 km resolution for regional analysis of 

northwestern Ireland. The resampled DEM was then used to construct elevation, slope, 

relief and denudation maps in order to compare these morphometric parameters across 

the northwest. Slope and relief maps were computed in each cell using their eight 

surrounding neighbours. A window size of 1 x 1 km guarantees analysis of major valley 

bottoms and interfluves but ignores any landform smaller than 1 km .̂ This resolution was 

chosen for simplicity of computations and to allow easier comparison between mountain 

ranges in northwestern Ireland. Digital bedrock geology maps at a scale of 1:100,000 

were provided by the Geological Survey of Ireland (GSI). The area covered by this 

digital data includes sheets 1, 3, 7, 6 and 10 in Counties Donegal (McConnell & Long 

1997; Long et al. 1999) Sligo and Leitrim (Harney et a l 1996) and Mayo (Max et al. 

1992; Graham et al. 1985).
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3.4 Morphometric analysis

An elevation map shows altitude above sea level (Fig. 3.2). The elevation in the north of 

the study area in County Donegal (Derryveagh, Blue Stack and Slieve League 

Mountains) forms a more contiguous area of high topography than the south. However, 

the topography in County Donegal is highly incised by the Gweebarra and Bamesmore 

valleys. The southern part of the study area contains the highest peaks, but these are 

separated by wide plains or valleys such as Swinford, the Mayo lowlands and Glen 

Nephin (Fig. 3.2). The highest elevation in the area is Mweelrea at 811 m, followed by 

Nephin at 800 m in County Mayo.

A hillshade map enhances linear topographic features at particular orientations, 

depending on the azimuth of artificial illumination (Fig. 3.3). The structural grain in 

northwestern Ireland is mainly northeast-striking, and a hillshade from the northwest will 

best highlight northeast-oriented topographic features. The Derryveagh, Blue Stack, Ox 

and Partry Mountains show a strong northeast trend. Slieve League, Benbulbin and the 

Sheeffry Hills trend generally east while the Nephin Begs and Mweelrea show a 

combination of northeast and east trends. Both the Grampian and later Caledonian 

orogenies in northwestern Ireland produced major folds and shear zones that vary from 

northeast to east trend. Variscan structures are of lesser intensity, consisting mainly of 

brittle faults reactivating earlier structures. Fault movement during these orogenies was 

considerable but finished about 250 My ago. Reactivation of these faults in later, mainly 

extensional settings during the Mesozoic and Cenozoic times might be partly responsible 

for the present day topography.

Slope identifies the maximum rate of change of elevation between a cell and its 

neighbours in a DEM. The slope values in Figure 3.4 show the maximum slope, 

measured in degrees, within 1 x 1  km windows. Slope maps, when compared with digital 

geology allow quick comparison of high slope values with lithological and structural 

features. High slopes at geological contacts can be explained by differential erosion, due
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either to varying rock types or to a highly fractured zone less resistant to erosion. Some 

of the faults in northwestern Ireland have the same lithology at either side of the fault 

plane, and present a high slope and relief. Particular attention will be paid to topography 

that is not lithologically controlled, but structurally controlled. Identification of river 

knickpoints along these structurally controlled topographic scarps is important to 

demonstrate recent activity in northwestern Irish faults.

Local relief refers to the difference between the maximum and minimum elevation over a 

given horizontal scale, in this case a 3 x 3 km window (Fig. 3.5). Greater relief generally 

implies higher local elevation variations and thus more powerful fluvial and gravitational 

processes, and higher denudation rates. Surface uplift increases relief and triggers 

erosion. Relief is a fundamental attribute widely recognised as reflecting the interplay 

between rock uplift and erosion. Numerical simulations of landscape evolution indicate 

that climate and tectonic deformation rate are the primary controls on relief (Chase 1992; 

Rinaldo et al. 1995) although rock type and geologic structures are also important factors 

(Schmidt and Montgomery, 1995). Recent studies by Hurtrez and Lucazeau (1999) in 

three French drainage basins showed that lithological effect on relief amplitude is minor 

at various spatial scales. Notice that relief refers to the change in elevation within a 

particular window size.

Ahnert (1973) and Summerfield (1991) calculated denudation rates out of relief maps. 

These simple estimations are useful when compared with denudation maps derived from 

Apatite Fission Track modelling. Summerfield (1991) also showed the correlations 

between elevation, relief and slope in southern Africa finding a much poorer correlation 

between elevation and both relief and slope than that one found in northwestern Ireland.

Using the 1 X 1 km DEM I have cross-plotted elevation, slope and relief across 

northwestern Ireland (Fig. 3.6). Slope and relief are well correlated, but relief and slope 

are moderately correlated with elevation. It is common to assume that high slopes occur 

where the elevation is also high, but in northwestern Ireland high relief does not occur 

only at high elevations when analysis is done on a 1 x 1 km grid size, but also at low
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elevations (Fig. 3.6B). Some of the northwestern Irish topography such as Benbulbin and 
the Partry Mountains form plateaux 500 m high with low slopes and low relief summits.

At a much larger scale, Summerfield (1991), working on the passive margin of southern 
Africa, showed a poor correlation between elevation and relief but a strong correlation 
between slope and relief using a 25 x 27 km grid. Anhert (1970) using a 20 x 20 km grid, 
also showed a linear relationship between slope and relief when relief is less than 1100 
m. The correlation obtained between elevation and relief for northwestern Ireland is 

much better than that obtained by Summerfield (1991). However, the differences in grid 
size might not make these correlations comparable, because increasing the grid size one 
loses the detail on the different morphological features on the elevation model.

The northwestem Irish topography shows a mean elevation of 113 m, mean relief of 74 m 
and mean slope of 1.5°. Maximum relief is 615 m. A linear relationship between slope 
and relief is obtained with a correlation coefficient of 0.95 (Fig. 3.6A). The trend shows a 
strong correspondence between low relief and low slope in northwestem Ireland with 
relief between 0 and 300 m associated with slopes lower than 6°. Examples of high relief 
with low slope are common but no areas are observed to have low relief and high slope. 
Relief is a sensitive function of window size and this result is a consequence of the 1x1 
km grid spacing.

Comparison of the elevation, slope and relief maps shows that the Derryveagh, Slieve 

League and Nephin Beg Mountains have high elevations (>400 m), high relief (>400 m) 
and high slope (>8°) (Figs. 3.2, 3.4 and 3.5). In contrast, the Ox and Bluestack Mountains 
also have high elevations (>400 m) but with lower relief of less than 400 m and slopes 
less than 8“.

The correlation coefficient between elevation and slope is 0.71 and between elevation 
with relief is 0.72 (Fig. 3.6C). A strong correlation would have correlation coefficients of 

1. At elevations under 200 m, slope is generally below 5°. Elevations between 200 and 

300 m show slopes between 1° and T  and relief between 75 and 300 m. At elevations of
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300 m slopes between 0° and 6° and relief between 10 and 300 m values are common. 

These complicated relationship between elevation, relief and slope are better correlated 

than that found by Summerfield (1991) on the southern African passive margin. This 

result might be a consequence of Quaternary glaciation, as glaciers erode leaving behind 

steep mountain walls at either side of a valley and that would increase the correlation 
between relief, slope and elevation.

It is well established that denudation rate increases with basin relief (Schumm 1963). 

Ahnert (1970) suggested a simple equation to estimate denudation rates using a 20 x 20 

km window in mid-latitude drainage basins ranging in size from several hundred km  ̂to 

over 100,000 km^:

d = 0.1535 r (eq. 1)

where d is denudation rate in mm/ky and r is relief in metres. Summerfield (1991) used 

the same equation to calculate denudation rates on the southern African passive margin. 

Summerfield and Hulton (1994) established a significant correlation between denudation 

rate and relief for basins exceeding 500,000 km^. Thus, using Eq. 1 on the not much 

smaller drainage basins of in northwestern Ireland might be justified. It will be shown 

that the denudation map obtained from Eq. 1 share some similarities with independent 

denudation estimates from apatite fission track analysis (AFTA) (method described in 

Section 5.3).

The relief grid shown in Figure 3.5, with pixel size of 1 x 1 km was used to generate 

estimates of denudation rate in each pixel using Eq. 1 (Fig. 3.7). The relief-derived 

denudation rates are highest in southern Mayo, the Nephin Begs, Sligo, Slieve League 

and northern Donegal, with maximum values of approximately 60 to 100 m/My (Fig. 

3.7). The Ox and the Bamesmore Mountains show lower denudation rates of between 20 

and 60 m/My. Extrapolation of rates of denudation from relief maps over geological time 

requires assumptions about the magnitude and distribution of local relief associated with 

the palaeotopography. In other words, these rates are valid estimates based on the
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present-day topography, but palaeo-relief values may have been very different. How far 

back these denudation rates can be applied is hard to know, but it is instructive to 

compare them with denudation rates derived from apatite fission track thermochronology, 

which allows estimation of denudation over geologically long periods of time (10s to 

100s).

Figure 3.8 is taken from Allen et al. (in press) and shows denudation rates from 66 to 10 

My, from two different fission track annealing models (Laslett et al. 1987; Gallagher in 

prep.). These models are discussed in more detail in Section 5.2.3; for the moment, it is 

sufficient to note that the two models yield slightly different palaeotemperature values 

during cooling. Palaeotemperature values were converted to denudation estimates by 

Allen et al. (in press) using a palaeo-geothermal gradient of 22 °Ckm'*. These estimates, 

in turn, were converted to denudation rates by dividing the time interval for which the 

sample thermal histories are well constrained (66 to 10 My; Allen et al. in press). The 

spatial patterns are generally similar to that generated by the present-day relief (Fig. 3.7), 

although the magnitudes differ considerably. The Laslett et al. (1987) annealing model 

yields Cenozoic denudation rates of up to 19 m/My for the Ox and Blue Stack Mountains, 

and up to 62 m/My in southern Mayo, Sligo and northern Donegal. The Gallagher (in 

prep.) model shows denudation rates of up to 24 m/My for the Ox and Blue Stack 

Mountains and maximum denudation values of 28 m/My for southern Mayo, Sligo and 

northern Donegal.

In summary, denudation rates derived from both relief relationships and fission track 

thermochronology show low denudation rates (~20 m/My) for the Ox and Blue Stack 

Mountains and higher values (up to ~60 m/My) for southern Mayo, Sligo and northern 

Donegal. Relief-derived denudation maps show in general higher denudation rates with a 

maximum of 100 m/My, whereas fission-track-derived maps show maximum denudation 

rates of approximately 60 m/My. Further subdivision of the fission-track-derived 

denudation maps into shorter time slices (e.g., Miocene to present. Fig. 5.17) do not 

correlate with the relief-derived denudation map, suggesting limitations of one of these 

methods.
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3.5 Lithology and topography

Precambrian rocks in northwestern Ireland, mainly Dalradian quartzites, schists, 

psammites, pelites, gneisses, marbles and metadolerites, surround Ordovician, Silurian, 

Devonian and Carboniferous basins filled mainly with shales, sandstones and limestones. 

Silurian to Devonian granites are common and usually intrude along northeast trending 

structures with a wide variety of compositions and crystal sizes. Tertiary dolerite dykes 

are generally northwest-trending in the north of the study area, but strike east and 

northeast in the south (Fig. 3.9).

Topographical data may be combined with geological maps to qualitatively and 

quantitatively compare elevation with relative resistance of different rock formations. 

Rock strength is a physical property that is difficult to measure because it depends on 

many variables (Lifton and Chase 1992). These include composition and age of the rock 

(Cla5̂ on and Shamoon 1999), grain or crystal size, bedding orientation, intensity of joints 

or fractures (Weissel and Seidl 1997), foliation, climate and degree of weathering (Hack 

1960), spacing, orientation and width of partings within the rocks (Selby 1980), time of 

exposure, and scale at which the measure of rock strength is made (Schmidt and 

Montgomery 1995). Rock resistance is here defined at the landscape scale. All these 

variables should be considered for a detailed study of lithological control on topography. 

Clayton and Shamoon (1998) produced a scale of rock resistance for British lithologies 

based on relief attributes. By analogy with their work, rock resistance in northwestern 

Ireland can be organised in decreasing order as: Precambrian quartzite, Devonian granite, 

Precambrian metasediments, Precambrian schists, Silurian granite, Ordovician shales and 

sandstones, Precambrian gneiss and Lower Carboniferous lithologies.

The following qualitative description mainly compares relief within the same rock 

formation, therefore no relative rock resistance scale is necessary. This work ignores the 

possibility of a spatially heterogeneous distribution of planes or zones of weakness within
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the saine formation in order to simphfy the analysis, although considerable errors might 
be introduced by this omission.

An area within the same rock type imder similar climate conditions, comparable base 

level, surroimded by similar formations and acted upon by the same erosional processes, 

should show similar elevation distributions unless tectonic activity modifies the 

topography. In this section and Section 3.7,1 demonstrate qualitatively and quantitatively 

that topography in northwest freland is not always controlled by simple differential 

erosion of the various rock types and that other processes such as tectonic rock uplift or 

erosion of weak, fractured or jointed rock might be responsible for local values of high 

relief.

The Main Donegal granite was intruded along a major northeast-oriented Caledonian 

shear zone during the Early Devonian (Hutton 1982) and forms peaks between 400 and 

700 m in the Derryveagh Mountains (Figs. 3.9, 3.10). The Derryveagh Mountains form 

relief of 400 and 500 m along the Gweebarra Valley and this high relief is not 

lithologically controlled as it occurs in the same formation. Instead, the relief appears to 

be structurally controlled by the Gweebarra fault. Similarly, the Slieve League peninsula 

in southern County Donegal contains areas of both high and low elevation spanning up to 

500 m of relief within the same lithological formations (the Termon Pelite and Slieve 

Tooey Quartzite) which also suggests that the topography is structurally controlled rather 

than lithologically.

Carboniferous basins in Ireland typically form areas of low elevation and low relief An 

exception to this general rule is the Benbulbin Mountains in County Sligo, where 

Carboniferous limestones, shales and sandstones form a 400 to 500 m high plateau. The 

plateau is adjacent to the topographically lower Moinan/Dalradian metamorphic inlier of 

psammitic paragneisses at the northern tip of the Ox Mountains Complex. This 

observation suggests that harder rocks are not necessarily higher in elevation, and less 

resistant formations such as the Carboniferous lithologies can form high topography 

when structurally controlled. The Mweelrea Hills and Partry Mountains, with a relief of
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up to 500 m within the conglomerates and sandstones of the Mweelrea Formation, also 

appear difficult to explain by lithological differences and a structural control appears 

likely. These examples suggest that other mechanisms of movmtain formation, beyond 

simple differential erosion, have to be taken into accovmt in northwestern Ireland.

Another possible explanation for high relief within the same rock formation is by erosion 

of Quaternary ice sheets. Ice sheets are capable of incising deeply into the landscape 

creating high local relief. Glaciers may have used pre-existing Tertiary valleys to flow 

and incise into the weakest lithologies, fractures or fault scarps. The effect of glacial 

erosion is therefore important, but sometimes difficult to discriminate from other 

processes when studying the northwestern Irish landscape. However, some of the present 

day topographic features, such as wind gaps in the Ox Mountains, do not appear to be 

highly incised by ice as no glacial deposits are found (Fig. 2.2). Other valleys, with a U- 

shaped cross-sectional profiles and with till deposits on their floors, are considered to 

have formed at least partially by differential erosion due to ice sheet incision.

The Nephin Beg and Ox Mountains are underlain by resistant Precambrian quartzites and 

schists and are surrounded by low topography developed on less resistant Carboniferous 

limestones, sandstones and mudstones. The Blue Stack Mountains are underlain by the 

Devonian Bamesmore granodiorite and are surrounded by lowlands cut on Dalradian 

psammites and pelites. In these cases lithology has a larger influence on the topography.

In section 3.7, each mountain range in the study area will be examined separately in 

terms of lithology, topography, morphology and structurally-controlled river knickpoints. 

These analyses will be used to test the hypothesis that tectonism played a part in 

generating the landscape of northwestern Ireland.

3.6 River longitudinal profiles

The longitudinal profile of a river is the gradient line of its bed surface from the source to 

the mouth. Pazzaglia et al. (1998) stated that the longitudinal profile “is arguably the



most outstanding expression of the dynamic feedback between rock uplift processes, 

which construct topography and rock erosion processes, which destroy topography”.

An important fiinction of the graphic representation of the longitudinal profile is the 

identification of locations in the profile where there is a pronounced local change in the 

stream gradient, called knickpoints. Knickpoints can be concave-up or convex-up 

depending on the processes by which they form (Ahnert 1996). Here I consider only 

convex-up knickpoints (Fig. 3.11), which can form by a number of mechanisms:

• Relative drop in base level, due for example to marine regression or regional 

surface uplift.

• A change from more resistant to less resistant lithology (Miller 1991).

• Tributary junctions with incised trunk channels.

• An active fault crossing a river with the downthrown block downstream.

During equilibrium transport conditions the bedload transport equals the bedload removal 

at a particular point in the river profile. When uplift on the upper part of the profile 

occurs, the rate of bedload removal increases where the gradient is higher and a 

knickpoint is formed (Ahnert 1996) (Fig. 3.11). Once formed, knickpoints migrate 

upstream by headward erosion. Their position is dictated by the time elapsed since 

knickpoint formation and the knickpoint propagation rate. The propagation rate in turn 

depends on climate, tectonics and bedrock type. Pazzaglia et al. (1998) documented 

survival of knickpoints in the Susquehanna River on the eastern North America passive 

margin, over million-year time spans using fluvial terraces. Similar conclusions were 

reached for passive margin streams in eastern Australia (Young and McDougall 1993).

River knickpoints on active margins have been used to infer Cenozoic faulting in the 

New Madrid seismic zone (Merritts and Hesterburg 1995) and other tectonically active 

areas (Merritts and Vincent 1994; Rosenbloom and Anderson 1994). Zaprowski et al. 

(2001) showed a relation between Late Cenozoic exhumation of the Laramide Rocky 

Mountains and knickpoint propagation. Pazzaglia et al. (1998) compared long profile
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development on both active and inactive settings. Whipple and Tucker (1999) derived a 

relationship for the system response time to tectonic perturbations in bedrock river 

channels.

Weissel and Seidl (1998) working on the Australian passive margin, located a major 

knickpoint zone 200 km from the river mouth associated with escarpment retreat, despite 

differences in bedrock lithology. Wheeler (1979) described the shape of longitudinal 

profiles in Great Britain (e.g., Greta River, Canberra, southwest England) and explained 

some of the stream convexities by recent faulting (Jennings 1972) or changes in 

lithology.

The following analysis of river profiles in northwestern Ireland aims to improve 

understanding of the origin of knickpoint formation in this area and to find out if river 

knickpoints are consistently present along faults. Hack (1973) found that the equilibrium 

longitudinal profiles of bedrock streams on the eastern Atlantic margin closely 

approximated exponential functions. Northwestern Irish rivers present a wide diversity of 

profile shapes, commonly far from the exponential shape that characterises rivers in 

equilibrium between rock uplift and vertical channel incision. The headwater tributaries 

of many rivers draining the northwest of Ireland are bedrock-floored and these are more 

resistant to erosion and more likely to record longer-term tectonic deformation than 

alluvial channels. Bedrock rivers in northwestern Ireland flow primarily across 

Carboniferous and Dalradian basement. Profiles with convex-up reaches are common and 

those that cannot be attributed to changes in hydrology or lithology may represent 

deformation of the longitudinal profile by tectonic displacements. Profile construction 

was done in those areas where glacial erosion is less pronounced and, when possible, 

where lithology does not change across a mapped fault. Several stream profiles were 

analysed where rivers crossed the same fault.
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3.6.1 Data and methods

River profiles were compiled in Counties Mayo, Sligo, Leitrim, Fermanagh and Donegal. 

The method consisted of digitising rivers from scanned Ordnance Survey of Ireland (OSI) 

topographic maps at a scale of 1:50,000. Horizontal distance downstream from the river 

source was measured every 10 m of vertical elevation using the river trace marked on the 

topographic map. Topographic and geologic maps were scanned as individual sheets and 

geo-referenced using Arc/Info. ArcView was used to view the scanned maps, digitise the 

rivers, and compile tables of elevation versus horizontal distance from source to mouth. 

Geological boundaries can easily be located when the digitised rivers are overlain on the 

scanned geological map. Horizontal errors on the order of ±10 m were introduced during 

geo-referencing and this must be considered when interpreting the position of kniclq)oints 

against geological boundaries.

Rivers studied in northwestern Ireland range from 3 to 30 km in length, with catchment 

areas of approximately 100,000 km .̂ Longitudinal profiles were first constructed across 

those faults that have some topographic expression in the present day landscape, such as 

a topographic scarp, high relief, or asymmetric moimtain cross-section. Faults running 

along wind gaps were also considered for river profile construction, because of the 

potential of being tectonically controlled. Special attention was given to sites where 

rivers flow across faults within the same formation. When possible, several longitudinal 

profiles were analysed across a single fault, in order to discriminate between local 

knickpoint control and larger scale controls such as fault activity, which should express 

itself at different locations along strike.

3.7 Relationships within individual mountain ranges

A landscape and fluvial study of each range is presented in this section. The ranges 

examined include the following: in northeastern County Donegal the Urris Hills, 

Knockalla Hills and Lough SaU Mountains; in northwestern County Donegal the 

Derryveagh Mountains; in southern County Donegal the Blue Stack Moimtains and
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Slieve League; in County Sligo, Benbulbin and the Ox Mountains; in northern County 

Mayo, the Nephin Beg Mountains; and in southern County Mayo, the Mweelrea, 
Sheeffiy and Partry Mountains (Fig. 3.10).

3.7.1 Northeastern Donegal

The Urris Hills, Knockalla Hills and Lough Salt Mountains trend northeast and are about 

23 km long, 3 km wide and up to 0.5 km high (Fig. 3.12). They are bounded by the 

Leaiman fault and the Swilly Slide. The ranges are underlain by the Slieve Tooey 

Quartzite Formation, a whitish quartzite with pebble beds. The Slieve Tooey Quartzite 

Formation also underlies lowlands to the northwest of the Urris Hills (Fig. 3.13, cross 

section B). This suggests that the topography of the northwest flank of the Unis Hills is 

not due solely to resistance of the underlying lithology. To the southeast the contact 

between the quartzite and the less resistant psammitic and semipelitic schists of the 

Termon Formation is coincident with a change in elevation (Fig 3.13), suggesting that 

this lithology change might be responsible for some of the observed relief A pocket of 

Devonian conglomerates and sandstones is faulted against Dalradian quartzite by the 

Leannan fault (Fig. 3.14) and this vertically dipping fault in places controls the 

topography of the Knockalla Hills.

Six river profiles across the Leannan fault show a convexity upstream of the fault zone 

(Fig. 3.14 and 3.15). The Bunlin River contains two knickpoints. The upper one at 190 m 

above sea level (asl) is underlain by the Termon Formation and is located upstream of a 

set of north-northwest trending faults (splays of the Leannan fault) that control the 

topography southeast of Lough Salt Mountain (Fig. 3.14). Glacial erosion has intensified 

the valley wall and possibly the knickpoint. The lower knickpoint is 30 m high and 80 m 

asl. The narrow valley of the Bunlin River is also occupied by the Leannan fault, 

although lithology within this valley changes from the Termon Formation to metadolerite 

and that can intensify knickpoint development.
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The Crockanaffrin stream is imderlain by a uniform Uthology (Termon Formation) and 

contains a kniclqjoint at 60 m asl upstream of the Leannan fault (Fig. 3.15). The valley of 

the Crockanaffrin stream is V-shaped and not intensively glaciated and kniclq)oint 

preservation is probably more likely in here than other more glaciated valleys. The 

Leannan River contains two knickpoints at 60 and 30 m asl. The higher knickpoint might 

be partially due to lithological change, as at that point the river flows from the Termon 

Formation across a metadolerite intrusion to the Upper Crana Quartzite Formation (3.16). 

The lower knickpoint occurs in a fairly uniform lithology, marking a change from the 

Upper Crana Quartzite to the Lower Crana Quartzite Formation. This lower knickpoint is 

more likely to be associated with activity on splays of the Leannan fault.

Although lithological changes might play a large local role on knickpoint formation, the 

presence of consistent knickpoints upstream of the Leannan fault on six rivers (Fig. 3.15), 

and the non-lithologically controlled topography of the Urris Hills (Fig. 3.13B) suggest 

recent movement on the northeast-trending Leannan fault with a down throw to the 

northwest. Present day seismic activity in Ireland show historic seismic centres (Jacob 

1993) possibly related to the Leannan fault.

3.7.2. Northwestern Donegal

A deep northeast-trending valley along the Gweebarra fault (Fig. 3.16) separates the 

highest peaks o f the Derryveagh Moimtains (Slieve Snagh, 678 m and Dooish, 652 m) 

from the Glendowan Mountains (Crockskallabagh, 494 m). A northwest-trending valley 

divides Errigal (751 m) from Crocknafarragh (517 m). The Main Donegal Granite 

underlies most o f the Derryveagh and Glendowan Mountains (Fig. 3.17). The Gweebarra 

fault trends northeast and runs along a long, narrow valley for -20 km along Glen Lough 

in the northeast, through the incised valley of Lough Beagh, through a wind gap at 240 m 

asl and southwest to Lough Barra and Gweebarra Bay (Fig. 3.16). The wind gap is 

located between peaks of 676 m and 539 m elevation where a dense array of Palaeogene 

dykes occurs (Fig. 3.17). Drainage at this point diverts in 4 directions into the catchments 

of the Gweebarra, the Owenceirrow, the Clady and the Leannan rivers.
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The Gweebarra River runs parallel to the Gweebarra fault in the Main Donegal Granite, a 

coarse biotite granite and granodiorite. Two knickpoints are located upstream of the 

Gweebarra fault (Fig. 3.18). One at 170 m asl is likely to be structurally controlled as it 

occurs in an area of uniform lithology. Tertiary dolerite, basalt and gabbro dykes are 

conunon in this area, but are mainly located upstream of the knickpoint and are imlikely 

to be controlling it (Fig. 3.17). A second, 5 km broad knickpoint at 75 m asl is also 

located upstream of the Gweebarra fault. Its origin is not clear. As will be shown, other 

longitudinal profiles also show knickpoints at this elevation, raising the possibility that 

they may be due to regional changes in base level.

Two northwest-trending valleys run perpendicular to the underlying geological structure 

and thus do not appear to be lithologically controlled. One valley, which controls the 

Clady River, runs along Lough Nacung and separates Errigal (751 m) and Tievealehid 

(429 m) from Crocknafarragh (517 m) (Fig. 3.16). The drainage has been suggested to be 

pre-glacial in age based on superimposition of the river on an older basement (Pitcher & 

Berger 1972). The Clady River runs perpendicular to a contact of metadolerite and 

quartzite and differential erosion has given rise to a pronounced knickpoint (Fig. 3.18). 

The second valley runs along the Altan Lough and separates Errigal (751 m) from Aghla 

More (584 m) (Fig 3.16). Both valleys have been scoured by glacial erosion as shown by 

their steep-side walls and flat valley bottoms.

East-trending faults separate the high ground around Tievealehid (429 m) and Errigal 

(751 m) from the lowlands south of Ballyness Bay (Fig. 3.16). The Aspick River flows 

across the Lower Falcarragh Pelite Formation (carbonaceous pelite schist) and east- 

trending microgranites (Fig. 3.17). A river knickpoint that occurs between 50 and 100 m 

asl might be the result of movement on any of the five east-trending fauhs with down 

throw to the north (Fig 3.18).
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3.7.3 Southern Donegal

Slievetooey (472 m) and Slieve League (595 m) Mountains are oriented roughly east- 

west while Common Mountain (500 m), Crocknapeast (497 m) Mulnanaff (475 m) and 

Crownarad (493 m) Mountains define a northeast trend (Fig. 3.19). These peaks surround 

the 10 km wide, rounded, south-flowing drainage basin of the Glen River (Dury 1964; 

Reffay 1966).

The Slieve Tooey Formation, a whitish quartzite with pebble beds, underlies Slievetooey 

Mountain (Fig. 3.20). This formation outcrops at the northern side of the southern 

Donegal peninsula. This resistant quartzite formation has a varied topographic signature, 

being low in the south and high in the north. It can be divided into three blocks separated 

by the east-trending Kittyfaiman fault (Fig. 3.21). The northern block shows higher 

elevations than the two blocks in the south, which have similar but lower elevation 

distributions (Fig. 3.21). This implies that the topography is not lithologically controlled 

but structurally by possibly down to the south movement on the Kittyfannan fault.

The Owenwee River (north) runs from Crockuna (400 m) to Loughros Beg Bay across 

the Slieve Tooey Quartzite Formation (Fig. 3.20 and 3.22). A deeply incised U-shaped 

valley suggests considerable glacial erosion, which accentuated the 100 m high 

knickpoint at 160 m asl. The valley is aligned with the Kittj^annan fault for at least 5 km. 

The glaciated valley shows a marked contrast in slope on either side, with the southern 

wall steeper than the northern wall. If the slopes are structurally controlled, this would 

suggest down throw movement of the Kittyfannan fault to the north, which is opposite to 

the kinematics inferred from the elevation distributions across the fault. The Glen River 

crosses the same fault and shows a steep slope at its head. A knickpoint at 160 m, 

downstream of the mapped fault, is possibly related to a dyke intrusion (Cooper et al. 

1997) (Fig 3.22).
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The Ballaghdoo fault trends northeast and separates generally lower topography to the 

west from higher topography to the east (Fig. 3.20). The fault follows the Ballaghdoo and 

Glengesh valleys. The Crow Stream, a tributary of the Glen River, flows across this fault 

and does not show any knickpoints associated with this structure (Fig. 3.22).

The contact between the Slieve League Formation and the Termon Pelite Formation 

forms a knickpoint in both the Glen River and the Crow Stream (Figs. 3.20 and 3.22). 

The Owenwee (south) and the Murlin rivers also show knickpoints upstream of the Slieve 

League Formation contact (Figs. 3.20 and 3.22). All of these kniclqjoints are almost 

certainly due to changes in lithology.

3.7.4. Croaghgorm or Blue Stack Mountains

The Blue Stack Mountains contain 16 peaks over 400 m and are highly dissected by 

northeast to east trending valleys. The highest peaks in the Blue Stack Mountains (561, 

674, 626, and 641 m) occur in an area bounded by the Bamesmore Gap to the southeast 

and the Lough Finne Valley to the northwest. The drainage divide between north and 

south-flowing catchments cuts across the deeply incised Bamesmore Valley, forming a 

prominent windgap (Fig. 3.23).

Most of the high topography in the Blue Stack Mountains is underlain by the Bamesmore 

Granite (monzogranite, leucogranite, aplogranite and granodiorite), the Lough Moume 

Formation and the Lough Eske Psammite Formation (Fig. 3.24).

The Silurian-Devonian Bamesmore Granite is sinistrally displaced by the Belshade fault, 

dextrally displaced by the Bameslough fault and fractured but not laterally displaced by 

the Bamesmore fault (Long et al. 1999). The granite northwest of the Belshade fault 

forms generally higher topography than that to the south (Fig. 3,21). Likewise parts of the 

Lough Moume Formation northwest of the Belshade fault show higher elevations than 

areas to the southeast. This consistent difference across the Belshade fault suggests that
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the topography in this area may be affected by fault activity in northeast trending fault 

with down throw to the southeast or differential erosion due to fracturing.

The Laghy River shows a knickpoint at 170 m asl upstream of the Laghy fault and the 

Finmore Slide (Fig. 3.25). The Finmore Slide juxtaposes very different rocks, with the 

Dalradian Croaghgarrow Formation (schists and aluminuous schists) on the southern side 

of the fault and the Mullyfa and Deele Formations (psammite, pebble beds, marble and 

schists) on the northern side (Fig. 3.24). The Laghy fault juxtaposes the Mullyfa and 

Deele Formations to the south with the less resistant Ballyshannon Limestone Formation 

to the north.

The Oily River profile shows a knickpoint at 80 m asl, which is probably due to the 

presence of a microgranite intrusion. However splays of the northeast trending Killybegs 

fault are situated downstream of this knickpoint (Fig. 3.25).

The Clogher River contains a small knickpoint upstream of the Bamesmore fault, 

although the resistant basal clastics of the Ballina Limestone Formation could also be 

responsible for the knickpoint (Fig 3.24 and 3.25).

The Corabber River shows a large knickpoint immediately upstream of the Boundary 

fault (Fig. 3.25). Here the Boundary fault separates the Dalradian Lough Moume 

Formation from the Carboniferous Banagher Sandstone Formation. Thus, there is a large 

contrast in rock erodibility across the fault, making it difficult to eliminate lithological 

origin for this knickpoint. Also notice that the heads of the two tributaries of the Eany 

River are very steep, and this might also be associated with lithological changes across 

the Boundary fault.

Two tributaries of the Eany River show knickpoints at 145 m asl (Fig. 3.25). Knickpoint 

consistency upstream of the Eglish fault suggests movement on this structure or 

preferential erosion of the faulted zone.
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The Owenea River shows a knickpoint in the banded semi-pelitic and psammitic schists 

of the Termon Pelite Formation upstream of the north-northeast trending Aghla fault 

(Fig. 3.25). This fault also controls the topography of the western side of Crockmore Hill 

and the Owengarve River catchment, which trends perpendicular to the Owenea stream 

(Fig. 3.24).

The Clady, the Barnes and the Eddrim Rivers all contain a knickpoint upstream of the 

Bameslough fault (Fig. 3.25). The Barnes shows a knickpoint at 200 m asl within the 

Bamesmore granite and Lough Moume Grit formations, and the river follows the trend of 

the Bameslough fault for about 3 km. The Clady shows a pronounced knickpoint at 250 

m asl at the contact between the sandstones of the Banagher Formation and the 

Ballyshannon Limestone formation. The Eddrim shows a small knickpoint as it flows 

through the Bundoran Shale Formation and crosses the Bameslough fault. Long et al. 

(1997) showed an unfaulted Palaeogene dyke across the Baraeslough fault (Fig. 3.24), 

making it difficult to suggest Cenozoic tectonic activity on the fault, even though the 

Eddrim, Clady and Barnes Rivers show consistent knickpoints. Interestingly, the three 

rivers all show consistent sinistral step in their courses when they cross the fault. The 

sinistral offset ranges from a couple of hundred metres in the Eddrim River, to ~lkm in 

the Clady and Barnes Rivers.

The Ballintra River profile has a convex-up shape, unlike any of the other catchments 

draining the Blue Stack Mountains (Fig 3.25). Near the headwaters, a small change in 

gradient is associated with the contact between Dalradian psammitic paragneisses and the 

Ballyshannon Limestone Formation. However, most of the convex-up profile is 

developed within the Ballyshannon Limestone Formation and is immediately upstream of 

the Laghy fault. Thus it is possible that down throw movement to the northwest on the 

Laghy fault is responsible for this unusual profile.

In summary, most of the rivers in the Blue Stack Mountains show knickpoints with a 

lithological control. However, the Eglish, Aghla, Bameslough and Laghy faults appear to
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give rise to a series of knickpoints in adjacent catchments. Movement on these faults is 
suggested as a possible origin for knickpoints.

3.7.5. Sligo Mountains

The Sligo Mountains are dissected by three valleys that converge in Manorhamihon 

Town (Fig. 3.26). The east-trending Glencar Lough valley separates Benbulbin (526 m) 

and Truskmore (647 m) from Crockauns (463 m). The northwest-trending Glenade 

Lough valley and a northeast-trending valley also separate areas of higher topography up 

to 450 m high. These valleys all contain prominent wind gaps, with two rivers presently 

flowing in opposite directions suggesting drainage reversal after valley formation. Thus, 

the topography of the Sligo Mountains developed under a markedly different drainage 

system than the present set of catchments, and excavation of the three large valleys must 

predate the establishment of the present rivers. Glacial erosion was clearly involved in 

valley excavation, because of the steep walls on either sides of these valleys, but only 

partially involved in valley formation, because valleys are not the result of simple glacial 

erosion. The northern side of the Sligo Mountains was more deeply scoured by glacial 

erosion than the south, as shown by the corries and steeper northern walls of Benbulben 

and Truskmore (Fig. 3.26).

The Sligo Mountains are composed of approximately flat-lying Lower Carboniferous 

sediments, including limestones, sandstones and shales (Fig. 3.27). They are 

topographically higher than the northern tip of the Ox Mountains to the south, even 

though the latter are underlain by more resistant Pre-Cambrian paragneisses (relative 

resistance estimated from Clayton and Shamoon 1998). The Sligo Mountains contain 

dramatic relief of up to 200 m in only 250 m of horizontal distance within the same 

Lower Carboniferous succession. It is hard to explain the topography by differential 

erosion due to lithological differences, as for example the Dartry Limestone Formation 

and the underlying formations, occur at very different elevations north and south of the 

Glencar fault (Fig. 3.21). The high relief, a wind gap, one river knickpoint and elevation
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differences within the same fonnation all suggest possible tectonic activity along the east- 

trending Glencar fauh, south of Benbulbin, with a down throw to the south.

The Drumcliff River flows across the calcareous Benbulbin Shale Fonnation along the 

Glencar fault, and shows a knickpoint at 20 m asl (Fig. 3.28). The westernmost tributary 

of the Bonet River shows a knickpoint at 65 m asl at the head of the river above a north- 

northwest fault. Another knickpoint at 25 m appears to be lithologically controlled by the 

contrast between the Oakport Limestone Fonnation and psammitic paragneisses, because 

none of the other three crossings of the fauh by the river further upstream result in a 
knickpoint.

The Duff River shows a knickpornt at 130 m asl, upstream of the northwest-trending 

Glenade fault (Fig. 3.28). The bedrock lithology changes across the fault from the 

Benbulbin Shale Formation to the Mullaghmore Sandstone Fonnation. Southeast of the 

Duff River, the Glenade fault controls the orientation of the Glenade Valley, and the 

valley is incised up to 500 m. The valley contains a wind gap near its northwestern end 

(Fig. 3.26).

The Belhavel fault or lithological changes probably controls the steep chaimel gradient at 

the head of the Bonet River (Fig. 3.28). A convex-up knickpoint 15 m high at 120 m asl 

occurs upstream of an east-trending fault (Fig. 3.26). The Dartry Limestone Formation, a 

massive cherty calcarenite wackstone, outcrops on either sides of the fault and therefore 

the knickpoint is not lithologically controlled. Lower elevation distributions in two 

patches of the Dartry Limestone Formation that outcrop south of the fault suggest that the 

southern block of the Belhavel fault may have been downfaulted (Fig. 3.21).

To summarise, the east trending Glencar fault controls the high relief, windgap, river 

knickpoint of the Drumcliff River and the different elevation distributions north and 

south of the fault, suggesting down throw to the south. Other northwest and east trending 

faults with similar kinematics, including the Belhavel fault might also control knickpoint 

formation.
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3.7.6. The Ox Mountains

The Ox Mountains rise from the Carboniferous plain a few kilometres south of Sligo 

Town and trend southwest for about 40 km to near Foxford (Fig. 3.29). They form a 

linear range with a linear drainage divide that is asymmetric in cross section, with a steep 

slope (up to 30") on the northwest side and a gentle slope (up to 10°) on the southeast side 

(Fig. 3.30). The distribution of surface slopes and lithological dips reflects an asymmetric 

tilt block with a linear drainage divide close to the northwestern flank of the range (Fig. 

3.29). The height and width of the topography near Knockalongy (544 m, 512 m) gently 

diminishes towards the southwest. The highest relief in the Ox Mountains is found along 

the northwestern side where the Ox Mountains fault and associated faults were mapped 

(Harney et al. 1996) (Fig. 3.32).

The range is underlain by Dalradian metasediments of the Ox Mountains Inlier as well as 

by a Cambro-Ordovician succession. Late Silurian granodiorite and Early Devonian 

monzogranite (Fig. 3.32). The surrounding lowlands are underlain by Carboniferous 

formations. The range is bounded by the northeast-trending Ox Mountains fault to the 

northwest and by a Carboniferous unconformity to the southeast, where onlap shows that 

there was already some topography in pre-Variscan time.

Two prominent valleys cut across the Ox Mountains, the northeast-trending Easky Lough 

Valley and the northwest-trending Lough Talt Valley (Fig. 3.29). Both valleys contain 

wind gaps at about 200 m below the surrounding peaks, at the northwestern flank of the 

range, suggesting 200 m of topographic incision prior to the development of the wind 

gaps. The presence of these wind gaps at the northwestem side of the Ox Mountains, the 

tilted nature of the block and the displaced drainage divide may indicate tectonic activity 

on the Ox Mountains fault with a down throw to the northwest.

The linearity o f the Ox Mountains might be explained by differential erosion of the 

underlying bedrock coupled with the strong regional structural grain, or by tectonic
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displacements on the Ox Mountains fault. Because lithological changes are considerable 

within this area, from Dalradian to Carboniferous sediments, a more detailed study was 

done to understand the role of rock resistance on topography. If differential erosion were 

the main process of mountain formation in the Ox Mountains, an equivalent topographic 

scarp should be present on the southeastern flank of the range, but it is not.

In several areas, the same formation underlies a wide range of elevations. Semi-pelitic 

schists of the Camck O'Hara Formation form the highest topography of the Ox 

Mountains at Knockalongy (544 m) and north of Lough Talt (413 m). However this 

formation also underlies low elevations, for example in the Owenboy River valley. 

Several faults cut the Carrick O'Hara Formation in the Owenboy River valley and higher 

erodibility or tectonic activity might be responsible for these low elevations. In the 

southeastern Ox Mountains this same formation outcrops at elevations less than 100 m 

(Figs. 3.29 and 3.32).

The Leckee Quartzite Formation, with presumably a higher erosive resistance than the 

semi-pelitic schists (Clayton and Shamoon 1998), underlies relatively low topography. 

Aluminous schists of the Ummoon Fonnation outcrop at Knockachree (535 m) over a 

wide range of elevations. The Easky Adamellite Formation (monzogranite) forms high 

relief varying in elevation from 512 m at Farbreagabeg to 190 m at Easky Lough. This 

lithology forms a topographic scarp dipping up to 28° on the northwestern side, compared 

to 5°  slope on the southeastern side (Fig. 3.30); therefore lithology is not controlling 

topography in this case and a structural control is suggested for the formation o f the 

northwestern Ox Mountains topographic scarp.

The Ox Mountain Granodiorite is elongated northeastwards and is cut by a northwest- 

trending fault. Elevation distributions on either side o f the fault are very different (Fig. 

3.31). The northern block contains higher elevations and slopes of up to 36°, compared 

with slopes of about 5° in the southeastern side (Fig. 3.30). The granodiorite is bounded 

to the northwest by less resistant schists the Carrick O'Hara and Ummoon formations and 

Carboniferous sediments; to the southeast by the Ummoon Formation against the Leckee
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Quartzite Formation, and also by Lower Carboniferous rocks. It is therefore vinlikely that 

differential erosion was the main process of scarp formation and movement on the Ox 
Mountains fault is once again suggested.

Three longitudinal profiles were constructed for rivers crossing the Ox Mountains fault 

(Fig. 3.33). The Crowagh River shows a concave-up knickpoint at 300 m asl in the 

Carrick O'Hara Formation, upstream of a north-northeast trending fault that is parallel to 

the Ox Mountains fault. The Easky River shows a convex-up knickpoint at 160 m asl, 

possibly controlled by a northwest-trending fault, the Ox Mountains Fault, or by 

differential erosion between amphibolites of the Attymass Group and the Carboniferous 

Ballina Limestone Formation. The Owenmore River shows a convex-up, 10 m high 

knickpoint at 135 m asl, again between the Attymass Formation and the Ballina 

Limestone Formation.

Although morphological and lithological evidence (e.g., mountain asymmetry, wind gaps, 

non-lithologically controlled topography) suggests a structural control and possible recent 

movement (?Cenozoic) on the Ox Mountains fault, it is difficult to corroborate this using 

river knickpoints because of the strong lithological differences.

Three longitudinal profiles were also constructed for rivers flowing off the southeastern 

flank of the Ox Mountains. The Owenboy River contains a convex-up knickpoint at 180 

m asl that may be due to differential erosion between amphibolite basic metavolcanics in 

the New Antrim Member and schists of the Meelick Member of the Ummoon Formation. 

However, a north-northwest trending fault is located downstream of the knickpoint, and 

controls the location of the Glenmore Valley, suggesting a structural control.

The Owenaher River shows a convex-up knickpoint at 125 m asl. The river flows from 

semipelitic and aluminious schists of the Ummoon Formation across a northeast-trending 

fault into the schists, marbles and metavolcanics of the Corradrishy Formation. The 

Lough Talt River contains a convex knickpoint at 127 m asl along the same northeast- 

trending fault and flows from quartzites to schists.
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River knickpoints are found consistently in streams flowing across the Ox Mountains 

fault, a northeast-trending fault and a north-northwest trending fault. Although 

hthological differences are also plausible causes of knickpoint generation, other 

niorphological anomalies, such as the asymmetry and linearity of the range, the presence 

of wind gaps and high relief within the same formations, points towards activity on at 

least the northeast-trending Ox Mountains fault with a down throw to the northwest.

3.7.7 Nephin Beg Mountains

The Nephin Beg Mountains have a semicircular morphology diminishing in altitude in a 

clockwise direction from Nephin (800 m) to Corslieve (541 m) across the Owenmore 

valley to Maumakeogh (379 m) (Fig. 3.34). Farther west lie Corraun Hill (541 m), 

Slievemore (671 m) and Croaghaun (688 m) on Achill Island. To the southeast, the 3 km 

wide valley of Glen Nephin and Glen Hest divides Nephin (800 m) from Croaghmoyle 

(430 m).

The highlands of the Nephin Beg Mountains, Corraun Hill, and Achill Island are largely 

underlain by Dalradian quartzites and schists from the Nephin and Bangor/Corslieve 

Formations (Fig. 3.35 and 3.36). However, these rocks also form areas of low topography 

such as near Carrowmore Lake and west of Glenamong Mountain (Fig. 3.36 and 3.37). A 

strip of Devonian and Carboniferous sandstones runs from southern Corraun Hill 

eastward along the northern shores of Clew Bay and into the valleys of Glen Hest, Glen 

Nephin and Croaghmoyle Hill. The adjacent lowlands are generally underlain by Lower 

Carboniferous sandstones, shales and limestones. However, Carboniferous sandstone also 

underlies the relatively high topography of Slieve Fyagh (331 m) and Maumakeogh (379 

m) north of the Owenmore Valley (Fig. 3.35).

Because the topography of the Nephin Beg Mountains appears at first view to be 

lithologically controlled, I have plotted elevation versus lithology (Fig 3.38), showing 

that this is not the case. Assimiing that rock resistance to erosion depends on its degree of
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metamorphism, mineralogy and grain size, a rough relative resistance scale was made 

from shales and sandstones to psammites, schists and quartzites (Fig. 3.38). This is 

consistent with the scale of rock resistance given in Great Britain by Clayton and 

Shamoon (1998). If topography were simply controlled by lithology a linear trend 

between elevation and rock resistance would be expected. However, moimtains in County 

Mayo do not give rise to a linear trend (Fig. 3.38). Surprisingly, quartzitic formations do 

not form much higher mountains than sandstones do, while schists underlie a wide 

variety of elevations. Again, it seems clear that the topography is not a direct product of 

simple differential erosion, and a tectonic origin is possible.

The Nephin Beg Mountains consist largely of a series of faulted blocks, with the faults 

approximately oriented radially outwards from the lowlands at the centre of the range 

(Fig. 3.35). In some cases faults are associated with steep-walled topography. However, 

other faults cross the Nephin Begs without any topographic expression. The elevation 

distribution of faulted blocks within the Nephin Formation (schists and quartzites) are 

generally very similar, with the exception of blocks on Nephin and Birreencorragh 

Mountains (Fig. 3.37). Two Devonian formations, the Croaghmoyle and Birreen 

sandstones, also show consistently different elevation distributions on either side of a 

north-northwest-trending fault, with lower elevation distributions on the southwestern 

side of the fault (Fig. 3.37). This fault runs perpendicularly to Glen Nephin, a wide, 

incised glaciated valley. The presence of Cenozoic sediments offshore in the Irish 

Mainland Shelf, Porcupine Basin and Rockall Basin, and the size of the valley with up to 

500 m relief suggest that this valley was one of the sedimentary conduits possibly active 

during the Cenozoic. This inferred drainage no longer exists and a wind gap is left with 

two catchments flowing in opposite directions (Fig 3.35). Combined evidence from 

consistently higher elevation distributions at the eastern side of a north-northwest 

trending fault, the presence of the windgap, and river knickpoint evidence described 

below is suggestive of differential vertical movement on the fault with the southwestern 

side down thrown (Fig. 3.35).
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River profiles were constructed along several streams in the Nephin Beg Mountains 

(Figs. 3.35 and 3.39). The Heathfield River flows across sandstones, shales and 

limestones of the Downpatrick Formation (Fig. 3.35) and shows a knickpoint at 100 m asl 

upstream of a northwest-trending fault (Fig. 3.39). However, intra-formational changes in 

lithology may also control the formation of this knickpoint.

The Ballinglen River shows a knickpoint at 110 m asl within the Downpatrick Formation, 

although it is coincident with a change from sand and shales to limestone. A stream close 

to Downpatrick’s Head flows across the same intra-formational contact, away from the 

Bangor Fault, and also forms a knickpoint, so lithological control cannot be ruled out. 

The Ballinglen River and a north-trending fault run along a linear and incised valley with 

valley side slopes of up to 30° (northern part of Fig. 3.40).

The Owenmore River is the only catchment that flows directly across the Nephin Begs. 

Interestingly, this antecedent valley occurs where the northeast-trending Bangor fault cuts 

across the axis of the Nephin Begs (Fig. 3.35). Four rivers show a gradient increase 

upstream of the Bangor fault (Fig. 3.39). The Oweniny River shows a knickpoint at 130 

m asl, coincident with a contact between the Miimaun Sandstone Formation and the 

Downpatrick Formation. However, two smaller streams including the Bellananaminnaun 

River flow across the same formational contact without forming any knickpoints. 

Therefore the knickpoint in the Oweniny River is unlikely to be formed by differential 

erosion due to lithology. The Glencullin River shows a knickpoint at 125 m asl, upstream 

of the Bangor fault. Rock type changes from the Downpatrick Formation to the Minnaun 

Sandstone Formation and as demonstrated before the contact between these two 

formations does not form knickpoints elsewhere, except where bounded by the Bangor 

fault. The Owenmore River profile is interesting because of its broad convex-up shape. 

The underlying lithology changes downstream from Carboniferous sediments to 

Dalradian quartzites and other metamorphic rocks and to the Pre-Dalradian Armagh 

Division gneiss. The broad gradient increase located in the Owenmore Valley might be a 

result of the complicated hydrology (Fig. 3.39). River profiles in arid climates, because of 

the lack of drainage in the headwaters, generally show convex profiles similar to the
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Owenmore River profile. Ireland and the Owenmore River far from an arid climate, is 

drained by several tributaries bom -20 km away from the Owenmore Valley. The 

complicated drainage caused by peat-land between the headwaters and the mouth of the 

Owenmore River might cause this convexity in the river profile.

The Owenduff River and a tributary of the Owenmore with its headwaters in the Nephin 

Begs both show knickpoints upstream of a northeast-trending fault. This fault runs along 

the wide wind gap between Nephin Beg and Corslieve Mountains with topographic 
slopes as high as 45" (Fig. 3.40).

The Glermamong River shows two knickpoints at 135 and 60 m asl within the quartzites 

and schists of the Annafrin Formation, upstream of a northeast-trending fault (Fig. 3.39). 

The Altaconey River also contains a knickpoint upstream of the same structure and this 

consistency suggests a structural control. The Srahmore River has a different profile 

shape and a broader knickpoint (Fig. 3.39). This knickpoint may be related to some of the 

splays on the same northeast-trending fault.

The Glasheens River shows a knickpoint at 127 m asl (Fig. 3.39), directly upstream of an 

east-trending fault that separates the Dalradian Birreencoragh Schist from the 

Carboniferous Minnaum Sandstone formations (Fig. 3.36). The Deel River also shows a 

broad knickpoint at 237 m asl across the same fault but the shape of the knickpoint is 

different. A structural control for knickpoint formation is also suggested.

A tributary of the Newport River {Newport (l) 'm. Fig. 3.36), with its headwaters north of 

Croaghmoyle, shows two knickpoints at 265 and 130 m asl (Fig. 3.39). The first 

knickpoint is located in Devonian conglomerates of the Croaghmoyle Formation. This 

appears to rule out a lithological control and the knickpoint may be instead be controlled 

by a north-northwest-trending fault with possibly down throw to the west (Fig. 3.37). 

Elevation distributions within the Croaghmoyle Formation are different on either side of 

the fault, and possibly control a wind gap previously discussed (Fig. 3.37). A second 

knickpoint on this river is located at the contact between the Croaghmoyle Formation and
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sandstones and siltstones of the Carboniferous Capnagower Formation^ therefore, 

knickpoint formation due to lithology is difficult to rule out (Fig. 3.39). One kilometre to 

the north, a second tributary of the Newport River {Newport (2)) shows a knickpoint 

within the Capnagower Formation possibly controlled by a north-trending fault with 
down throw to the west.

A third tributary of the Newport River {Newport (S)), with its headwaters south of 

Croaghmoyle, shows two knickpoints. One occurs at 190 m asl within the sandstone of 

the Birreen Formation and is possibly controlled by a north-northwest fault (Fig. 3.39). 

The second knickpoint is at 100 m asl at a contact between Devonian sandstones and 

Carboniferous limestones.

A northeast-trending structure, an extension of the Ox Moimtains Fault, runs southeast of 

Beltra Lough along the steep slopes (up to 45°) of the northwest flank of Croaghmoyle 

(Fig. 3.40). Croaghmoyle Mountain is underlain by sandstone of the Birreen Formation. 

The asymmetry of this mountain is shown by high topographic slopes on its northwestern 

side and much gentle slopes on the southeastern side, suggesting a tilted block similar to 

the Ox Mountains.

In summary, relatively good evidence suggesting Cenozoic dip-slip movement on the 

Bangor fault, a north-northwest trending fault in Glen Nephin, two northeast trending 

faults and the southeastern extension of the Ox Mountains fault was foimd from 

consistent river knickpoints, antecedence, wind gaps and variations in elevation 

distributions. As the Owenmore River is the only large catchment that is clearly 

antecedent to the topography that surrounds it, the Owenmore catchment is an ideal area 

for studying river incision into the present day topography. Section 3.9 presents analysis 

of the gravel and bedrock terraces within this catchment.
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3.7.8. Southern County Mayo

Much of the high topography of southern County Mayo, including Croagh Patrick (764 

m), the Sheeffry Hills (762 m), Ben Gorm (700 m) and the Mweelrea Mountains (814 m) 

has an east-west trend. The main exception to this are the Partry Mountains, which trend 

northeast and form a 600 m high plateau whose margins were scoured by glacial erosion 

leaving steep walls up to 500 m high (Fig. 3.41). The dominant east-west trend appears 

at first view to be controlled by the strike of the underlying bedrock (Fig. 3.42). 

However, the northwest-trending Doolough Valley that dissects the Mweelrea Movmtains 

and the Sheeffry Hills trends oblique to the formational strike, parallel to several 

northwest-trending faults. The northeast-trending Erriff Valley also cuts obliquely across 

the Ordovician Mweelrea Formation, separating the Partry Mountains from the Mweelrea 

Mountains and the Sheeffry Hills. The Erriff fault bounds the southeastern edge of the 

Erriff Valley for much of its length (Dewey 2000; Badley 2001). Three fault-bounded 

blocks of Mweelrea Formation show similar elevation distributions, although areas 

northwest of the Erriff fault have sUghtly lower overall elevations (Fig. 3.43).

The Bunanakee River (Fig. 3.42) shows knickpoints within the Mweelrea Formation (Fig. 

3.44). They cannot be lithologically controlled as the river twice crosses the contact 

between sandstones and shales of the Mweelrea Formation upstream without showing 

any convexities. These knickpoints might be controlled by northwest-trending faults.

The Glencullin River shows a knickpoint at 240 m asl at a northwest-trending fault in 

sandstones of the Derrylea Formation (Fig. 3.44). A second knickpoint at 210 m asl, with 

a height of 150 m, is very likely controlled by a vertically dipping basic intrusive body 

and has been accentuated by glacial erosion.

Three profiles across the Erriff fault show knickpoints upstream of this northeast-trending 

structure (Fig. 3.44). The Aille River shows a knickpoint at 110 m asl upstream of the 

Erriff fault. Lithological changes are considerable from the Glenumera Formation to the 

Derrylea Formation and from the Bohanun Volcanic Formation to Lower Carboniferous
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limestone, making it difficult to rule out lithology as the cause of the knickpoint. 

However, it is worth noting that the contact between the Glenumera and Derrylea 

formations does not form knickpoints elsewhere, for example on the Derrycraff and 
Glencullin Rivers.

The Derrycraff River shows a knickpoint at 85 m asl directly upstream of the Erriff fault 

at a contact between sandstone and limestone. The Owenduff River has a knickpoint at 

50 m asl, also upstream of the Erriff fault. Lithological changes are also considerable in 

this stream from the Glenumera Formation to the Mweelrea Formation and it is difficult 

to rule out lithology as the cause of knickpoint formation.

However, combined evidence from three knickpoints on three streams, along with the 

topographic signature of the 500 m relief on the northern flank of the Partry Mountains, 

argues in favour of tectonic activity on the Erriff fault, as previously suggested by Badley 

(2001) and Dewey (2000).

The Owenduff River shows a second knickpoint at 200 m asl within the Mweelrea 

Formation. This formation, although having slate and sandstone members, does not 

usually form knickpoints unless bounded by a fault as shown in the Bunanakee River. A 

third knickpoint at 120 m asl might be caused by a contact between the Mweelrea 

Formation and Glenurmnera Formation, or by a northwest-trending fault (Fig. 3.44).

To summarise, tectonic movement on the Erriff fault with a down throw to the northwest, 

and movement in northwest-trending faults is suggested as the origin of some of the river 

knickpoints in southern County Mayo.

3.8 Summary of suggested Cenozoic active faults

Section 3.7 presented evidence of knickpoints in a number of catchments in northwestem 

Ireland. Lithologic control of knickpoints was discriminated by locating knickpoints 

along stream reaches in the same geological formation. Those knickpoints located
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upstream of faults, and not likely to have been formed by differential erosion due to 

different lithologies, are suggested to have a structural component. Some aspects of the 

morphology of the northwestern Irish landscape such as high relief, linearity and 

asymmetry of topography across structural grain, and wind gaps, are difficult to explain 

in terms of simple differential erosion due to lithological resistance or glaciation, and 

fault displacements can be invoked to explain some of these fluvial and topographic 

features.

Results indicate that fault reactivation of northeast, east, and northwest-trending 

structures during the Cenozoic might have been partially responsible for some of the 

present day topography in northwestern Ireland (Fig. 3.45). Possible Cenozoic 

displacements are suggested for the following faults: the northeast-trending Leannan, 

Gweebarra, Eglish, Aghla, Bameslough, Ox Mountains, Bangor, the Erriff fault, and two 

northeast-trending faults in the Nephin Beg Mountains; the east-trending Kittyfannan and 

Glencar faults; the northwest-trending Glenade fault, a northwest-trending fault in Glen 

Nephin and several northwest-trending faults in southern County Mayo (Fig. 3.45).

In northern County Donegal, northeast-trending faults down throw to the northwest. The 

northeast-trending Eglish-Belshade faults down throw to the southeast while the 

northeast-trending Laghy fault down throws to the northwest. Recent movement on these 

two faults might replicate the present day Donegal Bay. Most of the northeast-trending 

faults in County Mayo down throw to the northwest. If these sense of movements are 

correct, several stress systems are need to explain the kinematics.

To infer the age of the knickpoints, and thus place constraint on the timing of fault 

movement is a more difficult task. Knickpoint retreat depends on several variables. River 

terraces if datable, allow us to extrapolate the past history of a particular river including 

its response to tectonic activity. Various authors have shown in other parts of the world 

that rates of tectonic rock uplift or river incision may be inferred using the age and 

geometry of fluvial terraces (Rockwell et al. 1984; Bull and Kneufer 1987; Merritts et al. 

1994). In general, there are few datable markers in the landscape of northwestern Ireland
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that would allow determination of the timing of fault activity. Examples of offset across 

Palaeocene dykes have been recognised (Bennett pers. comm. 2001; Bennett and Phillips 

in press). Thus, I simply summarise the locations and inferred kinematics of possible 

tectonic displacements, in order to compare them for consistency with the tectonic history 

derived from offshore basin deposits and from elsewhere along the northwestern 

European continental margin. However, in the Owenmore River catchment in northern 

County Mayo, which is antecedent to the Nephin Beg Mountains, a sequence of strath 

and gravel fill terraces are preserved. In the next section these terraces will be described 

in order to understand the evolution of the Owenmore River.

3.9 Fluvio-glacial terraces on the Owenmore River, Bangor, County Mayo

3.9.1 Introduction

Not many rivers in northwestern Ireland seem to have left any evidence of their former 

beds or courses, in the form of strath or fill terraces. However, a sequence of terraces 

preserved along the Owenmore River, northwestern County Mayo, has the potential to 

reveal details o f the incision history of the river. The Owenmore River, already discussed 

in Section 3.7.7, cuts across the axis of the Nephin Beg Mountains and has a broad 

convex-up longitudinal profile, which I argued is controlled by the Bangor fault. A series 

of fill and strath terraces are preserved along the Owenmore River (Plate 3.1 and 3.2) 

(Fig. 3.46). The aim of this section is to describe these terraces and discuss how and 

when they formed. This allows possibly estimation of river incision rates and discussion 

of the incision history of the river.

Fieldwork was done from Bellacorick Power Station to Bangor, County Mayo, along the 

river course. The lower part of the catchment, where the terraces are exposed, lies 

between Irish National Grid coordinates, 87000, 320000, and 95000, 324000. Bedrock 

exposures are most common along the Owenmore River or its tributaries. The position 

and altitude of bedrock, sand and gravel deposits were measured using a hand-held GPS 

receiver with a ±10m vertical accuracy.
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3.9.2 Strath terraces

Strath terraces are sub-horizontal bedrock surfaces which mark the incised former river 

bed. If the river subsequently incises into its bed, strath terraces can be locally preserved 

along the valley walls. Sub-horizontal bedrock surfaces and exposures of the steep former 

channel walls were found intermittently along the Owenmore Valley cut into 

Carboniferous and Dalradian bedrock and overlain by variable thicknesses of sands and 

gravels (maximum 12 m) (Plate 3.3). These bedrock steps are located in at least five 

tributaries of the Owenmore River (Fig. 3.46) (Plate 3.4). They occur approximately 500 

m away from the present course of the Owenmore River, in the outer part of meanders 

where lateral fluvial erosion is highest. Best exposure occurs within present-day tributary 

channels, where the streams flow over Carboniferous and Dalradian bedrock. The terrace 

risers, which mark the palaeo-channel walls, form steps that range in height from 2 to 6 m 

(Plate 3.5). The terrace treads are at least a few metres wide but hard to measure as they 

are covered on vegetation, till, sand and gravel deposits (Plate 3.3).

The Carboniferous bedrock consists of a sequence of alternating shales and sandstones; 

the shale is quite soft and easily erodible, possibly leaving the sandstone beds standing 

out as resistant ledges. Beds are horizontal or nearly horizontal, resulting in a stepped 

topography. This might lead to belief that the terrace freads are a consequence of 

differential erosion. However, the terraces form at similar elevations in both 

Carboniferous and Dalradian bedrock. Independent of the bedrock, and dip of the beds, 

they consistently lie about 50 m above the present bed of the Owenmore River, 

suggesting that they are remnants of a strath terrace. The steep walls of the bedrock 

terrace trends approximately parallel to the present Owenmore River, which also suggests 

that these terraces have a fluvial origin rather than being formed by simple differential 

erosion. From the evidence above, the bedrock surfaces are interpreted as a strath terrace, 

with ~50 m of river incision since strath formation (Fig. 3.47).
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3.9.3 Sand and gravel deposits

Sands and gravels are deposited on top of the bedrock strath surfaces (Plate 3.3). At least 

two sets of sand and gravel deposits were identified of varying thickness (1-6 m) above 

bedrock (Plate 3.6 and 3.7). These are shown in Figure 3.45 as T-1 and T-2, T-2 being the 

oldest. When only one deposit was observed it was classified as T-2. T-2 was often 

present at both sides along the Owenmore River Valley (Plate 3.1 and 3.2).

Both T-1 and T-2 are composed of sand and gravels with sedimentary structures 

suggestive of fluvial deposition. The sand grains are mediiun to coarse and are often well 

sorted, well washed, and sometimes have sedimentary structures such as parallel 

lamination, cross bedding and graded bedding (Plate 3.8 and 3.9). They are found in beds 

with variable thickness, ranging from 5 cm to more than 1 m. Sands are often channelised 

between coarser clastic material (Plate 3.10) or lie parallel to the gravel beds.

Fill terrace deposits are composed of clastic material up to 12 m thick in places and 

extend up to 1 km along the valley (Plate 3.1 and 3.7). Clasts are of variable sizes, are 

often imbricated and sometimes graded. The gravels contain both well-rounded and 

subangular clasts. Some of the clasts were broken down in situ by ft'ost shattering, 

indicating that cold climate conditions existed both before and after deposition (Plate 

3.11 and 3.12). A mixture of rounded and very angular clasts suggests a relatively short 

transport distance. The clast imbrication indicates transport fi'om east to west. Gravel 

composition is variable but the common presence of decalcified fossils (Plate 3.13 and 

3.14) suggests transport from the Carboniferous basin deposits of northern County Mayo 

to the east. This east to west direction is consistent with the main direction of local 

Pleistocene ice flow (e.g., Coxon & Browne 1991). The gravels and sand in the fill 

terraces and overlying the straths may have been deposited during an interstadial period 

during ice melt, but the strath terrace may well be older than Quaternary.

The sand and gravel deposits are sometimes overlain by one or two levels of diamictions, 

which are unsorted deposits of unknown origin. These deposits are of variable thickness,
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often poorly sorted, sub-angular, clast-supported conglomerates with a clay matrix. 

Approximately 1-2 m of organic peat material lie on top of the diamictions.

3.9.4 Palynological analyses

The ages of the strath terrace remnants would prove whether they are Quatemary or 

Tertiary. Determining an age is useful to estimate a rate of fluvial incision in the 

Owenmore River.

Eight organic-rich clay samples were taken immediately above the straths or within 

bedrock joints (Fig. 3.46) and analysed for their pollen content. Palynology provides a 

useful means of estimating the age of a sedimentary deposit based on the presence or 

absence of various marker species (Clayton and Coxon 1999). Palynology has been used 

in Ireland to date unconsolidated deposits as old as pre-Pliocene (Coxon and Coxon 

1997). Analyses were carried out in the Palynology Laboratory in the Department of 

Geography, Trinity College by Dr. Peter Coxon. The procedure is explained in Appendix 

2 .

3.9.5 Palynological results

Pollen grains are abundant in most of the samples but no specific pre-Quatemary species 

were found (Table 3.1). Distinctive pollen was recognized in only four of the eight 

samples analysed including grains of Corylus (hazel), Ericaceae (heather), Pinus (pine), 

Ulmus (ehn), Alnus (alder), Betula (birch), Calluna and Polipodium.

Ulmus disappeared due to disease 4000 years ago and Alnus first appeared 7500 years 

ago (Bradshaw 2001). Sample 2 contained abundant Ulmus and some Alnus pollen grains 

indicating an age between 7500 and 4000 years. Sample 2 also contained four pollen 

grains of Corylus and twenty pollen grains of Ericaeae. Sample 3, which contains grains 

o f Ericaceae, Pinus, grass and Betula, may be pre-Holocene in age. Sample 5 contained a 

Betula pollen grain with an odd shape (betuloides) and is not likely to be pre-Quatemary.
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Although the overall abundance of pollen in the samples was promising the study 

concluded a Holocene age for the sand and gravel deposits and a minitnum age of 
Holocene for the strath terraces.

3.10 Conclusions

(1) Many of the river profiles in northwestern Ireland are out of equilibrium and contain 

knickpoints. Some of the knickpoints in northwestern Ireland have a strong lithological 

control. In particular, metadolerite intrusions control a number of knickpoints, with 

examples on the Leannan and Bunlin Rivers in northeastern County Donegal; the Clady 

River in northwestern County Donegal; the Owenboy River in the Ox Mountains; and the 

Glencullin River in southern County Mayo. Formational contact knickpoints are also 

commonly foimd where lithology changes from a Dalradian quartzite to a pelite (e.g. 

Slieve Tooey Quartzite Formation to Termon Pelite Formation), Ordovician sandstones 

to slates (e.g. Mweelrea Formation to Glenumera Formation) or at intraformational 

contacts like the limestone member in the Downpatrick Sandstone Formation.

(2) Knickpoints are sometimes located upstream of faults within the same geological 

formation. In these particular cases knickpoint formation must have a structural control. 

The presence of knickpoints in several catchments flowing across the same fault might 

suggest recent tectonic activity on that particular fault. However, preferential erosion 

along a fault zone is also a possibility.

(3) A regional morphometric and lithological analysis concludes that the topography of 

northwestern Ireland cannot be explained solely by differential erosion due to lithology 

only and a partial structural control is suggested particularly for the Partry Mountains, 

Mweelrea Mountains, Sligo Mountains, Ox Mountains and Derryveagh Mountains. Some 

fault-bounded topography has a present-day relief of up to 500 m. Topographic scarps
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within the same hthological formation also suggest a structural control on the 
topography.

(4) Movement on a number of faults is inferred from a combination of evidence, 

including river knickpoints, morphological anomalies, non-lithologically controlled high 

relief and wind gaps. Cenozoic displacements are suggested for the Leannan, Gweebarra, 

Bameslough, Aghla, Kittyfannan, Eglish-Belshade, Laghy, Glenade, Glencar, Ox 

Mountains, Bangor and Errif faults. These faults trend northeast, east and northwest. 

From the topography and river kniclq)oint formation, one can infer a down throw 

direction. Most of the faults seem to have been down thrown to the northwest, a 

conclusion consistent with that of Dewey (2000), and one that is compatible with fault 

movement along offshore northwest Ireland in the eastern Irish Rockall Basin. The 

depositional and structural history of the Rockall Basin is the subject of Chapter 4.
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relationship from Ahnert (1970) (eq. 1).
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Figure 3.8. Denudation rate map from 66 to 10 My calculated from apatite fission track data 
(modified from Allen et al. in press.) with two annealing models. Models are based on 
laboratory annealing experiments in Durango apatite. Laslett et al. (1987) model is biased 
towards inferring rapid, recent cooling from 60°C to surface temperatures, and therefore 
overestimates denudation in the most recent time interval. Gallagher (in prep.) is a 
preliminary new annealing model that accounts for the low temperature limitations in the 
Laslett et al. (1987) model.
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Figure 3.21. Comparison of elevation distributions within the same formation across faults. 
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Dashed lines are other faults and are modified from Long et al. (1999) and Harney et al. (1996).
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Erriff fault; BF, Bangor fault; OMF, Ox Mountains Fault; GF, Glencar fault; GDF, 
Glenade fauh; BHF, Belhavel fault; LF, Laghy fault; BLF, Bameslough fault; EBF, 
Eglish-Belshade fault; AF, Aghla fault; KF, Kittyfannan fault; LNF, Leannan fault; 
GWF, Gweebarra fault.



Dalradian Lower Carboniferous Quaternary

Glencullen River Fm. Sands and rounded conglomerate (T-1) SI Sample
Briska Boulder Bed Fm. [ | Sandstone Fm. Sub-rounded supported deposits (T-2) Strath terrace

□ □  InishderryFm. □  Downpatrick Fm. inner edge

Figure 3.46. Owenmore River over bedrock, showing position of sand and gravels deposits, strath terraces and samples. 
Bedrock geology taken from Max et al. (1992).
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Figure 3.47. Owenmore River longitudinal profile. Note that strath terraces are consistently 50 m above present 
day river bed.



Plate 3.1. Owenmore river and gravel terrace up to 
12 m high located in the southern flank of the river 
valley.

Plate 3.2. Gravel terrace (T-2) in northern shore of the 
Owenmore river.

Plate 3.3. Gravel and sand terraces Plate 3.4. Stepped bedrock interpreted Plate 3.5. Strath terrace up to 6 m
often lie on bedrock. as a strath terrace. high forming cascades.
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Plate 3.6. Two generations of gravel and sand terraces (T-1 and T-2). T-1 
at the bottom is younger than T-2.

Plate 3.7. Two generations of sand and Plate 3.8. Internal sedimentary
gravel terraces (T-1 and T-2). structure of T-2, with coarse graded 

sands and gravels.

Plate 3.9. Parallel and cross lamination 
in coarse sands.



Plate 3.10. Erosive surface within sands and gravels. Plate 3.11. Clasts broken by frost shattering, previous 
to deposition.

Plate 3.12. Sub-rounded clasts and boulders, broken 
down by frost shattering after deposition.

Plate 3.13. Decalcified and weathered fossil.

Plate 3.14. Decalcified crinoid within gravel deposit.



Sample Elevation asl (m) Grid reference (Irish national grid) Sediment Pollen
SI 135 90005 321088 Clay in fiactured bedrock Organic material. No pollen.

S2 125 89937 321197 Red clay Corylus (hazel), Ericaceae (heather), Pinus (pine), 
Ulmus (elm), Alnus (alder) and grass.

S3 148 90044 321009 Turf and clay clast Ericaceae, Pinus, grass andBetula (birch).

S4 157 90130 320908 Clay on bedrock pocket Plant ftagments. No pollen.
S5 66 93818 321177 Clayish clast Betula

S6 116 89853 321270 Clay in fiactured bedrock Ericaceae, Calluna and Polipodium
S7 66 93817 321177 Clay matrix Very few plant fragments. No pollen.
S8 108 89853 321270 Clay in fiactured bedrock No pollen.

Table 3.1. Sample types and pollen content.



Chapter 4 The Cenozoic of the northeastern Irish 
Rockall Basin

4.1 Introduction

A series o f sedimentary basins lie off the northwest coast of Ireland, including the Slyne, 

Erris, Donegal and Rockall Basins (Fig. 4.1). The first three contain Upper Palaeozoic, 

Mesozoic and thin Cenozoic rocks, based on current well information. The Rockall Basin 

is the largest o f the Irish offshore basins, 250 km wide by 600 km long. Little is known 

about the history o f basin formation and deposition, due to a lack of wells drilled and the 

masking effect of Cretaceous and Palaeogene igneous sills on seismic data. The pre- 

Tertiary history of the Rockall Basin has been modelled (Shannon et al. 1999; Nadin et 

al. 1999) but remains unclear. However, it does contain a thick sequence of Cenozoic 

sediments, unlike other offshore basins around northwestern Ireland where the Cenozoic 

is thin or absent. The Irish Rockall Basin therefore has the potential to reveal information 

on the Tertiary depositional history of northwestern Ireland.

In the last few decades a number of studies have been made on the Rockall Basin crustal 

structure (Sharmon et al. 1999; O’Reilly et a l  1995; England 1995; England and Hobbs 

1997), general stratigraphy and structure (Corfield et al. 1999; Naylor et al. 1999; 

Boldreel and Andersen 1993; Waddams and Cordingley 1999; Walsh et al. 1999), basin 

development and rifting phases (Smythe 1989; Shannon et al. 1995; Musgrove and 

Mitchener 1996; Cole and Peachey 1999; Nadin et al. 1999; Shannon et al. 1999), 

volcanism (Morton et al. 1988; Wood et al. 1988; Hitchen et al. 1997; Ritchie et al. 

1999), heat flow (Green et al. 1999; Parnell et al. 1999; Clift 1999) and uplift of the basin 

margin (Hillis 1995; Nadin et al. 1999; White and Lx)vell 1997). Although a wide array 

of literature exists, the timing of rifting and age of the Rockall Basin sedimentary 

sequence is poorly known.
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The Cenozoic structural and sedimentary evolution has also been studied in the Rockall 

Basin (Masson and Kidd 1986; Sharmon et al. 1993; Howe et al. 1994; Egerton 1998; 

Armishaw et al. 1998; Holmes et al. 1998; Tate et al. 1999; Stoker 1997, 1998; Stoker et 

al. 2001; Austin 2001). With new data being released by oil exploration companies (e.g. 

wells, 2D and 3D seismic surveys), our understanding of the geometry and age of the 

Cenozoic section has improved considerably. There still is not enough well control to 

trace the base Tertiary unconformity with complete confidence across the basin.

To better understand the Cenozoic evolution of the northwestern hish continental margin, 

I have interpreted the Cenozoic seismic packages of the northeast Irish Rockall Basin 

using 2D reflection seismic lines and available wells from TotalFinaElf Exploration UK 

during the year 2000.

Section 4.2 in this chapter introduces the northwestern Irish offshore basins and 

summarises their geological histoiy. The northeast Irish Rockall Basin and Erris Basin 

are the most relevant to this study, as they are closest to northwestern Ireland, and 

therefore are studied in more detail.

Section 4.3 lists the data sets used, including seismic, well data and previous literature.

Section 4.4 describes each Cenozoic seismic package mapped and gives the ages of the 

intervening unconformities based on previous work. Offshore Cenozoic sedimentary 

depocentres and phases of progradation will be also described. This section also contains 

depth-converted and de-compacted isopach maps of these intervals.

Section 4.5 presents the Cenozoic structural history of the northeastern Rockall Basin. 

Quantification of offshore sedimentation and onshore denudation, along with modelling 

of the flexural deformation of the northwestern Irish margin, is presented in chapter 5.
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4.2 Previous work and geological history of each basin

The northwestern Irish offshore basins have been explored during the last few decades 

mainly on the basis of their hydrocarbon prospectivity. The earliest detailed description 

of the seismic stratigraphy o f the Rockall Basin were presented by Roberts (1975), 

Roberts et al. (1981), Dingle et al. (1982) and Masson and Kidd (1986) and reflectors 

were dated using deep-sea drilling project (DSDP) boreholes. Naylor and Shannon (1982) 

also presented a preliminary study of the Rockall Basin. Today, the volume of literature 

on the Rockall Basin is large, but because not many wells are drilled strictly within the 

basin many interpretations remain unclear. A recent nomenclatiire study in the Rockall 

Basin has been published by Naylor et al. (1999), which this work follows. The following 

sub-sections present a brief geological history of each of the offshore basins off 

northwestern Ireland.

4.2.1 The Rockall Basin

The Rockall Basin is a broad ?Late Palaeozoic - Mesozoic (Smythe 1989; Shannon 

1991a; Shannon et al. 1995; Shannon et al. 1999) rifit basin which lies to the northwest of 

the UK and Irish continental margins. It extends from the Wyville-Thomson Ridge in the 

north to the Charlie Gibbs Fracture Zone in the south (Fig. 4.1). To the south near the 

Charlie Gibbs Fracture Zone, the mouth of the Rockall Basin opens up into Late 

Cretaceous ocean crust (Londale and Shor 1979). Water depths in the Rockall Basin 

range from 1000 m in the northeast to 4000 m in the southwest. The Irish continental 

shelf is about 200 m deep. The basin slope lies between depths of 1000 to 2000 m, where 

major Cenozoic faults occur. The basin bathymetry is defined by these Cenozoic 

structures.

In the central and northern parts of the Rockall Basin the continuity of the basin floor is 

interrupted by the isolated bathymetric highs of the Rosemary Bank, Anton Dohm and 

Hebrides Terrace Seamounts (Fig. 4.1). The Hebrides Terrace, located within the study
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area, is part o f a major Palaeocene to early Eocene intrusive complex (Nolan et al. 1999; 

Omran 1990) and changes seabed depths from 1875 m to 1125 m.

The crust underlj/ing the Rockall Basin appears to be continental in nature, based on 

seismic refraction and wide-angle reflection profiles (Roberts et al. 1988; Makris et al. 

1991; Hauser et al. 1995; Shannon et al. 1994, 1995, 1999; O’Reilly et al. 1995, 1996, 

1998; Jacob et al. 1995; England 1995; England and Hobbs 1997). It was earlier argued 

to be oceanic (Roberts et al. 1981; Joppen and White 1990) or mixed continental/oceanic 

(Megson 1987) in nature. Figure 4.2 shows the location of regional seismic lines used by 

different authors to interpret the nature and structure of the crust. The thickness o f the 

crust underlying the adjacent basement platforms (e.g. the Irish Mainland Shelf and 

Rockall Bank)(Fig. 4.1) is typically 25-30 km (Shannon et al. 1995; Klemperer et al. 

1991). Thinly stretched continental crust lies beneath the Rockall Basin. Crustal thickness 

beneath the Rockall Basin varies from less than 6 km in the southwest (O’Reilly et al. 

1995) to over 23 km in the extreme northeast (Bott et al. 1979). The seismic character of 

the continental crust is three-layered on both sides of the Rockall Basin (upper, middle 

and lower crust) and two-layered beneath the Rockall Basin (upper and lower) (Fig. 4.3) 

(O’Reilly era/. 1995).

The basement where the sedimentary basins lie on is made o f Pre-Cambrian metamorphic 

and granite rocks. To the west of the Rockall Basin, dredged samples from the Rockall 

Bank are geochemically similar with onshore outcrops in western Ireland (Daly et al.

1995). Pre-Cambrian basement is also suggested to occur below the Rockall Basin based 

on seismic refraction properties in the RAPIDS profile (Shannon et al. 1994; O’Reilly et 

al. 1995) (Fig. 4.3).

The basement and crust are offset by major faults. The WESTLINE seismic reflection 

profile proved that the floor o f the Rockall Basin is formed by rotated blocks separated 

by mainly east-dipping faults and filled by wedges of sediment (England and Hobbs 

1997). Klemperer et a l (1991) interpreted the WIRE 1 and 3 profiles by showing the
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Great Glen fault and associated northeast trending strike-slip faults as near vertical 

structures that cut the whole crust and the upper-most mantle (Fig 4.4).

Within the Rockall Basin and above this Pre-Cambrian basement lies a sedimentary 

section. The exact age of the sedimentary section is uncertain due to the lack of wells and 

poor seismic visibility caused by flood basalts erupted in late Palaeocene and early 

Eocene (Mussett et al. 1988; Stoker et al. 1993). It was suggested by Shannon et al. 

(1995) that Late Palaeozoic, Mesozoic and Cenozoic rocks occur in the Rockall Basin 

(Fig. 4.3), based on the considerable thickness of sediments, seismic properties and the 

occurrence o f the same sediments in the adjacent basins such as the Slyne, Erris and 

Donegal Basins. Shannon et al. (1995) and Smythe (1989) suggested a rifting event as 

early as Late Carboniferous. Later Permo-Triassic, Late Jurassic (Shannon et al. 1999) 

and Late Lower Cretaceous (Musgrove and Mitchener 1996) are the most likely ages for 

rifting in the Rockall Basin based on seismic interpretation and basin modelling.

Faults on this margin dominantly trend northeast, north, northwest and east (Fig. 4.5);

(1) Northeast-trending elongated fault blocks down-throw to the northwest (e.g. Erris 

High), occur in the eastern part of the Rockall Basin. In the northeastern Irish Rockall 

Basin, most of these faults were active during Mesozoic-Cenozoic extension.

(2) North-trending faults are common in the northern Rockall Basin, and Waddams 

and Cordingley (1999) suggested that these faults were active during Jurassic rifting. 

Mapping of north trending structures between the Hebrides Seamount and the 

Donegal Basin section has shown the margin of the Rockall Basin to be structurally 

elevated in the area (Nolan and Wilson 1999).

(3) Northwest-trending transfer faults or lineaments segment Mesozoic and Cenozoic 

basins along the northeastern Atlantic margin. These include the Wyville-Thomson 

Ridge, the Ness Fauk Zone and the Anton Dohm Transfer Lineament (Tate et a l 

1999, Dore et al. 1999). These lineaments are either parallel or continuous with 

fracture zones in the Atlantic seafloor.
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(4) East to northeast-trending lineaments dissect the basin margin and basement highs 

within the Rockall Basin. The northeast-trend of the main basin boundary fault 

swings to an east trend towards the south. This swing can also be observed onshore in 

the Clew Bay fault.

The eastern margin of the Rockall Basin is comprised of numerous discrete sub-basins 

40-100 km in length and 10-30 km in width (Fig. 4.5). Carboniferous basin formation 

was followed by Permo-Triassic rifting in the Erris, Donegal and possibly Rockall 

Basins. Permo-Triassic asymmetrical half grabens are present in the Slyne, Erris and 

Donegal Basins (Fig. 4.5).

4.2.2 The Slyne Basin

The Slyne Basin is a north-northeast trending asymmetrical half-graben located on the 

Irish Shelf, west of County Mayo (Fig. 4.5). The Slyne Basin is bounded to the west and 

southwest by the Slyne High and passes to the north into the en echelon Erris Basin, 

partially connected westwards to the Rockall Basin.

The Slyne Basin contains Carboniferous, Permo-Triassic strata (wells 18/20-1 and 27/5- 

1) (Dancer et al. 1999) and a 2.5 km section of Jurassic (well 27/13-1) unconformably 

overlain by thin Cretaceous to Quaternary sediments. A major rifting episode occurred 

during the Middle Jurassic (Dancer et al. 1999). Inversion after the Middle Jurassic may 

have removed up to 1.2 km of sediments based on thermal chronological data 

(Scotchman & Thomas 1995).

The Slyne Basin is controlled by a down to the east fault along its western margin (Fig. 

4.5). The Slyne Basin is separated from the Erris Basin to the north by the Great Glen 

Fault (Trueblood and Morton 1991; Trueblood 1992) (Fig. 2.1).
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4.2.3 The Erris Basin

The Erris Basin is a narrow, elongate. Late Palaeozoic-Mesozoic half-graben located in 

northwestern offshore Ireland, between the Rockall Basin and the Irish Mainland Shelf 

(Fig. 4.5). The Erris Basin trends northeast and is separated from the Rockall Basin by 

the fault-bounded Erris High to the west. The Erris High or Ridge is a relatively narrow 

(5-7 km) elongate, intermittent feature, for approximately 150 km made of Palaeozoic or 

older rocks and forms a horst bounded by two faults active during Cenozoic times 

(Curmingham and Shannon 1997). The Erris Basin is situated above a zone of transitional 

crust, separating a crustal thickness of -30 km on the Irish Shelf from the thinly stretched 

continental crust of the Rockall Basin (~8 km) (Shannon et al. 1999).

Two wells, 12/13-la and 19/15-1, were drilled in the Erris Basin and proved 

Carboniferous, Permo-Triassic, Lower-Middle Jurassic and Cretaceous sediments 

beneath a thin Tertiary cover. The Erris and Donegal Basins contain approximately 2.5 

km of Carboniferous rocks (Robeson et al. 1988).

The Erris Basin has been divided by Chapman et al. (1999) into sub-basins separated by 

diffuse transfer faults. Rifting events have been proposed for the Carboniferous, Permo- 

Triassic, Middle-Late Jurassic and Late Early Cretaceous (Chapman et al. 1999).

4.2.4 The Donegal Basin

The east-northeast-trending Donegal Basin lies offshore northwestern Ireland (Fig. 4.5). 

The basin is surrounded by Pre-Cambrian basement.

Well 13/3-1 penetrated Carboniferous sediments, overiain unconformably by thin 

Miocene and Piio-Pleistocene sediments. The Carboniferous succession is comparable to 

exposures in onshore freland (Robeson et al. 1988). Maturity levels in well 13/3-1 may 

indicate 2-3 km of post-Westphalian D section removed (Robeson et al. 1988), implying
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the Donegal Basin underwent major denudation in post-Carboniferous time. Based on 

seismic interpretation, Mesozoic sediments may also occur in part of the basin.

A northeast-trending south-dipping fault divides the Donegal Basin into the Main 

Donegal Basin and the South Donegal Basin. Seismic interpretation indicates a dextral 

strike-slip movement on northeast-trending faults (Dobson and Whittington 1992).

4.3 Data and methods

The study area was defined by available seismic and well data, and is contained within 

coordinates 56° 40’ N to 54° 40’ N and 9° 00’ W to 12° 00’ W (Fig. 4.5). Exploration well 

data from each of the basins is given in Table 4.1. The stratigraphy of each well has been 

summarised from the composite well logs (Fig 4.6). Data from four exploration wells in 

the eastern Rockall Basin and northwestern Ireland indicate a range of sedimentary 

lithologies and thicknesses along the margin from Archean to Carboniferous to 

lowermost Jurassic, with locally thick Cretaceous submarine sediments, Tertiary marine 

strata (Murphy and Croker 1992) and Quaternary sediments. While these four exploration 

wells represent the primary control on sedimentary facies and age in this study, other 

shallower wells and boreholes in the Rockall Basin region were also used for age and 

lithological calibration (Table 4.2). Jakovides (2000) reviewed the biostratigraphy of 

wells 132/15-1, 12/13-la and shallow British Geological Survey (BGS) boreholes, using 

palynology, nannopalaeontology and micropalaeontology.

Well 132/15-1 drilled a total of 2830 m of Cenozoic sediments lying on Cretaceous and 

granitic basement (Fig. 4.6) (Musgrove and Mitchener 1996). It is the only well available 

today drilled strictly in the Rockall Basin and is therefore extremely valuable for dating 

Cenozoic basin-wide seismic reflections. The other wells, 12/13-la, 13/3-1 and 19/5-1 

(Fig. 4.6), were drilled in the Brris and Donegal Basins, and in each the Cenozoic section 

is thinner, with a maximum of 500 m. Well 12/13-la, drilled in the Erris Basin, contains 

Eocene and thin Palaeocene sections lying on Cretaceous sediments. Well 19/5-1, also in 

the Erris Basin, has a thin Neogene sequence lying unconformably on Jurassic rocks.
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Well 13/3-1, drilled in the Donegal Basin, has a thin Tertiary section lying 

unconformably on Carboniferous sediments.

A network of 2D reflection seismic lines crossing the eastern Rockall, Erris and Donegal 

basins (Fig. 4.7) allowed the interpretation of five different Cenozoic packages (Fig. 

4.8a). The names of the seismic surveys are listed in Table 4.3. The seismic lines were 

available in digital format and were analysed on a Sun Solaris workstation using the 

Landmark Seisworks 2D and EarthVision software. Cenozoic unconformities (Fig. 4.9) 

were digitally mapped over a period of one month at the TotalFinaElf offices in 

Aberdeen. Five different surfaces were interpreted and transformed into grids as isochron 

maps in TWT. Each of these surfaces was used for further analysis such as depth 

conversion, decompaction and flexural modelling.

Exploration wells and boreholes have been used to calibrate the different surfaces on the 

seismic lines, (e.g., base Tertiary) allowing extrapolation of the given information to the 

rest o f the basin (Fig. 4.7). The seismic interpretation was done both (1) by following a 

reflection originally taken from the seismogram of the well and, followed along the 

seismic line based on its reflectivity properties and, (2) by its unconformity nature either 

by onlap, downlap, truncation or reflection termination (Fig. 4.9).

The Rockall Basin changes trend from north to northeast at 55° 40’ N (Fig. 4.7). North of 

this latitude available seismic lines are spaced from 1 to 3 km apart, and with well 

132/15-1 allowing good Tertiary calibration. To the south, the spacing is much larger, 

ranging from 3 to 9 km, and no wells are drilled strictly in the basin. The seismic 

interpretation of unconformities in the north is therefore better calibrated in terms of 

wells and seismic resolution than in the central and southern portions of the study area, 

and this must be considered during the interpretation of the maps from the seismic. 

Isopach maps were constructed by subtracting the oldest surface to the youngest.

Velocity information from wells 132/15-1, 12/13-la and 19/5-1 were used to convert 

seismic travel times to depth. Published biostratigraphic data were used to constrain the
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age of the seismic sequences. Porosity dats from well 132/15-1 were used to decompact 

both the well and the rest of the basin. Accumulation rates were estimated from 
decompacted isopachs.

4.4 Cenozoic stratigraphy

4.4.1 Introduction

Cenozoic sediments and regional unconformities are widely recognised throughout the 

western Irish offshore basins including the Porcupine Basin (Tate 1993; Naylor and 

Anstey 1987), Slyne Basin (Dancer et al. 1999), Erris Basin (Chapman et al. 1999) and 

Rockall Basin (Stoker et al. 2001; Austin 2001). In onshore northwestern Ireland and the 

Irish Shelf little or no Tertiary sediment is preserved. Therefore the western offshore 

basins provide a window into the Cenozoic history of Ireland. A generalised cross section 

from northwestern Ireland to central Rockall Basin shows (Fig. 4.8b), in succession, 

Dalradian, Carboniferous, Mesozoic and Cenozoic rocks at or near the surface. 

Decreasing age from east to west indicates, a long-term denudation of onshore Ireland 

and accumulation of the eroded sediment into the offshore basins. Decreasing elevation 

from east to west might also indicate recent surface uplift in Ireland and subsidence in the 

Rockall Basin.

In this section I present basin unconformities interpreted from the seismic across the 

offshore basin and up the eastern margin slopes onto the Irish Shelf. I describe the 

seismic facies of the five seismic Cenozoic packages, which are bounded by 

imconformities or conformable high amplitude reflections. Isochron maps of the seismic 

are presented in milliseconds TWT and compacted and decompacted isopach maps are 

shown in metres. These were calculated to quantify the amount and the rate of sediment 

accumulation in the offshore basins.

The Rockall Basin has a very thick Cenozoic sedimentary section and regional seismic 

correlation of intra-Tertiary reflections and unconformities interpreted by previous
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authors has established a reliable seismic stratigraphy for the Cenozoic sequence in the 

Rockall Basin (Table 4.4). Stoker et al. (2001) dated three Upper Cenozoic packages and 

unconformities based on nannoplankton evidence taken from several shallow boreholes 

from the western and northern Rockall Basin. Shannon et al. (1993) described the seismic 

facies o f each Tertiary package and dated basin reflections based on shallow DSDP 

(deep-sea drilling project) boreholes drilled in the southern Rockall Basin, Hatton 

Rockall Basin and Rockall Bank (Naylor and Shannon 1982; Masson and Kidd 1986). 

Corfield et al. (1999) based their seismic interpretation on wells 163/6-1A and 132/15-1 

drilled in the UK sector of the northeast Rockall Basin. This study uses base Palaeocene, 

base Eocene and upper Eocene tied by well data and the last three seismic packages have 

been dated using Stoker et al. (2001) interpretations.

4.4.2 Seismic interpretation

Seismic stratigraphic interpretation is based on the identification and correlation of 

seismic unconformities separating and bounding packages with relatively different 

seismic signatures (Mitchum and Vail 1977; Vail 1987; Emery and Myers 1996). These 

seismic unconformities are marked by reflection terminations (onlap, downlap and 

toplap), by differences in the amplitude and frequency spectra of the adjoining packages, 

and often by regional continuous reflections.

For this study, the seismic interpretation was done using digital 2D seismic surveys with 

a line spacing ranging between 1 and 10 km (Fig. 4.7, Table 4.3). Five regional Cenozoic 

unconformities are recognised in this study: base Palaeocene, base Eocene, and three 

post-late Eocene surfaces (Fig. 4.9). These surfaces are defined by unconformities or 

sometimes by a high amplitude reflection. The nature and timing of erosional events after 

the late Eocene are poorly constrained due to the lack of wells and uncertainties in the 

seismic interpretations of complex continental slope stratigraphy. This problem has been 

recognised by Stoker et al (2001), Corfield et al. (1999) and Egerton et al. (1999). This 

work combines evidence from previous work (Table 4.4) with well data to suggest ages 

for the five different packages mapped. Despite a limited dataset, a seismic interpretation
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of the Cenozoic section in the Rockall Basin, and a depth conversion and decompaction 

were done in this study using all available information (Tables 4.1 and 4.3). However it 

must be stressed that, in the absence of good well control in the Rockall Basin, the ages 

assigned to the regional unconformities mapped in this study are prelim inary

In this work, despite limited data, it was possible to assign ages to the Rockall Basin 

Cenozoic unconformities that were both internally consistent with the limited well data 

and seismic lines, and within the schemes of other workers.

Well 132/15-1, the only well in the Rockall Basin sensu stricto, penetrated 2830 m of 

Cenozoic sediments and provides the best control for the base Palaeocene and base 

Eocene unconformities (Fig. 4.6). Well 132/15-1 began recovering samples in middle to 

upper Eocene sediments very close to a regional unconformity seen on seismic reflection 

lines tied to the well, and which is inferred to be upper Eocene in age. Well 12/13-la, on 

the basin margin drilled a thin Palaeocene section and 167 m of Eocene mudstones (Fig. 

4.6). The basin margin Eocene from well 12/13-la cannot be easily correlated to the 

Rockall Basin due to its margin location, but the low amplitude seismic facies o f this 

package can arguably be correlated with similar low amplitude facies down into the 

basin.

Shallow boreholes drilled by the British Geological Survey in the western and eastern 

margins of the Rockall Basin penetrated an upper Cenozoic sequence described by Stoker 

et al. (2001). Correlation across regional lines in the basin (e.g. lines NA-15 and 

WRM96-103) is important in order to assign ages to the mapped unconformities in the 

eastern Rockall Basin. By seismic stratigraphic correlation, Stoker et al. (2001) inferred 

ages for the three youngest unconformities in the Rockall Basin as upper Eocene, early- 

middle Miocene and early Pliocene, which they named C30, C20 and CIO respectively 

(Table 4.4). These ages are also used in this study.

Regional seismic lines such as WRM96-103 (see Fig. 4.10 for location) cross the Rockall 

Basin and were used to correlate western unconformities dated by borehole sediments
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from other studies with the northeast Irish Rockall Basin reflections picked in this study. 

Line WRM96-103 shows the best possible picks for top upper Cretaceous, top Balder 

Formation (base Eocene), Reflection C (upper Eocene) and a reflection B (upper Eocene- 

middle Miocene) (BGS-Geoteam 1996). These interpretations were combined with the 

Cenozoic reflections of Stoker et al. (2001) and together form the best available control 

for dating Cenozoic unconformities. Regional lines NA-15 and NA-25 (see Fig. 4.10 for 

location) were also used for correlation of regional reflections across the basin.

Once five different surface reflections were mapped and preliminary ages assigned, 

isochron maps were built for the Palaeocene, Eocene, Oligocene, Miocene and Plio- 

Pleistocene packages. This was done importing the line picks from Seisworks into 

EarthVision and interpolating the scattered point data from the seismic lines into 2D 

minimum tension grids. The calculation did not extrapolate outside data areas. Distance 

between seismic lines vary from less than 1 km in the north to up to 10 km in the south of 

the study area (Fig. 4.7). Grid spacing was chosen to be 1 km in order not to lose 

resolution in areas where the seismic network is dense although errors might be 

introduced where the seismic network is coarse. These errors must be considered when 

interpreting the isochron and isopach maps, in particular for the southern part of the study 

area.

The study area is divided in Quads, with numbers that vary from UK to Irish waters (Fig. 

4.10). During description of different sedimentary packages and structures mention will 

be given to these Quads, as a coarse geographical reference.

4.4.3 The Cenozoic section

The Cenozoic isochron map (Fig. 4.11) was constructed subtracting base Tertiary to 

seabed. The Cenozoic isochron shows maximum thickness of sediments in the north of 

the study area (<2506 ms), minimum in the south (<1400 ms) and an eroded Cenozoic 

section at the basin margin (<600 ms). The Cenozoic succession in the Rockall Basin is 

conformable in the basin centre and thins unconformably (through both onlap and
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downlap) onto the basin margins over about 30 km of horizontal distance (Fig. 4.11). The 

basin margin contains a thin Tertiary section that pinches out towards Ireland, and a 

continuous Quaternary layer is present across the basin and shelf. Cenozoic sediments 

thins towards the east, suggesting surface uplift o f the eastern margin of the Rockall 

Basin (Fig. 4.8b).

Tertiary relative uplift in Britain and Ireland (Roberts 1989; Brodie and White 1995; 

Rowley and White 1998) and a period of Tertiary exhumation in Ireland (Allen et al. in 

press; Green et al. 2000) provide provenance sources for this Cenozoic section. Thermal 

subsidence following the Aptian-Albian rift phase was active during the Cenozoic and, 

along with loading of Tertiary sediments and Palaeogene intrusives, may have enhanced 

the generation of accommodation space in the basin.

4.4.4 Base Palaeocene and Palaeocene section

4.4.4.1 Characteristics o f  the unconformity and geology

The base Palaeocene is directly observed in well 132/15-1 (Fig. 4.6) and from there it is 

possible to trace it using seismic stratigraphic techniques ftirther south into Quad. 5 and 

north o f Quad. 12, where the seismic coverage is good. Towards the basin margin the 

base Palaeocene becomes unconformable and is seen onlapping onto Pre-Cambrian, 

Carboniferous or Mesozoic basement. The presence of Palaeocene and Eocene intrusives 

in the overlying section makes the base Palaeocene sometimes difficult to pick.

The base Palaeocene is characterised by an upwards increase in seismic velocity, from 

low velocity Upper Cretaceous rocks to the high amplitude Palaeocene section. 

Correlation with well 132/15-1 shows that the Upper Cretaceous rocks are mostly 

mudstones, whereas the lower Palaeocene includes basalts, turbiditic sandstones, deep 

marine mudstones and thin limestones with higher velocities. A local intra-Palaeocene 

unconformity is recognised on some o f the lines south of Quad. 5 (Fig. 4.9). The intra- 

Palaeocene unconformity was ignored in this work, because it is not regional and.
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because o f the lack of time to do the interpretation. The upper Palaeocene section 

contains thin sand units within a shaly succession. Thus the Palaeocene coarsens 

upwards, suggesting a shallowing event. Well 12/13-la has 71 m of Palaeocene 

mudstones with some siltstones, showing that at the margin the Palaeocene is generally 

thin or missing as shown in some marginal seismic lines. Shallow BGS drilling on the 

Erris Ridge shows Palaeogene volcaniclastics and shell fragments (Stoker et al. 1999; 

Haughton 2000).

4.4.4.2 Seismic facies

The high amplitude seismic response seen in the Palaeocene sequence is caused mainly 

by Palaeocene to Eocene igneous sills and dykes, recognised on the seismic lines by 

characteristic discontinuous plate-shaped reflections, hitervals of thin limestones in the 

lower Palaeocene and some local sandstones in the upper Palaeocene are also responsible 

for the increased reflectivity (e.g.. Fig. 4.35).

4.4.4.3 Isochron map description

The Palaeocene sequence is thickest in the north, with a maximum thickness of 1450 ms, 

and thins to the south and east (Fig. 4.12). A major depocentre surrounds the Hebrides 

Seamount, which was being constructed at this time as an active volcanic centre (Nolan 

et al. 1999; Omran 1990) and probably provided a local source of volcaniclastic material. 

A smaller depocentre is also seen in the south, possibly with a sedimentary source in 

Ireland. Palaeocene normal faults are common throughout the northwestern Irish margin. 

However, no normal faults have been found on the seismic lines adjacent to the southern 

depocentre, suggesting that deposition is not fault controlled (Fig. 4.12). Where the 

eastern basin margin fault was active, the isochron thickness is less than it is along the 

segment of the margin that shows no evidence of Palaeocene fault activity.
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4.4.4.4 Seismic characteristics in different parts o f  the study area

In Quad. 5, particularly on line 0597-68b (see Fig. 4.10 for location) the Palaeocene is 

conformable with, or onlaps onto. Upper Cretaceous sediments. The Palaeocene lies on 

Lower Cretaceous or older faulted blocks tilted 45° to the west. The Palaeocene sequence 

generally onlaps onto faulted blocks Mesozoic or Pre-Cambrian in age. Some of these 

Mesozoic and older structures were reactivated in the Palaeocene as normal faults.

Line NWI93-110, to the south of the study area in Quad. 19, shows Palaeocene beds 

onlapping onto the base Tertiary unconformity without being displaced by a single 

normal fault. Underlying faulted blocks of pre-Tertiary rocks show strata tilted 45° to the 

southeast; pre-Tertiary strata are truncated by the base Tertiary unconformity, indicating 

significant erosion of the fault-block topography.

In Quad. 18, the Palaeocene again onlaps onto faulted blocks where the base Palaeocene 

is normally offset. At the margin (e.g. line NWI91-102) Palaeocene beds are parallel to 

basement and are tilted 30° to the northwest, towards the basin. East of the margin, 

Palaeocene sediments are eroded and toplap against the seabed, suggesting tilt after 

deposition. Younger sediments, perhaps Plio-Pleistocene (by correlation with well 19/5- 

1), lie above an Eocene progradation sequence and dip northwest at 10°. This implies a 

post-Palaeocene, pre-Pliocene tilting of the margin to the northwest by approximately 

20°.

4.4.4.5 Interpretation

Evidence from seismic interpretation suggests that Palaeocene sedimentation in the 

eastern Rockall Basin occurred as onlapping infill, rather than in the form of 

progradational wedges. This suggests rapid and ongoing basin subsidence in order to 

create sufficient accommodation. Unlike the northeastern Rockall Basin, where late 

Palaeocene progradation is widely recognised in offshore basins east o f Britain (Clarke 

1999; Underhill 1991) and in the Porcupine Basin (Naylor and Anstey 1987). This
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difference might be explained by differences of sizes in drainage basins. A small drainage 

basin west of Scotland and northwest of freland, perhaps not too different to the present 

day, provided less sediment during late Palaeocene. A bigger drainage basin east of 

Britain and southern Ireland would explain extensive sedimentation and progradation in 

the North Sea and the Porcupine Basin during the Palaeocene.

4.4.4.6 Summary

• A  base Palaeocene unconformity is recognised in the northeastern meirgin o f the 

Irish Rockall Basin.

• Palaeocene mudstones, sandstones and limestones onlap onto the basin margin.

• Two major sedimentary depocentres have been recognised in the south and north 

o f the study area (Fig. 4.12).

• The eastern basin margin of the Rockall Basin is faulted intermittently (in space) 

with maximum normal offset at base Palaeocene and diminishing throughout the 

Palaeogene.

• Palaeocene normal faulting and Palaeocene sedimentary depocentres do not 

correlate well. This suggests mechanisms such as flexural uplift, rather than local 

fault uplift, to create a sedimentary source.

4.4.5 Base Eocene unconformity and Eocene section

4.4.5.1 Characteristics o f the unconformity and geology

The base Eocene unconformity is visible in wells 132/15-1 and 12/13-la. lower Eocene 

reflections are observed to downlap onto the base Eocene unconformity in Quads. 5 and 

19 (e.g. lines TRHP016, INROCK96-12, Fig. 4.10) and they become conformable 

towards the basin centre (e.g., lines GER96-50, GER96-37). North of the study area, in 

the UK sector o f the Rockall Basin, wells 164/25-1 and 164/25-2 show a similar 

depositional hiatus in the early Eocene (Egerton 1998). This \mconformity is of regional
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character and appears to be synchronous with the opening of the North Atlantic and onset 

of a ridge push dominated stress regime (Dore et al. 1999).

Well 132/15-1 drilled a sequence of Eocene sandstones, siltstones, shales and intrusives 

in the basin, while well 12/13-la drilled siltstones and shales in the Erris Basin.

4.4.5.2 Seismic facies

The Eocene has a general low amplitude facies, with the exception of local high 

amplitude intrusives and high velocity sand units downlapping towards the basin 

suggesting a progradation of unknown envirormient (Fig. 4.14). Low amplitude 

reflections sometimes lose reflectivity and the internal structure of the Eocene is hard to 

pick. In the basin slope the structure is commonly chaotic.

4.4.53 Isochron map description

The Eocene sequence is widely present in the Rockall Basin, with maximum thickness of 

1101 ms in the northeast, a minimum of 389 ms in the south and, a discontinuous cover 

of <300 ms on the Erris Basin (Fig. 4.13). Maximum deposition occurs in the northern 

part of the study area, particularly where the basin changes trend from northeast to north. 

Along the basin margin, seismic lines trending northeast, parallel to the basin margin, 

show highly variable thicknesses of Eocene sediments above the Palaeocene section (Fig. 

4.13). The Eocene thins rapidly to the east on the present day continental shelf, where 

basement is now mantled only by thin Plio-Pleistocene sediments.

4.4.5.4 Seismic characteristics in different parts o f the study area

In Quad. 5, where well control is given by 132/15-1, a local top-lower Eocene 

unconformity separates lower Eocene sand-rich section from middle to upper Eocene 

mudstones. The lower Eocene section contains high amplitude reflections, probably sands 

and volcanics. The middle and upper Eocene is dominated by low amplitude reflections,
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consisting mainly of thick mudstones. These mudstones commonly contain undulating 

subhorizontal structures that are interpreted as post-depositional gravitational detachment 

surfaces created in wet and muddy sediment. On the basin slopes the internal structure of 

the Eocene section is not visible or is chaotic, possibly due to gravitational processes.

Within the basin, Eocene beds are downlapping or conformable. In Quad. 5 high 

amplitude reflections are observed to downlap to the southwest (Fig. 4.14) (e.g., lines 

INROCK96-12, SRT-96-228, GER96-52) or to the northwest (e.g., lines NWI93-124, 

NWI93-226), implying both northeast and southeast sedimentary sources (Fig. 4.15). 

These reflections are interpreted as prograding sand-dominated fans based on their 

geometry in the seismic sections. The interpretation is supported by the composite log in 

well 132/15-1, which shows sand bodies in the lower Eocene and an upward increase in 

sandstone content (Fig. 4.6). These data suggest a relative basin shallowing event starting 

at the end of the Palaeocene and finishing in the early Eocene. The middle and upper 

Eocene is dominated by mudstones, implying that the basin began deepening after early 

Eocene time and sand input decreased.

In Quad. 12, the Eocene is more chaotic and lacks internal structure, possibly due to 

gravitational processes. Around well 12/13-la, a progradation of unknown environment 

is seen in the basin margin. Dovm in the basin the Eocene seismic facies lacks structure 

but presents the same low amplitude signature observed in the seismic facies of the 

marginal Eocene sediments. Therefore, the Eocene section in this area is only tentatively 

correlated from margin to basin. However, correlation of base Eocene unconformity from 

well 132/15-1 in Quad. 132 to Quad. 12 indicates a similar position for the base Eocene 

unconformity.

The lower Eocene downlap or progradation of unkown enviroment along the margin is 

also seen in Quads. 18 and 19 (Fig. 4.15). The Eocene was more intensively eroded in 

Quad. 19 (e.g., lines NWI91-104, GER96-37 and NWI91-106), although the line NWI91- 

108 again shows local marginal progradation (Fig. 4.15). The best examples of this 

progradation are found in Quad. 18 (e.g., lines NWI91-101 and NWI91-102). High-
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amplitude reflections downlap onto the base Eocene unconformity. Younger lower 

amplitude reflections dip at a steeper angle. This suggests that basin slope may have 

steepened during late Palaeocene to early Eocene times, possibly suggesting marginal 

surface uplift. This progradation is situated above a major base Palaeocene and base 

Eocene normal fault that offsets both base Palaeocene and base Eocene unconformities 

(Fig. 4.13, 4.15).

4.4.5.5 Interpretation

Sand progradation of unknown environment was interpreted from the seismic and located 

near the basin slope, suggesting a sedimentary source coming from the southeast and east 

of the basin, possibly from Ireland.

Like in the Palaeocene, early Eocene normal faulting does not have a big effect on 

changes in sedimentary thickness, with the exception of a northeast-trending fault in 

Quad. 19. Here again other mechanisms, rather than fault uplift, such as flexural uplift 

might explain sedimentary thickness changes.

Before the middle-late Eocene there is no evidence for deep-water circulation within the 

UK sector of the Rockall Basin (Egerton 1998), consistent with the relatively shallow 

setting inferred in this study. In the Porcupine Seabight basin, offshore western Ireland, 

Tate (1993) concluded that regressive-transgressive cyclicity occurred throughout the 

early Palaeogene with a major transgressive episode induced by renewed extension in the 

late middle-Eocene. This event promoted a change in the style and depth of 

sedimentation in the basin, which has continued until the present (Tate, 1993).

4.4.5.6 Summary

• Early Eocene sand progradation of unknown enviroimient was common in the 

northeastern Irish Rockall Basin and the sedimentary source was coming from the 

east and probably from Ireland, as well as Scotland (Fig. 4.15).
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• Maximum Eocene deposition occurs where the margin changes trend from 
northeast to north.

• There is no clear relationship between mapped early Eocene normal faults and 

progradational packages, which indicates that sedimentary source is not related to 

fault activity.

4.4.6 Post-late Eocene unconformity and ?01igocene section 

4.4.6.1 Characteristics o f the unconformity and geology

The post-late Eocene unconformity is a markedly angular boundary and is commonly 

onlapped by middle to Upper Cenozoic drift deposits along both eastern and western 

margins of the Rockall Basin. The unconformity erodes upper Eocene sediments, eind 

post-upper Eocene sediments onlap onto it (yellow unconformity in Fig. 4.9). Well 

132/15-1 only began recovering samples in upper Eocene sediments, just below the 

unconformity, which is seen on seismic lines tied to the well. Stoker et al. (2001) mapped 

this unconformity and denoted it as C30; he assigned it an age of late Eocene, based on 

calcareous nannoplankton in BGS borehole 94/1 drilled in the western margin o f the 

Rockall Basin (Stoker 1997). This borehole penetrated the unconformity and recovered 

shallow marine mudstones and sandstones of late Eocene age, with upper Eocene deep 

marine limestones resting on top of the unconformity. This suggests a rapid subsidence 

event. Rapid subsidence is also apparent from the change in geometry of the pre- and 

post-unconformity sequences, corresponding to a change from shelf-margin to basin infill 

to a predominantly ponded-basin infill (e.g.. Fig. 4.32). Other evidence for substantial 

late Eocene subsidence is provided by BGS short core 57-12/18, which proved middle to 

upper Eocene near-shore conglomerate from the top of Anton Dohm Seamount at a 

present water depth of 705 m (Stoker et al. 2001). Rocks of similar age have also been 

proven by BGS boreholes 94/2 and 94/3 on the Rockall Bank, and 94/7 on the George 

Bligh Bank, where the unconformity surface occurs at or near the sea bed (Stoker 2001), 

and in well 164/25-2 on the northeast flank of the basin (Egerton 1998).
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In this study, regional mapping and correlation of this late Eocene unconformity was 

done following line GER96-50 (Fig. 4.10) from Quad. 5 to the southwest (basin centre) 

along lines NA-15, NA-25 and WRM96-103. Well 132/15-1 was linked to well 12/13-lA 

using lines INROCK96-12, WM-90-394A, GER96-09 and NWI93-183 (Fig. 4.10).

Stoker (1998) described an upper Eocene to lower Miocene package (megasequence 

RTc) as predominantly deep marine contourites preserved as mounded, elongate, and 

broad, sheeted, sediment drifts with associated sediment waves. The package is seen in 

the form of slope apron bodies, with internal deformation possibly caused by slide/debris 

flow (Stoker et al. 2001).

4.4.6.2 Seismic facies

The late Eocene unconformity is marked by a high amplitude reflection, sometimes offset 

by small faults (Fig. 4.32). The upper unconformity is marked also by a high amplitude 

reflection but of less intensity than the late Eocene unconformity. Low amplitude 

reflections are characteristic of the ?01igocene section, although the reflections are 

sometimes continuous and easier to follow across than in the upper Eocene section.

4.4.6.3 Isochron map description

The upper Eocene to lower Miocene succession from Stoker et al. (2001) is here 

presented as ?01igocene. The ?01igocene isochron map (Fig. 4.16) shows small local 

sediment depocentres adjacent to and downslope o f the basin margin in Quad. 11 and 

south o f Quad. 5, suggesting local sediment input from the Irish Shelf and Mainland 

during post-late Eocene time.

4.4.6.4 Seismic characteristics in different parts o f the study area

A Post-late Eocene progradation of unknown environment in Quads. 18, 19 and 11 

appears to have been sourced from the southeast (Fig. 4.15). Two sets o f prograding
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sigmoidal clinoforms are locally identified, one on top of the other (e.g., line GER96-24). 

Progradation extends up to 6 km away from the basin slope, at which point the reflections 

are parallel to the late Eocene unconformity and are locally eroded by a later (?early 

Miocene) unconformity (e.g., line GER96-36). In the northern parts of the study area, this 

post-late Eocene progradation is not visible. Some beds downlaping onto the late Eocene 

unconformity are seen in INROCK96-12 (Quad. 5), but low amplitude reflections are 

mainly observed to onlap onto the late Eocene unconformity.

4.4.6.5 Interpretation

Sea level was rising at this time (Haq et al. 1987). Basin deepening began in middle to 

late Eocene time possibly accentuated by basin thermal subsidence after Cretaceous and 

Early Tertiary extension. Progradation suggests an increase in sediment input from the 

east, possibly from Ireland, during post-late Eocene (possibly Oligocene) time.

A widespread post-late Eocene unconformity was followed by a marked change in 

sedimentation style. These events have been attributed to submarine erosion by deep- 

water bottom currents (Miller 1982) following a major phase o f subsidence (Stoker 1998) 

and mark the onset of bottom current activity in the Rockall Basin. Simultaneously, there 

was significant lateral migration of sediment by upslope accretion onto the flanks o f the 

basin, including the construction of the Feni Ridge on the western side of the Rockall 

Basin (Stoker 1998).

The origin of this unconformity may be a combination of the following events: (1) basin 

subsidence that led to the deposition o f deep marine sediments (Stoker et al. 2001), (2) 

regional uplift and Oligocene-Miocene compression (O’Driscoll et al. 1995), (3) changes 

in the intra-plate stress regime across the margin, possibly triggered by regional tectonic 

events postdating the early Eocene (Dore et al. 1999). In addition, a major reorganization 

o f spreading rate and direction occurred in the North Atlantic during this time, possibly 

caused by the cessation of sea-floor spreading in the Labrador Sea (Nunns 1983; Hinz et
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al. 1993). The timing o f the post-late Eocene subsidence was broadly coeval with the 

culmination of the Pyrenean Orogeny to the southeast (Knott et al. 1993).

4.4.6.6 Summary

• The low reflectivity of Post-late Eocene sediments indicate a lithology rich in 

mudstones.

• Reflections generally onlap onto the basin margin, following the already 

recognised rise on sea-level or/and basin subsidence.

• A small progradation event of unknown environment is seen off west of Ireland.

4.4.7 ?Lower Miocene unconformity and ?Miocene section 

4.4.7.1 Characteristics o f  the unconformity and geology

A second post-late Eocene unconformity is located on top of the ?01igocene section 

described above (section 4.4.6). Overlying beds onlap onto this unconformity on the 

basin slope, but become conformable towards the basin centre. In Quad. 5, the lower 

Miocene unconformity is visible south of well 132/15-1 (Fig. 4.9). It lies above sediments 

of presumed Oligocene age, although there are no wells to directly constrain the age in 

the overljang sequence. The reflection can be traced in line WRM96-103 across the basin 

from east to west. This unconformity is correlated with reflection C20 of Stoker et al. 

(2001), who dated it as lower Miocene in age based on BGS borehole 94/1 at the western 

margin of the Rockall Basin (Table 4.4). A seismic sequence was mapped between this 

presumed ?lower Miocene unconformity and a lower Pliocene unconformity. The age of 

the latter is based on available wells and boreholes on the Irish margin and corresponds to 

C 10 o f Stoker et a l (2001).

Reflections in the sediments above the ?lower Miocene unconformity have low amplitude 

suggesting a lithology rich in mudstones and poor in sandstones. In the south o f the study 

area, the ?lower Miocene unconformity and ?01igocene slope sediments downlap onto
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the late Eocene unconfonnity. Basinal reflections of presumed Miocene age onlap onto 

the ?lower Miocene unconformity (e.g., lines NA-15 and GER96-50). In some lines (e.g., 

WRM96-103A) no downlap or onlap is seen and reflections are uninterrupted so the 

?01igocene and ?Miocene sequences cannot be distinguished.

4.4.7.2 Isochron map description

The thickness o f this possibly ?Miocene package is shown in Figure 4.17. Thickness in 

the north of the study area range between 0 to 200 ms and increase to generally 400 ms 

towards the southwest. Reflections onlap onto the ?lower Miocene surface and this 

package can be visualised as a sedimentary wedge pinching out northeastwards (Fig. 

4.17).

4.4.7.3 Seismic facies

The internal reflection of the ?Miocene section are o f lower amplitude and less continuity 

than the ?01igocene section (Fig. 4.9). The ?lower Miocene reflection itself results from a 

rapid increase downward in seismic velocity, apparently related to an increase in 

hardness caused by compaction and silica diagenesis (Dolan 1986). Balddauf (1986) 

speculated that the increase in hardness and diagenesis was due to an oceanographic 

event, but the precise mechanism remains unclear. The increase in seismic velocity is not 

always obvious (Fig. 4.32) and in some cases it is hard distinguishing between the 

?01igocene and ?Miocene sequences.

4.4.7.4 Interpretation

The basin continued to subside during Miocene time. The early Miocene unconformity 

might be explained by a change in the intraplate stress regime during this time possibly 

explained by the late early Miocene culmination of the Alpine orogeny, together with 

further changes in the Atlantic sea-floor spreading geometry which caused compressional 

deformation in the Faeroe region (Boldreel & Andersen 1993). Along the northwestern

85



UK margin, north of the study area, the two main effects of this stress change were the 

subsidence of the Greenland-Scotland and Wyville-Thomson Ridges (Wright & Miller 

1989) and the possible uplift of the Hebridean margin (Anderton et al. 1979; Stoker 

1997). The former led to the onset o f deep-water exchange between the North Atlantic 

and Arctic water masses (Stow & Holbrook 1984; Tate, 1993; Jansen et al. 1995) during 

middle or even late Miocene time (Eldholm 1990; Boldreel & Andersen 1993). The latter 

initiated the growth of a shelf-margin clastic wedge along the eastern flank of the Rockall 

Basin during the Plio-Pleistocene.

4.4.7.5 Summary

Reflections of ?Miocene age onlap onto the ?lower Miocene unconformity and have low 

amplitude suggesting a lithology rich in mudstones and poor in sandstones. The 

sedimentary package can be visualized as a sedimentary wedge pinching out 

northeastwards (Fig. 4.17).

4.4.8 ?Lower Pliocene and Plio-Pleistocene section

4.4.8.1 Characteristics o f the unconformity and geology

Seismic lines that tie well 132/15-1 (e.g., lines INROCK96-12 and SRT96-228) show 

two of the youngest unconformities in the basin, both inferred to be Plio-Pleistocene in 

age by correlation with BGS borehole ll/20-sb01 (Stoker 1999). This borehole was 

drilled in the upper basin slope in Quad. 11 and recovered upper Pliocene and younger 

sediments. Correlation between the borehole and well 132/15-1 was done using seismic 

lines NWI-91-116, NWI93-183 and WHR93-203 (Fig. 4.10). This unconformity is at 

least late Pliocene in age, if  not older (Stoker 1999). Stoker (2001) dated this regional 

Rockall unconformity (CIO) as early Pliocene based on nannoplankton data on western 

and northem cores in the Rockall Basin. This is the best existing age constraint on 

Neogene reflections, and in this study I have treated the uppermost regional reflection 

mapped in the northeastern Irish Rockall Basin as early Pliocene. An intra Plio-
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Pleistocene unconformity is also locally recognised in the north of the study area (Fig. 

4.14) but is not visible to the south and was not mapped in this study.

The Plio-Pleistocene package shows excellent examples of downlaps and eroded topsets 

(e.g., line NWI93-226) (Fig. 4.14), suggestin a progradation deltaic in origin. 

Sedimentary beds increase in dip as they prograde in a westward direction (e.g., line 

NWI91-130). Progradational sediments have been mapped in Quad. 5 and north of Quad. 

12 with general sediment transport directions to the northwest and southwest (e.g., line 

NWI93-121) (Fig. 4.15). To the north of the study area the Plio-Pleistocene package can 

be traced from the margin into the basin (e.g., lines NWI93-123, NWI93-124 and 

GER96-09). I have used these lines to date the youngest seismic package in the Rockall 

Basin. In most o f the seismic lines, the marginal slope is steep, so it is not easy to 

correlate prograding packages between margin and basin. Evidence for gravitational 

sliding is common. To the south, reflections in the Plio-Pleistocene package are parallel 

to each other, and commonly show evidence for sliding and slumping on steep slopes 

(e.g., lines NWI-91-102 and GER96-17). Two separate progradational events may be 

separated by an intra Plio-Pleistocene unconformity (e.g., line NWI93-124).

4.4.8.2 Isochron map description

Two sedimentary depocentres were mapped, south and east o f the Hebrides Seamount 

(Fig. 4.18). Their positions coincide with the Donegal and Barra Fans, in the north and 

south respectively, described by Armishaw et al. (1998), Holmes et al. (1998) and Stoker 

et al. (2001). The Donegal Fan is elongate along the basin margin. North of the study 

area significant volumes of sediment accumulated on the Hebridean Shelf margin.

4.4.8.3 Seismic facies

Internal reflections in the Pliocene to Quatemary sections are of high amplitude and good 

lateral continuity, sometimes defining local unconformity surfaces (Fig. 4.9). 

Progradational beds are well imaged and topsets and downlaps are therefore easy to map

87



(Fig. 4.14). The high reflectivity might be due to sand rich units. The early Pliocene 

unconformity surface is characterised, not by its high reflectivity but by its unconformity 

nature.

4.4.8.4 Interpretation

Further north o f the study area, in middle Miocene to early middle Pleistocene time, 

sediment pathways were focused on the Barra and Sula Sgeir Fans, probably fed by 

fluvial systems draining the Scottish landmass (Holmes et al. 1998; Armishaw et al. 

1998). Climate deterioration after late Pliocene time culminated in widespread glaciation 

on the Hebridean Shelf in the middle Pleistocene, and grounded ice sheets reached the 

shelf edge on at least two occasions during the last 500 ky, depositing vast amovmts of 

glacially reworked sediment directly onto the Hebridean Slope (Stoker 1998). This event 

is also likely to have happened in the Irish Shelf, possibly with Ireland partially feeding 

the Donegal Fan (Fig. 4.15,4.18).

4.4.8.5 Summary

Plio-Pleistocene deltaic progradational sediments have been mapped in Quad. 5 and north 

of Quad. 12 with well-defined clinoforms and with general sediment transport directions 

to the northwest and southwest (Fig. 4.15). The high reflectivity might reflect sand rich 

units. Two separate progradational events may be separated by an intra Plio-Pleistocene 

unconformity.

4.4.9 Depth conversion

4.4.9.1 Introduction

Mapping of regional reflections and the determination of isochron thickneses was done 

on reflection seismic sections in which the vertical scale was in two way travel time 

(TWT). In order to construct isopach maps the depth to each reflection must be converted
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from milliseconds into metres. Isopach maps are essential in this work for calculation of 

the flexural effect of the Cenozoic section along the northwestern Irish margin (Chapter 

5).

Because several of the seismic lines intersect wells that have been logged, 132/15-1 and 

12/13-1 a, the thickness of the sediment packages between the mapped unconformities can 

be determined in both vertical distance in metres from the well (T) and in time from the 

seismic data (t). From these measurements, an interval velocity (F) [m/s] for each 

package can be calculated:

y  ^Thicknessjm) (eq.4.1)
thicknesses)

where the time thickness is in TWT and therefore must be multiplied by two in equation 

4.1. F represents the best available velocity estimate for each package. Where interval 

velocities from two wells are available for the same package, a linear combination of 

interval velocities is used to determine velocity {V) [m/s] as a function of interval 

thickness (?) [s]:

F= a x t  + b (eq. 4.2)

where a and b are constants. Once interval velocity is known, ideally as a function of 

package thickness (/), then the thickness in metres (T) of each package, at each location, 

can be calculated:

T = V x -  (eq.4.3)
2

where / is in TWT [s] and is converted to one way time dividing it by 2. In this way the 

isopach map is constructed.
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The Cenozoic interval is almost complete in well 132/15-1 and thin in the rest o f the 

wells (e.g. 12/13-la). The lack of Cenozoic well control in the south affects the quality 

and reliability o f the isopach resuhs and limits their interpretation because of the 

uncertainties on the interval velocity. Therefore caution must be taken when interpreting 

the Cenozoic depth-converted maps, especially for the southern part of the study area.

4.4.9.2 Cenozoic

Interval velocities for the entire Cenozoic section above the base Palaeocene 

unconformity were obtained from wells 132/15-1 and 12/13-la (Table 4.6). These 

velocities are combined to yield an expression for interval velocity (V) [m/s] as a function 

of thickness {t) [s];

F = 339^ + 1650 (eq. 4.4)

This function is obtained from a hnear relation between time and velocities given by 

wells 132/15-1, 12/13-lA (Fig. 4.19). We depth convert using:

r  = F x |^  = (339f + 1 6 50)| (eq. 4.5)

where T  is depth [m]. This conversion can be done with confidence for isochron 

thickness up to 2.528 s, but thickness greater than 2.528 s results in velocities higher than 

2408 m/s, which might be too high for Cenozoic sediments. Maximum Cenozoic 

isochron thickness is 2.506 s, equivalent to 3009 m after depth conversion (eq. 4.5).

4.4.9.3 Palaeocene

The same comments and caveats given above apply for the Palaeocene and overlying 

sections. The Palaeocene isochron was obtained by substracting the base Eocene from the 

beise Tertiary isochrone. Depth conversion was done using wells 132/15-1, with a
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Palaeocene thickness of 0.618 s, and 12/13-la, with a thickness of only 0.035 s (Table 

4.7). The following function was obtained (Fig. 4.20):

F = -1700/+  4117 (eq.4.6)

This negative relationship implies decreasing velocity with thickness, whereas normally 

velocity increases with depth. This anomalous relationship might be explained by the 

abundance of limestone or intrusive horizons, as shown by well 132/15-1 that 

considerably increases the interval velocities. The use of this negative function (eq. 4.6) 

might introduce some errors in the final Palaeocene isopach map, overestimating the 

highest values and underestimating the lowest. The maximum velocity of 4115 m/s and 

minimum of 1538 m/s appear to be imrealistic. A constant Palaeocene interval velocity of 

3055 m/s, based only on well 132/15-1, might be a more reasonable alternative, but in 

this work, despite the possible errors, equation 4.6 was used to decompact the Palaeocene 

section, because of the abundance of igneous intrusives in the study area. More well 

control is needed to constrain a general Palaeocene velocity function.

4.4.9.4 Eocene

The Eocene isochron was obtained by substracting upper Eocene from the base Eocene 

isochrones (Fig. 4.13). Depth conversion for the Eocene section was done using wells 

132/15-1, 12/13-la and boreholes 83/24-sb02, 16/28-sbOl (Table 4.8). The thickness in 

metres from the well logs and the thickness in time from the seismic sections tied to the 

wells were used to derive the following function (Fig. 4.21);

r  = 600/+ 1684 (eq.4.7)

Velocities ranging between 1685 and 2344 m/s were used to depth convert depending on 

the isochron thickness (Table 4.8).
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4.4.9.5 Late Eocene to seabed

The final depth conversion calculation involves the package between the late Eocene 

unconformity and the seabed. Wells 132/15-1, 12/13-la and 83/24-sb02 were used to 

calculate the depth conversion function (Fig. 4.22);

V = 200t + l9 U  (eq.4.8)

The depths in metres and seconds are given in Table 4.9. Velocities obtained from this 

relationship range between 1911 m/s for the thinnest sections to 2135 m/s for the thickest 

sections. The maximum thickness in this package are 1.123 s and 1199 m (Table 4.9).

The three uppermost sedimentary packages mapped in this study - ?late Eocene to ?early 

Miocene, ?early Miocene to early Pliocene and early Pliocene to seabed - were not depth 

converted in the same way as above due to the lack of well control on the depths to the 

bounding reflections. Instead, constant velocities were applied to each of the three 

packages. Velocities of 2000, 1900 and 1800 m/s, respectively were used to depth 

convert the upper three sections - ?late Eocene-?early Miocene, ?early Miocene-early 

Pliocene and early Pliocene-seabed (equivalent to RT-c, RT-b and RT-a of Stoker et al. 

2001). The values for these velocities are based on the results obtained for the depth 

conversion of the late Eocene to seabed package. This package resulted in a velocity 

fiinction ranging between 1911 m/s for the thinnest sections to 2135 m/s. For this reason, 

the average of 2000 m/s was taken as the velocity for the ?late Eocene-?early Miocene 

package, 1900 m/s for the ?early Miocene-early Pliocene package and 1800 m/s for the 

early Pliocene-seabed package. A summary of the velocity functions and assumed 

constant velocities is shown in Table 4.10.

4.4.9.6 Isopach maps

Figure 4.23 shows isopach maps for the different sedimentary packages. The Palaeocene 

interval is the thickest, with a maximum thickness of 1232 m and a mean value of 800 m.
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There are major depocentres north o f  the Hebrides Terrace Seamount and in the south o f 

the study area reflecting denudation from Scotland and northwestern Ireland respectively 

(Fig. 4.23).

The Eocene isopach map has a maximum value o f 1340 m and a mean value o f 476 m. 

The thickest Eocene deposits occur in the north o f the study area (Fig. 4.23) and around 

the Hebrides Terrace Seamount. Some local depocentres with Eocene progradational 

beds appear to have been sourced from northwestern Ireland to the southeast (Fig. 4.15).

The ?01igocene isopach map shows maximum value of 601 m and a mean o f  206 m (Fig. 

4.23). Local depocentres are located downslope o f the main basin bathymetric boundary 

defined by earlier major normal fault activity. These depocentres are shown in seismic 

sections as prograding wedges with a sedimentary source from the east.

The ?Miocene isopach map shows a maximum value o f 483 m and a mean value o f 215 

m. The deposits are relatively thin and evenly distributed (Fig. 4.23). Local thickness, 

appear to tie to areas o f progradation (Fig. 4.15).

The early Plio-Pleistocene isopach shows an increase in sediment thicknesses relative to 

the previous interval. Maximum thickness in the uppermost interval is 816 m, with a 

mean value o f 254 m. Two depocentres are located in the north o f the study area, the 

southern being up to 570 m thick and the northern one up to 800 m thick (Fig. 4.18). 

They are part o f  the Donegal Fan (Stoker et al. 2001).

4.4.10. Decompaction

Decompaction removes the progressive effects of rock volume changes with time and 

burial. Any compaction history is likely to be complex, being affected by lithology, 

overpressuring, diagenesis and other factors. The measure o f the degree o f compaction of 

sediments is the porosity, (j), defined as the ratio of the pore volume to the total volume. 

To calculate the original thickness o f a sedimentary layer (before being compacted by
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any overlying sediments) at a time in the past, it is necessary to know the variation of 

porosity with depth, a quantity usually measured in wells. For normally compacted 

sediments, the variation of porosity with depth may follow a linear trend (Falvey and 

Middleton 1981) or exponential paths (Sclater and Christie 1980). In this study, 

compaction is assumed to obey the following exponential relationship:

(!> = (eq. 4.9)

where ^  is porosity, <j>o is surface porosity (e.g., of uncompacted sediment), z is depth, 

and c is a depth scale that depends on lithology and describes the rate at which porosity 

decreases with depth (Sclater and Christie 1980). Decompaction is useful to calculate the 

amount of subsidence caused by sedimentary compaction and to calculate accumulation 

rates.

4.4.10.1 Decompaction o f  well 132/15-1

The only well where porosity measures were taken was well 132/15-1. Therefore, this 

represents the only data that can be used to constrain a decompaction function. Using 

well 132/15-1, the best-fit porosity-depth relationship is (Fig. 4.24):

<̂ = 0.662e-°"°‘̂ -’ (eq.4.10)

Extrapolation o f this relationship at depth to the present surface yields both the inferred 

surface porosity (j)o and the depth scale c (Fig. 4.24). Considerable errors are introduced 

decompacting a basin with just one well, but in this study this is the only available data 

set to use for decompaction.

Equation 4.10 was embedded in a decompaction code wntten in Matlab, following Allen 

and Allen (1990) (Appendix 3). Well 132/15-1 was decompacted first, and then the 

individual isopach maps were made using their decompaction function. The present-day 

stratigraphic depth below the seabed o f Cenozoic layers in the well is shown in Table
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4.11. The age o f each package is given by limited well data or based on the stratigraphic 

dating of Stoker et al. (2001). The water column is assumed to have a small effect on 

compaction of Cenozoic sediments because the basin is assumed to have been deep since 

the Palaeocene (perhaps excluding the early Eocene) based on the facies observations in 

wells (Section 4.4). Subtraction of the present day water depth at well 132/15-1 from the 

present stratigraphic thickness is necessary before carrying out the decompaction.

To calculate the thickness of a sedimentary layer at any time in the past, it is necessary to 

move the layer up the porosity-depth curve (Fig. 4.24). The decompaction program yields 

decompacted depths at different times in the decompaction history (Table 4.12). Values 

are given in metres and represent depths below seabed. The decompacted subsidence 

history of the well can be plotted on a diagram of depth versus age (Fig. 4.25). It is 

important to point out that this plot ignores any palaeobathymetric or eustatic corrections.

The total subsidence is made of two components: any tectonically driven subsidence plus 

subsidence due to sediment load. The effects of the sediment load can be subtracted using 

an isostatic/flexural model. Thus, the tectonically-driven subsidence can then be 

obtained. Ideally correction based on palaeobathymetic and eustatic data should also be 

applied, but again the lack of well coverage in the Rockall Basin allowed only a 

preliminary estimation of the tectonically-driven subsidence (Fig. 4.26).

Backstripped porosities have been calculated using a single porosity-depth curve for the 

different sedimentary packages (Fig. 4.24). From this curve a different value can be given 

to each package depending on the depth of the layer and the age (Table 4.13). For 

example, the porosity in the Palaeocene at the present day is different than the one at 

early Eocene times just after deposition.

The bulk density o f the sedimentary column ( A ) given by:



where is the mean porosity of the sedimentary layer, is water density, is the 

sediment grain density of the layer, y. is the thickness of the layer, and S  is the total 

decompacted thickness o f the column (Allen and Allen 1990). Bulk density for each time 

period is presented in Table 4.14.

The loading effect of the overlying sediment can be treated as a problem of local (Airy) 

isostatic balance. Where sediment is replacing a column of water,

Y = S Pm-Ps  
yPm ~Pw^

(eq. 4.12)

where Y is the depth to the basement corrected for sediment load and is mantle 

density (Allen and Allen 1990) (Table 4.15, Fig. 4.26). Using all this equations, a 

maximum tectonic subsidence of 1550 m, not corrected for palaeobathymetry or eustacy, 

is obtained. This preliminary result for the tectonically driven subsidence will be 

compared with flexurally driven subsidence in Chapter 5.
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4.4.10.2 Decompaction o f  the northeastern Irish Rockall Basin

Next, this calculated decompaction was applied in two dimensions to the five seismic 

unconfonnities mapped in the eastern Irish Rockall Basin using the same porosity-depth 

curve from well 132/15-1 (Fig. 4.24). Three-dimensional matrices were constructed for 

the base and top of each sedimentary package. Each x, y  position contains the horizontal 

coordinates o f the surface grid. The z  position contains the vertical height of the surface 

grid (e.g., base Palaeocene, base Eocene, etc.). Decompaction of these matrices 

(Appendix 4) creates four-dimensional matrices (e.g., Nzb, Nzt) where x  and y  are 

horizontal coordinates of each siuface, z is the vertical height of each surface, and t is 

time. In this way the x, y  and z coordinates for each unconformity are calculated at 0, 5, 

20, 35 and 50 My. The results are shown as a decompacted isopach map for each o f the 

five mapped time intervals in the Cenozoic (Fig. 4.27).

The decompacted Palaeocene isopach has a maximum thickness of 1666 m and a mean 

thickness of 1205 m. A major depocentre is located around the Hebrides Terrace 

Seamount and another one in the south of the study area (Fig. 4.27). The decompacted 

Eocene isopach has a maximum thickness of 1470 m and a mean of 648 m with major 

deposition in the north (Fig. 4.27). The decompacted ?01igocene isopach has maximum 

thickness of 645 m and a mean of 282 m with small depocentres along the basin margin 

(Fig. 4.27). The decompacted ?Miocene section has a maximum thickness o f 553 m and a 

mean o f 248 m with possibly a depocentre in the south (Fig. 4.27). The decompacted 

Plio-Pleistocene isopach has a maximum value of 816 m and a mean of 254 m with a 

depocentre in the north corresponding with the Donegal Fan (Fig 4.28).

4.4.11 Accumulation rates and summary

Sediment accumulation rates can be calculated from the decompacted isopach values. 

The following expression was used:
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T
A R = -

t (eq. 4.13)

where AR  is the accumulation rate [m/My], T  is the thickness of each package [m], and t 

is the duration o f each package [My].

During the Palaeocene (Fig. 4.27), a major depocentre developed in the northwest, both 

north and south of the Hebrides Terrace Seamount. There was also a local depocentre in 

the southwest o f the study area west o f Donegal Bay. Total accumulation rates, averaged 

over the study area, were 93 m/My (Table 4.16). The Palaeocene facies onlap onto a base 

Tertiary xmconformity in both the northeastern hish Rockall Basin and the Irish Shelf No 

progradation has been recognised in the Palaeocene, although the lack of well data poorly 

constrains the position of the base Tertiary in the basin. The Palaeocene has the highest 

accumulation rates in the Cenozoic. This high accumulation rate might be related to a 

major phase of igneous activity in the North Atlantic during the Palaeocene caused by the 

formation of a hot spot centred over East Greenland (White 1989). The consequence was 

a significant amount of coarse clastic material shed into the surrounding basins as a result 

o f rock uplift and denudation of the Scottish and Irish basement. In the North Atlantic 

Igneous Province, an initial phase of magmatism happened at 62 My and a later phase at 

55 My (Ritchie et al. 1999).

The Eocene saw a considerable decrease in accumulation rates to 38 m/My (Table 4.16). 

This might be related to the collapse of the Palaeocene thermally supported hot spot 

topography and the onset of the sea-floor spreading in the North Atlantic in the early 

Eocene (Srivastava and Tapscott 1986). A depocentre is located in the northeast of the 

study area (Fig. 4.27) with thickness up to 1470 m. Progradational fans are located in 

both the north and the south o f the study area (Fig. 4.15), suggesting that Ireland as well 

Scotland was providing sediments to the northeastem Rockall Basin at that time. 

According to the decompacted Eocene isopach map (Fig. 4.27) accumulation rates were 

higher in the Scottish margin than off Ireland during the Eocene.
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During late Eocene/early Oligocene tectonic inversion occurred (see section 4.5) (Roberts 

1989; Bodreel and Andersen 1993; Dore et al. 1999), and major subsidence took place in 

the Rockall Basin (Stoker et al. 2001). The ?01igocene and ?Miocene isopach maps (Fig. 

4.27) show a decrease in accumulation rates from 38 m/My in the Eocene to 24 and 14 

m/My in the ?01igocene and ?Miocene, respectively (Table 4.16). Prograding sediments 

from northwestern Ireland were deposited in ?01igocene times (Fig. 4.15). The margin 

appears to be quieter and more uniform in terms o f deposition during the ?Miocene, in 

contrast to earlier periods.

Plio-Pleistocene accumulation rates are relatively high, at up to 51 m/My (Table 4.16). 

During this time another progradation phase took place in the north of the study area, 

with sediment input from Scotland and to a lesser extent, from Ireland (Fig. 4.15). The 

location of this progradation coincides with the present Donegal Fan.

4.5 Structure of the Rockall Basin

4.5.1 Introduction

Regional plate reconstruction in the northeastern Atlantic (Ziegler 1978; Knott et al. 

1993; Dore 1999) reflect mainly Mesozoic-Cenozoic extensional faulting, reactivating 

major Precambrian, Caledonian and Variscan structural trends. The Rockall Basin 

underwent major extension during the Early Cenozoic, Mesozoic and possibly the Upper 

Palaeozoic (Shannon ef a/. 1995).

The study area includes the northeastern Irish Rockall and Erris Basins. The Slyne Basin 

was not studied because o f its complexity and lack of time for the seismic interpretation. 

The Donegal Basin consists mainly o f Carboniferous sediments and is not much use for 

Tertiary tectonic reconstruction. The main structural elements are shown in Figure 4.5 

and were taken from Naylor et al. (1999). The Rockall Basin bathymetry changes trend 

from north in the north of the basin, to northeast in the centre of the basin, and back to 

north in the south of the basin (Fig. 4.1). The Rockall Basin is bounded to the north by
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the northwest trending Wyville Thomson Ridge, and to the south by the west-northwest 

trending Charles Gibbs Fracture Zone. The east and west sides of the basin are bounded 

by north, northeast and east trending extensional faults that dip towards the basin 
(Corfield ef a/. 1999) (Fig. 4.1).

4.5.2 Structural history of the Rockall Basin

During the Late Palaeozoic and Early Mesozoic, rifting may have commenced in the 

Rockall Basin as in the bordering perched basins such as the Slyne, Erris and Donegal 

Basins (Shannon et al. 1995). The timing of rift initiation is, however, controversial. 

Thermal subsidence followed into the Early Jurassic. Deposition in the basins was 

probably limited, and in any case preservation is poor.

During the Late Jurassic (Lundin and Dore 1997) and Early Cretaceous (Musgrove and 

Mitchener 1996) another rift phase occurred, with extension localised on north-trending 

structures. Lundin and Dore (1997) observed that Late Jurassic rifts have a predominant 

north trend (North Sea, Halten Terrace, East Greenland, Porcupine Basin and southern 

and northern Rockall Basin) impljdng an east-west stretching direction.

In the Aptian-AJbian northwest-directed stretching (Knott et al. 1993; Cole and Peachey 

1999) resulted in major block rotation along pre-existing faults. Seismic interpretation 

indicates that block rotation diminished in the Upper Cretaceous.

Early Cenozoic extension affected the base Tertiary horizon, producing discontinuous 

normal offsets of up to 1000 ms on the main basin boundary fault. Extensional faults 

active during this phase trend north or northeast. Normal displacement appears to have 
ceased by early Eocene. The general north to northeast trend of the Rockall Basin and the 

Erris and Donegal Basins is normal to the stretching directions in the Mesozoic and Early 

Cenozoic.
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Late Eocene-early Oligocene compression, due to north Atlantic ridge push, is recognised 

in the Rockall Basin (Boldreel and Andersen 1993; Dore and Lundin 1996; Dore 1997) 

and in this study, as inversion occurs along previous extensional faults.

4.5.3 Pre-Tertiary structural elements of the study area

North o f the study area (Quad. 5) a structural high runs north-south and was probably 

formed during Late Jurassic-Early Cretaceous rifting. To the south, the Erris High or 

Ridge trends northeast (Fig. 4.5) and is onlapped by Permo-Triassic, Lower Jurassic, 

Cretaceous and Lower Tertiary sediments (Cunningham and Shannon 1997). Permo- 

Triassic rifting in the Erris Basin produced a series of half-grabens bounded by down to 

the southeast faults (Chapman et al. 1999). Caledonian faults were reactivated at the 

begirming of the Triassic as strike-slip faults (Roberts et al. 1990) with probable right 

lateral displacement (Gomez Ballesteros 1999). Cretaceous normal faults striking 

northwest, and an angular unconformity at the base Cretaceous (well 12/13-lA) provide 

evidence of Late Jurassic to Early Cretaceous extension (Chapman et al. 1999). During 

the Aptian-Albian a minor episode of rifting reactivated earlier faults (Chapman et al. 

1999).

A number of lineaments, generally trending northwest, are visible in magnetic and 

gravity maps onshore and offshore Ireland (Readman et al. 1995). These include the 

Anton Dohm lineament and the Wyville Thomson Ridge (Fig. 4.1) and both appear as 

extensions of oceanic transfer zones (Rumph et al. 1993; Dor6 and Lundin 1996, 1997; 

Tate et al. 1999). hi the study area, these have been interpreted by Naylor et al. (1999) as 

transfer zones (Fig. 4.5).
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4.5.4 Cenozoic tectonics in the northeast Rockall Basin

4.5.4.1 Introduction

A structural interpretation of the Cenozoic section on the seismic lines indicated on 

Figure 4.7 has provided a new Tertiary structural framework for the northeastern Irish 

Rockall Basin. A Tertiary tectonic map of Britain, Ireland and adjacent areas has already 

been published by Pharaoh et al. (1996) (Fig. 4.28), and the structural elements described 

therein can be compared with the Tertiary structural map obtained from this study (Fig. 

4.29, 4.30). This section will describe Cenozoic structures from this study in the 

northeastern Irish Rockall Basin. The importance and intensity of Tertiary tectonics in 

offshore sediments will then be compared with onshore tectonic geomorphology from 

Chapter 3.

Early Cenozoic extension and intra-Cenozoic inversion is recognised along other 

northeast Atlantic marginal basins such as the Faraeo-Shetland Basin and Voring Basin 

(Dore et al. 1999). After a major Aptian-Albian rift phase, extension continued from the 

Late Cretaceous to the early Eocene (Cole and Peachey 1999), resulting in reactivation of 

previous Mesozoic faults. Palaeocene extension coincided with the intrusion and 

extrusion of igneous rocks in the British Tertiary Igneous Province (Bott and Watts 1971; 

Dewey and Windley 1988). Intra-Cenozoic inversion is also recognised in the Rockall 

Basin (Boldreel and Andersen 1993; Corfield et al. 1999). Boldreel and Andersen (1993) 

dated this inversion as late Palaeocene to Miocene and it broadly coincides with the onset 

o f sea-floor spreading in the North Atlantic between the Rockall-Hatton Bank and 

Greenland at 53 My (Srivastava and Tapscott 1986).

Normal, reverse and possibly transform faults are recogmsed in the Irish sector of the 

northeastern Rockall Basin. Evidence comes from structural interpretation of two- 

dimensional seismic lines (Fig. 4.7). Dating of the structures mapped is based on the ages 

attributed to each xmconformity and sedimentary package within the Cenozoic (Table 

4.4).
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4.5.4.2 Palaeocene to early Eocene

After a Cretaceous rift phase, extension continued into the Palaeocene and early Eocene. 

Most o f the extension was accommodated along the main boundary fault zone defining 

the eastern margin of the northern Rockall Basin (Fig. 4.5).

The main boundary fault zone can be traced from north to the south in pre-Tertiary strata 

(Fig. 4.5 or 4.28). Faults in the zone usually down-throw to the northwest and west on 

most o f the seismic lines (Fig. 4.14), with discontinuous offsets in sediments of 

Palaeocene and early Eocene age.

The interpretation of the Palaeocene to early Eocene faults is shown in Figure 4.29. East 

of well 132/15-1 a west-dipping and north-northeast trending normal fault offsets the 

base Tertiary unconformity by 450 ms and the base Eocene unconformity by 150 ms 

(Fig. 4.29). Major activity on this structure had apparently ended by middle to late 

Eocene time, as post Eocene sediments are not seen offset on seismic lines. This fault 

was active in the Cretaceous as a north-northeast trending normal fauh. Normal offset at 

the base Tertiary increases fi-om 450 ms (Fig. 4.29, line SRT-96-226) to up to 650 ms in 

the south (Quad. 132) (GWH-92-103; see Fig. 4.10 for line location). In Quad. 5, the 

main north-trending basin boundary fault can be traced fiirther south but does not deform 

Tertiary sediments. Extension in Quad. 5 and northern Quad. 12, appears to be 

accommodated by smaller-scale, north-trending normal faults. These structures sit on top 

of Cretaceous ridges with offsets of less than 400 ms for the base Tertiary and 100 ms for 

the base Eocene.

In Quad. 12, the base Tertiary is offset normally by 700 ms at the western side o f the 

Erris Ridge, west of well 12/13-la (Fig. 4.29). The eastern side of the Ridge is also 

normally offset, but by less than 100 ms. Offset on the west of the Erris Ridge decreases 

to about 300 ms in the south, where extension is accommodated by two normal fault 

strands (Quad. 12, Fig. 4.29).
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The main boimdary fault can be traced into Quad. 11, where maximum observed offsets 

range from 1000 ms in line NWI91-116 to 700 ms in line NWI93-113. The fault is 

interrupted in southern Quad. 11 and in northern Quad. 19. Also, Cretaceous structures 

change orientation from northeast trending in Quad. 11 to north-trending to the south 

(Fig. 4.29) (NWI93-108). Therefore it appears that during the Palaeocene to early Eocene 

the north-trending Cretaceous faults bounding the eastern Rockall Basin were not 

reactivated, but the northwest trending faults were, at least in the southern part o f the 

study area. The main basinal fault reappears in western Quad. 18 but is discontinuous 

along strike with a normal offset of 1000 ms or more.

East or northwest-trending normal faults are located in Quad. 132 (Fig. 4.29). The exact 

trend is hard to tell on 2D seismic lines and their interpretation is open to discussion. 

They dextrally offset the main boundary fauU. Two examples are found east of well 

132/15-1 where the margin changes trend from north-northwest to north-northeast, eind 

south of well 132/15-1 where the margin is interrupted by an approximately east-trending 

north dipping structure with some normal component (Fig. 4.29). The first example west 

of well 132/15-1 is best shown in line SRT-96-230, where the margin is normally offset 

by the main boundary fault and below it, a compressional structure, appears to be related 

to a deeper strike-slip fault. Although the strike-slip fault is not visible on the seismic, the 

dextral offset of the main boundary fault suggests the presence of this strike-slip fault. 

South of well 132/15-1 in the border between the Irish and UK waters, another dextral 

offset of the main boundary fault is seen, on line OH-48 volcanic rocks seem to have 

intruded facilitated by a possible strike-slip structure. Line OH-13 shows an east dipping 

structure with possibly an associated anticline disrupting the Eocene sediments. Two 

more seismic lines cut oblique to this structure, and all of them show some broken 

reflections. Thus, the Palaeogene extensional stress might have been accompanied by a 

transtensional component, reflected on strike-slip faults with normal component, that 

were inverted in the Eocene.
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4.5.4.3 Middle to late Eocene to present

The North Atlantic Mid-Ocean Ridge started spreading 53 My ago (Srivastava and 

Tapscott 1986). Accompanying this spreading, the current work shows that a change in 

stress direction from extension to compression took place in the middle to late Eocene. 

Compressional structures first appear in late Eocene in the eastern Irish Rockall Basin 

and shortening appears to have ceased after early ?01igocene times (Fig. 4.30).

In the very north of the study area, in Quad. 132, a west-northwest to east-northeast 

trending anticline is oriented perpendicular to the margin and sits above an older 

Mesozoic north dipping, east trending normal fault (Fig. 4.30). The anticline folds the 

base Palaeocene and base Eocene unconformities and may also deform the upper Eocene 

unconformity (Fig. 4.31).

In Quad. 5, five anticlinal structures have been mapped trending parallel to the basin 

margin (Fig. 4.30). One of them, located between Quads. 5 and 132, trends north- 

northeast with a maximum amplitude at 5° 22’ N, 9° 24’ W; fold amplitude decreases 

north and south of this point. Line 4 runs perpendicularly to the anticline axis (Fig. 4.32). 

In this line, the base Palaeocene is normally offset by 250 ms, while the base Eocene 

unconformity, along with the overlying middle Eocene sediments, are offset by the same 

fault with a reverse sense of slip, forming an anticline. The anticline is not well imaged 

on other seismic lines that are not perpendicular to the fold axis. However, a second 

north-northeast trending anticline, possibly a continuation o f the last structure, is visible 

in line GWH-92-104B and folds the late Eocene unconformity, suggesting that shortening 

continued until late Eocene or early Oligocene time. This anticline is located above a 

rotated faulted block comprised of easterly dipping Mesozoic and Palaeocene sediments 

(Fig. 4.30 and Fig. 4,32). The anticline has a maximum relief of 100 ms.

Other north trending anticline structures are located on Quad. 5 (Fig. 4.30) and they 

usually sit above pre-Tertiary normally faulted rotated blocks. The base Palaeocene 

unconformity is normally faulted and the base Eocene unconformity and lower Eocene
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sediments are folded as an anticline (e.g., line OH-58). Line 0597-62 shows evidence that 

this structure has a tectonic origin (A1 in Fig. 4.30), as it is underlain by a Palaeocene and 

Pre-Tertiary east dipping normal fault trending north-northeast and a Pre-Tertiary rotated 

faulted block. Again, the anticline is larger in relief where the fault trends north-northeast 

(A1 in Fig. 4.30). Three kilometres west of this structure, there is another north-trending 

anticline with a wavelength of 4 km and relief of 100 ms but with no visible underlying 

structure (A2 in Fig. 4.30).

An east trending anticline is located in southem Quad. 5 (A3 in Fig. 4.30). It overlies a 

west-northwest trending Mesozoic structure and folds middle to upper Eocene sediments 

and the upper Eocene unconformity (e.g., line GER96-51). The base Palaeocene and base 

Eocene unconformities are folded with a relief of 200 ms (e.g., line TRH005).

In southem Quad. 5, the middle to upper Eocene package contains a big scale concave-up 

surface, that suggest post-depositionai detachment created by slumping and compaction 

of wet muddy sediments (Fig. 4.33). It is best observed in seismic sections parallel to the 

basin margin. This detachment surface is 18 km long and 3 km wide (e.g.. Line 5, 

NWI91-180, see Fig. 4.10 for location). To the south of the structure reflections downlap 

onto the basal surface and at its base broken high amplitude reflections stack thrusting 

one on top of the other indicative of slumping in a south to north direction (Fig. 4.33). It 

might be interpreted as a gigantic slump delimited by two east-notheast trending 

detachment surfaces (Fig. 4.30). Late Eocene to early Oligocene compression, indicated 

by anticline structures in this section might have played a role in slump formation.

In Quads. 12 and 11 the margin changes trend from north to northeast. In northern Quad. 

12 two anticlines trending northeast and parallel to the margin, were mapped (A4 and A5 

in Fig. 4,30). A 2.5 km wide anticline is seen in two seismic lines folding lower to middle 

Eocene sediments (A4 in Fig. 4.30). It sits above an east-northeast trending northwest 

dipping normal fault that in turn displaces probable Mesozoic sediments. West o f this 

structure a small flower structure reverses Palaeocene sediments and the base Eocene
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unconformity by reactivation of an older structure (A5 in Fig. 4.30, e.g., line E95IE07- 

21).

In western Quad. 12, three west-northwest trending anticlines perpendicular to the basin 

margin, were mapped (Fig. 4.30). Line 6 (see Fig. 4.10 for location) shows that, in at 

least three places, pop-up structures with possibly strike-slip faults reversing lower and 

middle to upper Eocene sediments. Although, it should be noted that lack of well control 

makes sequence ages in this area uncertain and volcanics make the pre-Tertiary hard to 

interpret. The southernmost west-northwest trending anticline is the most obvious 

compressional structure in the study area (Fig. 4.34, and A6 in 4.30). It has a relief o f 300 

ms and a wavelength of 3 km. It folds the upper Eocene unconformity, suggesting a late 

Eocene to lower Oligocene age for the shortening. A parallel line to Line 6 is NWI91-180 

and shows the continuation of this anticline, making it possible to measure an exact trend. 

Line NWI91-180 shows two reverse faults offsetting the base Palaeocene and Eocene 

unconformities and folding upper Eocene unconformity, possibly reactivated along a 

deeper non-visible structure (Fig. 4.34). No pre-Tertiary section is visible underneath this 

structure because of poor seismic resolution, probably due to overlying Palaeogene 

intrusives, which are very common in the study area.

South of the anticline structure described above, the main marginal fauh is inverted with 

an associated anticline trending northeast and parallel to the basin margin (A7 in Fig. 

4.30 and Fig. 4.35). The main marginal fault offsets normally the base Eocene 

unconformity by 500 ms measured vertically (Fig. 4.35). Middle to upper Eocene 

sediments form an anticline with reflections onlapping against the main Rockall Basin 

boundary fault. It is interpreted in this work that the anticline is formed by transpressional 

reactivation on splays of the main basin boundary fault.

North o f the west-northwest trending anticline previously described (A6 in Fig. 4.30), the 

main basin boimdary fault appears extensional and no evidence of shortening is seen. To 

the south of the west-northwest trending anticline, shortemng has taken place while to the 

north extension has taken place (Fig. 4.30). If the anticline was formed by transpressional
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stress on a west-northwest fault, then a sinistral movement is suggested to have occurred 

in the late Eocene. Some of the late Eocene compressional structures appear to have a 

transpressional origin in deeper structures, forming flower structures in Palaeocene and 

Eocene sediments. However, the coarse grid of the 2D seismic data does not give a clear 

picture on the exact structural style

4.5.4.4  Summary o f  tectonic structures

After an Aptian-Albian rift phase, extension continued into the Palaeocene and early 

Eocene. Discontinuous normal faults are mapped along the main basin boundary fault in 

the northeast Irish Rockall Basin (Fig. 4.29). Within the study area, normal offset seems 

to increase to the south. East trending normal faults offset dextrally the main basin 

boundary fault, suggesting a transtensional regime.

Compressional structures occur in the late Eocene in the eastern Irish Rockall Basin. 

East, north and east-northeast trending anticlines were mapped in the Eocene (Fig. 4.30) 

and appear to end after the early Oligocene. Some of these anticlines are formed by 

reactivation of older north-northeast trending normal faults, while others appear to have 

been caused by reactivation of older west trending strike-slip faults.

4.6 Conclusions

(1) The Cenozoic succession in the Rockall Basin is conformable in the basin centre and 

thins unconformably (through both onlap and downlap) onto the basin margins over 

about 30 km of horizontal distance. Palaeocene and ?Miocene packages are seen 

onlapping onto their respective basal surfaces. Eocene, ?01igocene and Plio-Pleistocene 

locally downlap onto their basal unconformities. Cenozoic faulting and folding is also 

recognized discontinuously along the northeastem boundary of the Rockall Basin.

(2) During the Palaeocene a major depocentre developed in the northwest o f the study 

area, both north and south of the Hebrides Terrace Seamount. There was also a local
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depocentre in the southwest of the study area. Mean Palaeocene accumulation rates, 
averaged over the study area, were 93 m/My.

(3) Early Eocene sand progradation of an unknown enviroiunent was common in the 

northeastern Irish Rockall Basin in both the north and the south of the study area, 

suggesting that Ireland as well as Scotland was providing sediments to the northeastern 

Irish Rockall Basin. A depocentre is located in the northwest of the study area where the 

margin changes trend from north to northeast, with thickness o f up to 1470 m.

(4) Discontinuous normal faults are mapped along the main basin boundary fault in the 

northeastern Irish Rockall Basin offsetting base Tertiary to base Eocene. Base Tertiary 

offsets are on the order of hundreds of metres while base Eocene offsets decrease to 

approximately tens of metres. Within the study area, normal offsets seem to increase in 

magnitude to the south.

(5) During the late Eocene/early Oligocene, tectonic inversion and major subsidence took 

place in the Rockall Basin. Late Eocene to early Oligocene compression and 

transpression gave rise to east, north and east-northeast trending anticlines and a 

transpressional regime. Some of these anticlines are formed by reactivation of older 

north-northeast trending normal faults. This event is coeval and compatible with 

southeast-directed North Atlantic ridge push.

(6) The post-late Eocene unconformity is a markedly angular boundary that erodes upper 

Eocene sediments, and post-upper Eocene sediments onlap onto it. The ?01igocene 

isochron map shows small local sediment depocentres adjacent to and downslope of the 

basin margin with progradation of unknown environment, suggesting local sediment 

input from the Irish continental margin during post-late Eocene time. The post-late 

Eocene and pre-Pliocene isopach maps show a decrease in mean accumulation rates from 

38 m/My in the Eocene to 24 and 14 m/My in the ?01igocene and ?Miocene, respectively
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(7) Basinal reflections of presumed Miocene age onlap onto the ?lower Miocene 

unconformity. Reflections in the sediments above the ?lower Miocene unconformity have 

low amplitude suggesting a lithology rich in mudstones and poor in sandstones. This 

package can be visualised as a sedimentary wedge pinching out northeastwards.

(8) Plio-Pleistocene mean accumulation rates are relatively high, at up to 51 m/My. 

During this time a deltaic progradation phase took place in the north of the study area, 

with sediment input from Scotland and, to a lesser extent, from freland. The location of 

this progradation coincides with the present Donegal fan. Two separate progradational 

events are separated by a local intra Plio-Pleistocene unconformity.
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Figure 4.2. Location of regional 
seismic lines across the Rockall 
Basin. WIRE land 3 are shown in 
Fig. 4.4. Transverse RAPIDS in 
Fig.4.3.
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Figure 4.7. Location of 2D seismic reflection lines in the study area. Seismic 
coverage is more dense in the north and therefore interpretation there is more 
reliable. Numbers in italic indicate Irish and UK Quads. Exploration well 
locations are indicated by crosses.
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depth to the base Eocene unconformity from the depth to the base Palaeocene 
unconformity. See Figure 4.7 for the seismic grid used to construct the isochron map. 
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Figure 4.17. Isochron map for the ?Miocene section, constructed by substracting 
the depth to the base early Pliocene unconformity from the depth to the base 
?Miocene unconformity. See Figure 4.7 for the seismic grid used to construct the 
isochron map. Line spacing is 1 km in Quads. 5 and 12, and >1 km elsewhere.
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Figure 4.18. Isochron map for the Plio-Pleistocene section, constructed by 
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Figure 4.26. Tectonic subsidence during the Cenozoic for well 132/15-1, corrected for isosotasy but not corrected for 
palaeobathymetry and eustacy.
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Figure 4.27. Decompacted isopach maps for the northeastern Irish Rockall Basin using 
porosity curve from Figure 4.24.
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Figure 4.28. Stuctural framework taken from Pharaoh et al. (1996). Black lines 
indicate Tertiary faults. Dashed lines indicate pre-Tertiaiy faults.
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Figure 4.29. Palaeocene to early Eocene (green) faults along the northeastern margin of the 
Rockall Basin and Palaeocene isochron. Faults were mapped using the two-dimensional 
seismic dataset (Fig. 4.7).
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Figure 4.30. Late Eocene-early to Oligocene (purple) structures along the northeasternalong the northeastern
m ^gin of the Irish Rockall Basm and Eocene isochron. Palaeocene to early Eocene faults 
are shown in grey. Structures were mapped using the two-dimensional seismic dataset (Fig. 
4.7). Boxes show the location of detailed figures, and black lines show the position of 
seismic lines shown in the figures. Al, A2,...etc refers to anticlines mention in text.
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Figure 4.31. A, uninterpreted section of Line 3 north in the study area (see Fig. 4.30 or 
Fig. 4.10 for location). B, interpretation of a compresional structure. Shown by permission 
of TGS-Nopec.
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Figure 4.32. A, uninterpreted section of seismic Line 4 (see Fig. 4.30 or Fig. 4.10 
for location). B, interpretation of a Palaeocene normal fault and upper Eocene to 
lower ?01igocene anticline. Shown by permission o f WestemGeco.
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Figure 4.33. A, uninterpreted section of seismic Line 5 (see Figure 4.30 and 
Fig. 4.10 for location). B, interpretation of a large curved intra-Eocene surface 
as a slump 18 km wide. Shown by permission of WestemGeco.
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Figure 4.34. A, uninterpreted section of seismic Line 6 (see Fig. 4.30 or Fig. 4.10 for 
location). B, interpretation of a late Eocene or early ?01igocene anticline with 300 ms of 
relief trending west-northwest and perpendicular to the basin margin. C, block diagram of 
interpreted stucture. Seismic line shown by permission of Veritas DGC Limited.



n

Plto-Pleistocene

701igoccne-?Mk)cene

Figure 4.35. A, uninterpreted section of seismic Line 7 (see Fig. 4.31 or Fig. 4.10 for 
location). B, interpretation of the Rockall Basin eastern boundary fault. Fault was 
extensional in the Palaeocene and early Eocene with at least 0.5 s o f normal offset. 
Deformation switched to compressional in the late Eocene. Shown by permission of 
TGS-Nopec.



WeU Date drilled & 
company

Basin Location Depth
(m)

Generalised Stratigraphy References

132/15-1 UK 1992, BP Pic. UKRockall 56° 36.45’N 
09“ 09.08’W

4150 Cenozoic, Cretaceous and Pre- 
Cambrian basement

Musgrove and Mitchener 
(19%)

12/13-1A IRE 1979, Amoco Ireland 
Exploration Co

Erris Basin 55° 37.03’ N 
09° 30.38’ W

2852.7 Palaeogene, lower-upper Cretaceous, 
lower Jurassic and Permo-Triassic.

Tate and Dobson (1988)

13/3-1 IRE 1978 Texaco Donegal Basin 55° 53.18’ N 
08° 30.08’ W

1358.5 Thin Tertiary, Jurassic, Permo- 
Triassic and thick Carboniferous.

Tate and Dobson (1989); 
Mundiy and Croker (1992)

19/5-1 IRE 1978 Amoco Ireland 
Exploration Co.

Erris Basin 54° 57.42’ N 
10° 02.00’ W

2569.4 Thin Tertiary, lower Jurassic, Permo- 
Triassic and lower/upper 
Carboniferous.

Tate and Dobson (1988)

27/13-1 IRE 1981, Elf Aquitaine 
Ltd

Slyne Basin 53° 33.26’ N 
11° 24.37’ W

2701 Thin Quatemaiy to Late Tertiary and 
thidc Jurassic.

Scotchman and Thomas 
(1995)

Table 4.1. Exploration wells in the study area.



Wells Location Details of Tertiary section References
UK163/6-1A NE Rockall Basin Sequence of Tertiaiy volcanics (1045 m) Morton et al. (1988)
UK164/25-2 NE Rockall Basin Middle/upper Miocene muds above shallow 

marine sands and muds with biotuibation
Egerton (1998)

DSDP 610 Southern Rockall Basin Miocene to recent Masson & Kidd (1986)
JOIDES Hatton Rockall Tertiary succession Laughton et al. (1972); Naylor 

and Shannon (1982)
DSDP116 Hatton Basin Oligocene to Mio-Pliocene ooze and chalk with 

chert (808 m) above upper Eocene carbonate ooze 
(46 m)

Naylor & Shatmon (1982)

DSDP117 Hatton Basin Oligocene cheity limestone and ooze (152 m) 
above lower Eocene ooze, sandstones and 
clay stones (152 m)

Naylor & Shannon (1982)

BGS88/7, 7A Hd>rides Slope Late Miocene-early Pliocene unconformity Stoker et al. (1994)
BGS94/4 NW Rockall Basin U i^ r  Eocene/lower Oligocene mass-flow 

deposits
Stoker e/a/. (2001)

BGS94/1 W Rockall Basin Upper Eocene deep marine limestones above 
eaiiy Late Eocene shallow marine mudstones and 
san^ones

Stdcer et al. (2001)

ODP981 W Rockall Basin Intra-Pliocene reflector Jansen e/a/. (1995)
BGS83/20-*01 SB Rockall Basin Stoker (1999)
BGS83/24-A02 SB Rockall Basin Stdcer (1999)
BGSll/20-*01 NE Irish Rockall Basin St(*er(1999)
BGS16/28-sb01 East Rockall Basin St(*er(1999)

Table 4.2. Other well data controlling stratigraphy and age o f Cenozoic sediments in the Rockall Basin.



Survey name Year and Company
Inrock 96 1998, Spectnun-reprocessed
TRHP98 1998, TFE-Proprietary
E0597 1999, TFE-Pioprietary
E95IE07 1995, Enterprise
E97IE21 1997, Enterprise
DGER96 1996, Digicon
GWH92 1992, GECO-Prakla
NWI91 1991, Nopec
NWI93 1993, Nopec
WHR93 1993, Nopec
SRT96 19%, Nopec
M89-WB 1989, Mobile
INROCK96 19%, Spectrum
NA 1975-76, Western
OH 1975-76, Western

Table 4.3. Two-dimensional seismic surveys used in this study.



Geochronological
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Aee
w

This work Stoker et 
aL (2001)

Corfield et aL 
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van Weering et 
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Svaerdborg
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Table 4.4. Regional seismic reflections in the Rockall Basin mapped by different authors. Stoker et al. (2001) used nannoplankton 
from boreholes to date megasequences, and therefore have the most reliable time constraints. Other authors dat«d reflections based on 
projections to wells.



132/15-1 Depth below 
sea level (m)

Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Velocity (m/s)

Seabed 707 0.961 1471
953 0.867 2198

TLate Eocene 1660 1.828 1816
933 0.836 2232

Base Eocene 2593 2.664 1946
944 0.618 3055

BaseTertiaty 3537 3.282 2155

12/13-lA Depth below 
sea level (m)

Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Velocity (m/s)

Seabed 480 0.660 1454
340 0.394 1726

TLate Eocene 820 1.054 1556
167 0.192 1739

Base Eocene 987 1.246 1584
71 0.035 4057

BaseTeitiaiy 1058 1.281 1652

19/5-1 Depth below 
sea level (m)

Thickness (m) Seismic TWT (g) Thickness TWT (s) Av. Velocity (m/s) Inter. Velocity (m/s)

Seabed 115 0.158 1457
Holocene-Pleistocene 103 0.032 6477

219 0.190 2303
Pleistocene-Late Pliocene 98 0.224 874

317 0.224 2827
7L. Miocene-Pliocene 49 0.136 717

365 0.360 2.030

Table 4.5. Well data used for depth conversion taken from composite well logs and seismic lines tied into the wells. Interval (Inter.) 
and average (Av.) velocities are calculated dividing thickness in metres (m) by thickness in seconds (s).



132/15-1 Depth below sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Vdocity (m/s)
Seabed 707 0.%1 1471

2830 2.321 2438
B.Teitiaiy 3537 3.282 2155

12/13-lA Depth below sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Velocity (m/s)
Seabed 480 660 1454

578 621 1861
B. Tertiary 1058 1281 1651

Thickness TWT (s) Thickness (m) Interval Velocity (m/s)
Minimum value 0.001 1.605 1605
Maximimi value 2.506 3009 2402

Table 4.6. Cenozoic section thicknesses in seconds and metres measured from wells 132/15-1 and 12/13-la and seismic sections tied 
to the wells. The interval velocity for the Cenozoic section is calculated by dividing thickness in metres (m) by thickness in seconds 
(s). The average velocity to the base Tertiary unconformity and the seabed is also calculated. The third table shows the maximum and 
minimum thicknesses in seconds from the isochron map and the estimated maximum and minimum velocities used for depth 
converting, using the average velocity function calculated from the two wells (Fig. 4.20).



132/15-1 Depth below sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Velocity (m/s)
Base Eocene 2593 2.664 1946

944 0.618 3055
BaseTertiaiy 3537 3.282 2155

12/13-la Depth below sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Velocity (m/s)
Base Eocene 987 1.246 1584

71 0.035 4057
Base Tertiary 1058 1.281 1651

Thickness TWT (s) Thickness (m) Interval Velocity (m/s)
Minimum value 0.001 2.057 4115
Maximum value 1.500 1154 1538

Table 4.7. Palaeocene section thicknesses in seconds and metres measured from wells 132/15-1 and 12/13-la and seismic sections tied 
to the wells. The internal velocity for the Palaeocene section is calculated by dividing thickness in metres (m) by time in seconds (s) in 
one-way travel time. The average velocity to the base Tertiary unconformity and the base Eocene is also calculated. The third table 
shows the maximum and minimum thicknesses in seconds from the isochron map and the estimated maximum and minimum 
velocities used for depth converting, using the average velocity fiinction calculated from the two wells (Fig. 4.21).



132/15-1 Depth below sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Vdocity (m/s)
Late Eocene 1660 1.828 1816

933 0.836 2232
Base Eocene 2593 2664 1946

12/13-la Depth below sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Vdocity (m/s)
Late Eocene 820 1.054 1555

167 0.192 1739
Base Eocene 987 1.246 1584

Borehole 83/24-sb02 Depth bdow sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Vdocity (m/s)
Seabed 1566 2.086 1501

38 0.040 1906
Lower Eocene 1604 2.126 1509

Borehole 16/28-sbOl Depth bdow sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Vdocity (m/s)
Seabed 1465 1.956 1497

146 0.181 1612
Lower Eocene 1610 2.137 1507

Thickness TWT (s) Thickness (m) Interval Vckicity (m/s)
Minimum 1 0.842 1685
Maximum 1101 1290 2344

Table 4.8. Eocene section thicknesses in seconds and metres measured from wells 132/15-1 and 12/13-la, boreholes 83/24-sb02 and 
16/28-sbOl, and seismic sections tied to the wells. The interval velocity for the Palaeocene section is calculated by dividing thickness 
in metres (m) by thickness in seconds (s) OWT. The average velocity to the base Eocene unconformity and to late Eocene 
unconformity is also calculated. The last table shows the maximum and minimum thicknesses in seconds from the isochron map and 
the estimated maximum and minimum velocities used for depth conversion (Fig. 4.22).



132/15-1 Depth below sea level (m) ThkkiieM (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) inter. Vdochy (m/s) 1
Seabed 707 0.961 1471

953 0.867 2198
Late Eocene 1660 1.828 1816
12/13-la

12/13-la Depth below sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Vdocity (m/s)
Seabed 480 0.660 1454

340 0.394 1725
Late Eocene 820 1.054 1555

83/20-sb01 Depth bdow sea level (m) Thickness (m) Seismic TWT (s) Thickness TWT (s) Av. Velocity (m/s) Inter. Vdocity (m/s)
Seabed 1045 1.428 1463

86 0.082 2089
Miocene 1131 1.510 1497

Thickness TWT (s) Thickness (m) Interval Velocity (m/s)
Minimum 0.001 0.955 1911
Maximum 1.123 1199 2135

Table 4.9. Post-Eocene section thicknesses in seconds and metres measured from wells 132/15-1, 12/13-la and borehole 83/24-sb02, 
and seismic sections tied to the wells. The interval velocity for the post-Eocene section is calculated by dividing thickness in metres 
(m) by thickness in seconds (s) in one-way travel time. The average velocity to the late Eocene unconformity and the seabed is also 
calculated. The last table shows the maximum and minimum thickness in seconds from the isochron map and the estimated maximum 
and minimum velocities used for depth conversion (Fig. 4.23).



Packaee Interval Velocity functions (m/s) Evidence from wells
1) Entire Cenozoic 2) Prescribed post-late Eocene 3) Variable post-late Eocene

Eariy Pliocene -  Seabed 1800 132/15-1
Early Miocene -  Early Pliocene 1900 r  = 200/ + 1911 12/13-la
Late Eocene -  Early Miocene r  = 339/+ 1650 2000 83/24-sb02
Base Eocene -  Late Eocene F = 600/+ 1684 16/28-sbOl
Base Tertiary -  Base Eocene -------- K = -1 7 0 0 + ^ 1 7

Table 4.10. Summary of velocity constant values and functions obtained from well evidence for the five different Cenozoic 
sedimentary packages.



WeU 132/15-1 Depth from seabed to top of package (m) Depth from seabed to base of package (m) Thickness (m) Age (My)
Plio-Pleistocene 0 767 767 0-5
TMiocene 767 767 0 5-20
TOligocene 767 %7 200 20-35
Eocene 967 1886 919 35-50
Palaeocene 1886 2830 944 50-60

Table 4.11. Depth from seabed to base and top of each sedimentary package. Thickness and age in well 132/15-1 are also given.



Decompacted depth from 
seabed to base of package

SOMa 35 Ma 20 Ma SMa OMa

Plio-Pleistocene 0 0 0 0 767 m

Miocene 0 0 0 ? 767 m

Oligocene 0 0 289 m 289 m 967 m

Eocene 0 1213 m 1388 m 1388 m 1886 m

Palaeocene 1417 m 2259 m 2403 m 2403 m 2830 m

Table 4.12. Decompacted depth below seabed in metres to the base of each package at various times in the past. The present 
day (0 Ma) depths to the base of each layer are given by the right-hand column. At 5 Ma the Plio-Pleistocene was not yet 
deposited. The Miocene section is missing in the well. At 20 Ma the Miocene and Plio-Pleistocene were not yet deposited and 
the Oligocene section was therefore uncompacted with a depth to its base of 289 m below seabed. At 35 Ma the base Eocene 
was at 1213 m below seabed. At 50 Ma the base Palaeocene was at 1417 m below seabed.



♦ 50 Ma 35 Ma 20 Ma 5M a OMa

Plio-Pleistocene 0.55

Miocene -

Oligocene 0.6 0.5 0.45

Eocene 0.5 0.45 0.35 0.35

Palaeocene 0.45 0.35 0.3 0.25 0.25

Table 4.13. Backstripped porosity (<|)) taken from porosity curve in well 132/15-1 (Fig. 4.25).

50 Ma 35 Ma 20 Ma 5Ma OMa
Bulk density (kg/m"̂ 1946 1968 2011 2054

Table 4.14. Bulk density of the entire sedimentary column calculated from Eq. 4.11.

50 Ma 35 Ma 20 Ma 5Ma OMa

Subsidence 842 1320 1360 1550

Table 4.15. Backstripped tectonically-driven subsidence. The lack of wells drilled in the Rockall Basin allowed 
only a preliminary estimation of the tectonically-driven subsidence which has not been corrected for 
palaeobathymetry or aistacy.



Mean thickness (m) Duration (My) Accumulation rates (m/My)
Plio-Pleist. (5 -0  My) 254 5 51
TMiocene (23 -  5 My) 248 18 14
TOligocene (36 -  23 My) 282 13 22
Eocene (53 -  36 My) 648 17 38
Palaeocene (66 -  53 Nfy) 1205 13 93

Cenozoic (66-0) 1811 66 27

Table 4.16. Spatially-averaged accumulation rates in the northeastern Irish Rockall Basin taken from isopach 
maps in this study.



Chapter 5 Denudation, deposition and flexure on the 
northwestern Irish margin during the Cenozoic

5.1 Introduction

The northwestern Irish passive margin was characterised by onshore denudation and 

offshore sedimentation throughout the Cenozoic (Allen et al. in press). Offshore 

sedimentation is reflected by an almost complete Cenozoic succession three 

kilometres thick in the northeastern Rockall Basin (Chapter 4). On onshore 

northwestern Ireland no extensive Tertiary or Mesozoic deposits exist and bedrock is 

predominantly composed of Pre-Cambrian to Carboniferous rocks, suggesting at least 

some episodes o f widespread denudation during the Cenozoic. The flexural effects of 

sedimentary loading due to offshore deposition and unloading due to onshore 

denudation will be explored in this chapter.

To quantify the magnitude of denudation several techniques can be used. Hillis (1995) 

used sonic velocities (a fimction of sedimentary compaction) from Mesozoic 

sediments to estimate approximately 1 km of Tertiary denudation in and around the 

United Kingdom. In Chapter 3 denudational estimates were given from a simple 

function proportional to present day relief (Anhert 1970; Summerfield 1991a). This 

method may well be unreliable when applied over long time scales.

Denudation is commonly estimated using forward modelling of apatite fission track 

data (Brown et al. 1994). Apatite fission track modelling is a thermochronological 

method that uses fission track parameters, such as the age and length of the apatite 

fission tracks, to estimate a palaeo-thermal history for a given sample (Gleadow et al. 

1986; Duddy et al. 1988; Green 1988). It has been widely used in the British Isles 

(Bray et al. 1992; Green et a l 1999; Green 1986, 1989; Lewis et al. 1992), Ireland 

(Allen et al. in press; Green et al. 2000; Keeley et al. 1993; McCullogh 1993, 1994) 

and other passive margins such as southeastern Australia (Gallagher & Brown 1997), 

southern Norway (Rohrman et al. 1995) and northeast Greenland (Thomson et al. 

1999).
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The offshore Cenozoic depositional history and tectonic activity o f northwestern 

Ireland was described in Chapter 4. The aim of this chapter is a comparison between 

the onshore and offshore Cenozoic denudational, depositional and flexural history in 

this region. First, the amount o f  denudation onshore will be estimated using apatite 

fission track modelling and compared with the amount o f deposition offshore during 

the Cenozoic. Secondly, the flexural effect of sediment loading and erosional 

unloading will be calculated, assuming an elastic lithosphere with different values of 

rigidity overlying a viscous fluid.

Section 5.2 introduces apatite fission track analysis, and describes the basis for 

denudation estimates presented here and in other published work. Offshore well 

samples are modelled to calculate denudation around the margins of the northwestern 

Irish offshore basins during the Cenozoic.

In section 5.3, offshore denudation estimates are integrated with a larger database o f 

denudation estimates from onshore Ireland (Allen et al. in press). The denudation 

histories for four time slices, Palaeocene, Eocene, Oligocene and post-Oligocene, are 

discussed.

Section 5.4 compares the rates and volumes o f solid sediment denuded from onshore 

and the Irish Mainland Shelf with rates and volumes o f sediment deposited in the 

northeastern Irish Rockall Basin.

Section 5.5 calculates the flexural response to this spatially-variable loading and 

unloading of the lithosphere over the last 65 My.

Similar studies involving denudation, deposition and flexure have been done for other 

passive margins, including the eastern US (Pazzaglia and Gardner 1994), eastern 

Afiica (Clift and Lorenzo 1999), western South Africa (Gilchrist and Summerfield 

1990), southern England (Watts et al. 2000) and the Scotian Basin, North America 

(Erickson 1993). Gilchrist and Summerfield (1990) used flexural models to show that 

the contrast in denudation rates in the flanks of rifted margins and adjacent coastal 

interiors results in marginal upwarps of up to 600 m; they explained variations in local 

relief by flexure. In the more topographically subdued middle US Atlantic passive

112



margin, Pazzaglia and Gardner (1994) calculated late Cenozoic flexural deformation 

driven by continental denudation and offshore deposition, with an onshore flexural 

uplift response that compares well with palaeotopography given by preserved fluvial 
terraces.

The northwestern Irish margin has onshore relief of up to 500 m, possible evidence of 

tectonic activity in the form of river knickpoints (Chapter 3), a Cenozoic denudation 

history given by apatite fission track analysis (Section 5.3), and a good offshore 

Cenozoic sedimentary record (Chapter 4). These factors make this area an ideal place 

to study the potential effects of flexural deformation.

5.2 Apatite fission track analysis

5.2.1 Introduction

The aim o f this section is to present remodelled apatite fission track data fi-om 

offshore wells in northwestern Ireland using the same technique as in Allen et al. (in 

press). This allows direct comparison between the resulting offshore thermal histories 

and those presented by Allen et al. (in press). Thermal histories for different time 

intervals during the Cenozoic will be taken from Allen et al. (in press) for onshore 

Ireland, and converted into denudational histories using a geothermal gradient 

constrained by offshore wells. Onshore and offshore denudational histories will be 

combined to compare later with basin deposition.

Apatite is a mineral usually found in sandstones, granites, igneous rocks and granitic 

gneisses. Fission tracks grow in apatite crystals by radioactive decay o f uranium 

atoms (^^*U). Fission track ages require an estimate of the relative abundance of the 

parent and daughter product (e.g., the number of U atoms and the nimiber of 

spontaneous fission tracks per unit volume). As the temperatixre increases the tracks 

become shorter (<14 |xm) (anneal) till they disappear (total annealing) at ~125 C 

(Gleadow et al. 1986). If temperature decreases below 60°C tracks maintain their 

length and so, the maximum temperature the sample was under can be calculated.
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Apatite fission track analysis allows determination of the magnitude of the maximum 

temperature o f a sample and the time at which cooling from that maximum began. For 

a detailed description o f the technique and laboratory studies on the response of 

apatite fission tracks to elevated temperatures see Green et al. (1989), Duddy et al. 
(1994) and Bray et al. (1992).

Fission track age is the time over which tracks have accumulated in the apatite crystal. 

It can be calculated by knowing the concentration of in the sample and the 

number o f fission tracks. A sample that was never at temperatures higher than 60°C 

will show a fission track age equal to the time over which tracks accumulated. A 

sample that resided between 60-120°C for part of its thermal history will show 

partially annealed fission tracks. The fission track age will be reduced as tracks 

progressively shortened. When the sample is exposed to temperatures higher than 

120°C the fission track age is reset to 0 My.

The distribution of track lengths contains information on when and how the sample 

cooled down. Samples for which the present temperature is also the maximum 

temperature, show symmetric, vmimodal distributions in which tracks are equally 

annealed. The higher the temperature the greater the annealing and the smaller the 

fission track age. Samples that have resided in the partial annealing zone 

(palaeotemperatures between 120-60°C) typically yield a bimodal distribution with 

two populations of tracks: one set equally shortened by temperatures between 60- 

120°C and the other set o f tracks formed during subsequent cooling. The fission track 

age will reflect the amount of track reduction shown by the shorter population. If the 

maximum palaeotemperature was greater than 120°C and if the sample was cooled 

rapidly and monotonically, then the fission track age relates directly to the time of 

cooling. Samples recording two periods of heating, being the first one greater than 

120°C in intensity will show three distributions sets.

Forward modelling o f fission track age and track length distribution yields constraints 

on the thermal history o f a sample. Thermal history information is extracted from 

fission track data by fitting measured apatite fission track parameters through a 

variety o f possible thermal-history scenarios. The modelling in this work was done
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using a probabilistic approach, Monte Trax (Gallagher 1995), and is described in 
section 5.2.3.

The kinetic basis for fission track modelling (the rate at which tracks anneal) was 

established on mono-compositional apatites (Green 1989) on the basis of a series of 

laboratory experiments on Durango apatite (Green 1986; Laslett et al. 1987; Duddy et 

al. 1988). However, the kinetics of fission tracks in apatite in particular depend on 

apatite composition, particularly on the fluorine/chlorine ratio (Green et al. 1986, 

1996). The model used in this work does not account for different apatite composition 

and a Durango apatite composition (fluorine/chlorine ratio o f -0.1) is assumed for all 

samples.

5.2.2 Previous Cenozoic apatite fission track studies in Ireland

Apatite fission track analysis has been used extensively as a thermo-chronological 

tool in the British Isles (Green 1986; Bray et al. 1992; Lewis et al. 1992; Green et al. 

1993; Green et al. 1997) and in Ireland (McCullough 1993, 1994; Keeley et al. 1993; 

Green et al. 2000; Allen et al. in press).

Clift et al. (1998) used apatite fission track analyses and subsidence curves in offshore 

wells to predict 2.5 km of Cenozoic denudation in northwestern Britain, caused by 

igneous underplating (Clift and Turner 1998; Brodie and White 1995). Thomson et al. 

(1999) found thermal evidence for at least 2.5 km of denudation in northwestern 

Scotland, but attributed only 1 km of this to actual Cenozoic denudation with the rest 

being due to thermal effect of the Tertiary Igneous Complex. Evans (1997) suggested 

2 km o f erosion from the West Orkney Basin commencing in the latest 

Cretaceous/Early Tertiary.

McCullough (1993) analysed apatite samples from both onshore and offshore Ireland 

and found evidence for a period of elevated palaeo-temperatures in the Late 

Cretaceous to Early Tertiary (50-80 My). He assumed palaeo-geothermal gradients of 

40 to 65°C km‘‘ and calculated 800 to 2000 m of denudation after maximum Late 

Cretaceous to Early Tertiary palaeo-temperatures were reached over Ireland (Table 

5.1).
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Green et al. (1999) found no evidence for elevated Early Tertiary heat flow west of 

the Shetland Islands, and suggested that palaeo-geothermal gradients at that time were 

similar to those of the present day (~30°C km'‘). In the same area they also found 
strong evidence for Late Tertiary uplift and erosion.

Green et al. (2000) analysed Irish onshore apatite samples, and suggested a complex 

Tertiary history of heating and cooling with probably two cooling events. The first 

event occurred at -60 My, with maximum palaeo-temperatures ranging between 50- 

75°C; the second occurred at ~20 My, with maximum palaeo-temperatures between 

40-50°C. At least one kilometre of erosion during the Early Tertiary can be assumed 

using a palaeo-geothermal gradient of 20 to 60“C km'*.

Allen et al. (in press) integrated new onshore apatite fission track data with existing 

published (Keeley et al. 1993; McCullough 1993, 1994) and unpublished work. All 

data were remodelled using Monte Trax (Gallagher 1995) and details are given in 

Allen et al. (in press). They obtained denudation rates varying in time and space of 20 

to 40 m/My during the Cenozoic. They assumed a palaeo-geothermal gradient of 22°C 

km '\ based on the conclusion of Green et al. (1999) that Tertiary geothermal 

gradients were being similar to those in the present day. I used the same onshore 

database and added data from four offshore wells. I also estimated geothermal 

gradients based on well data. The Cenozoic denudation history was then modelled in 

time slices equivalent to the ages of the Irish Rockall Basin unconformities (Chapter 

4).

5.2.3 Database and methods

Thirty-five onshore apatite fission track samples from northwestern Ireland were 

chosen from the database presented by Allen et al. (in press). The data were selected 

from an area bounded by Killary Harbour to the south and the border with Northern 

Ireland to the east. Details of sample locations and fission track parameters are given 

in Table 5.2, or for fijrther detail see Allen et al (in press).
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Apatite fission track samples from wells 132/15-1, 19/5-1, 12/13-la and 27/13-1, off 

northwestern Ireland, were also modelled. Each well has 4 to 6 samples at various 

depths. Fission track data and parameters were taken from unpublished Geotrack 

reports (Gibson 1997; Gibson 1996; Green 1993; Ame 1992, available to 

TotalFinaElf, Exploration, UK (Table 5.3). Samples were remodelled using the same 

thermal history model used by Allen et al. (in press), Monte Trax (Gallagher 1995), 
with the same parameters.

Monte Trax (Gallagher 1995) is a computer program that calculates a thermal history 

from apatite fission track parameters using a stochastic (optimisation) search 

procedure. The thermal history obtained is not necessarily unique and there may be 

other thermal histories that can match the data equally well (Gallagher 1995). Initial 

model runs incorporated the fission track annealing model of Laslett et al. (1987). 

This annealing model is based on laboratory annealing experiments performed on a 

mono-compositional Durango apatite with a fluorine/chlorine ratio of ~0.1 (Young et 

al. 1969). Extrapolation of the Laslett et al. (1987) Durango apatite model to 

geological time scales (10^ to 10  ̂ y) predicts a partial annealing temperature range 

from ~60°C to ~110°C with an uncertainty of about 10°C.

One of the major limitations o f the Laslett et al. (1987) model is that it does not 

predict sufficient annealing at temperatures less than ~60”C. It has been observed that 

volcanic or volcanogenic sediments that have undergone no significant post-eruption 

heating, have observed mean track lengths of 14 to 14.5 i^m, while the Durango 

standard predicts them to be about 16 îm (e.g. Vrolijk et a l 1990). Consequently, 

thermal history simulations can be biased towards inferring rapid cooling from ~60°C 

to surface temperatures with consequent overestimates of recent denudation. Galbraith 

& Laslett (1993) developed a model that is more sensitive to temperatures <60°C but 

the model formulation was not applied to the Durango apatite data. K. Gallagher 

(pers. comm.) has adopted the Galbraith & Laslett (1993) model and has applied it to 

the Durango apatite data given by Green et al. (1986). The onshore samples were 

subsequently re-modelled using this modified annealing model, referred to here as 

Gallagher (in prep.). Relative to the Laslett et al. (1987) model, this revised model 

produces more annealing at lower temperatures, and thus yields lower cooling rates.
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Monte Trax requires that the bounds for the thermal history be specified, although 

these constraints may be quite loose. Where possible, these bounds on the thermal 

history are based on geological data. The depositional history of wells was used to 

constrain the initial thermal history (e.g. Fig. 5.1). In this way the initial thermal 

history is much better constrained for the offshore samples than for those onshore and 

therefore the denudation estimates obtained are more reliable.

Once the initial thermal history is constrained, the observed fission track parameters 

(fission track age, mean track length, standard deviation and track length distribution) 

are entered. Monte Trax uses a probabilistic genetic algorithm approach (Gallagher 

1995) to calculate the thermal history that best fits the observed parameters. With the 

genetic algorithm approach, the information gained by sampling is used to determine 

better-fitting models, and more models are selected for testing around these better 

models. This method finds in each calculated generation the best-fit models and uses 

these to re-calculate the next generation. 20 generations with 100 calculations in each 

generation were used to obtain the results presented here. For each sample the 

program was run 3 to 6 times in order to ensure that consistent results between runs 

were obtained.

5.2.4 Modelling o f well samples

Thermal modelling of twenty-one sandstone samples fi-om four wells off northwestern 

Ireland was done (Table 5.3). The geology of the drilled section above each sample 

was used to define an initial thermal history.

A depositional or surface temperature for sandstone samples o f 10±10°C was 

assumed. As the sample gets buried temperature increases in proportion to the depth 

o f burial and the palaeo-geothermal gradient. The well section above each sample 

gives the uncompacted depth of burial. The geothermal gradient is assumed to range 

between 20 to 40 °C km'*.

Apatite crystals in sandstone can contain information on the inherited thermal history 

prior to the deposition o f the rock if the buried sample did not reach temperatures 

higher than 120°C (total annealing) after deposition. I assumed that burial of samples
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with Carboniferous stratigraphic ages during the Hercynian Orogeny (Late 

Carboniferous to Permian) resulted in post-burial temperatures higher than 120°C and 

therefore total armealing. For this reason samples with stratigraphic ages older than 

300 My were not allowed to have an inherited thermal history prior to deposition in 

the modelling. Post-Permian samples (younger than 280 My) might not have reached 

120°C during burial and were allowed in the modelling the freedom to have a pre- 

depositional thermal history.

Unconformities define periods of time during which the sample might have been 

buned and exhumed one or more times. The thermal model can be given the freedom 

to increase or decrease temperature during the unconformity time interval by 

increasing the number o f time-temperature pairs. That is, the number of time and 

temperature ranges used to define the initial thermal history in the model. 

Carboniferous and pre-Carboniferous surface samples fi-om onshore Ireland (Allen et 

al. in press) have no record of the post-Carboniferous geological and thermal history, 

whereas samples from offshore wells with a overlying stratigraphic section can help 

define with more confidence the initial and therefore the resultant thermal histories.

5.2.4.1 Well 19/5-1

Apatite fission track data from six sandstone samples, dated as Carboniferous to 

Lower Jurassic, were acquired from well 19/5-1 (Fig. 5.1). The samples range in 

depth from 430 to 2575 m below the seabed. Three unconformities are recognised in 

this well with section missing between 328 to 318 My, 305 to 256 My, and 195 to 5 

My (Fig. 5.1). Sfratigraphic ages come from the composite well log.

The ages o f the samples, the age o f the rocks below and above the unconformities and 

the thickness of section above each sample allow the reconstruction of an initial 

thermal history. Depth in mefres was converted into temperatures assuming a range of 

palaeo-geothermal gradients between 20 and 40°C km . This range was chosen by 

considering that geothermal gradients during the Cenozoic were similar to those in the 

present day (Green et al. 1999), although this might not have been the case for the 

Mesozoic. The procedure used will be explained for sample GC651-12 only, although
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the same procedure applies to the rest of the samples analysed in this study. The initial 

thermal history was constrained in the following way (Table 5.4):

Sample GC651-12 with a stratigraphic age of 345±3 My, is assumed to be deposited 

at a surface temperature of 10±10°C. At 328 My, the sample was buried by 1323 m. 

The burial increased palaeo-temperature to 40±15°C assuming a geothermal gradient 
o f 20 to 40°C km'*.

An unconformity is recorded between 328-318 My. The model is allowed the freedom 

to continue burial o f the sample after 328 My, within a temperature range of 80±40°C, 

followed by cooling at any time between 328 and 318 My. Only one period of cooling 

is allowed, therefore the model cannot undergo repeated heating and cooling cycles 

during this unconformity. At 318 My, temperatures are assumed to be the same as at 

328 My (40±15°C). By 305 My, the sample was re-buried by 271 m of section. This 

burial increased the temperatures to 40±15°C.

Between 305 and 256 My, another period of erosion occurred. Therefore at 280±25 

My, the sample is allowed a palaeo-temperature of 90±40°C, and cooling is allowed at 

any time between 280±25 My. At 256 My, the sample was buried just as much as it 

was at 305 My, and the temperature was therefore 48±15“C. By 195 My, deposition of 

512 m of section increased the temperature to 63±15°C.

Between 195 and 5 My, an unconformity is recorded. Because of the long time 

elapsed during this unconformity, four phases of deposition and erosion are allowed in 

the model. Each phase can increase sample temperatures up to 80°C, but the minimum 

temperature must be 63±15°C, as the sample was always buried by at least 2106 m of 

section.

The procedure described above was followed for the rest of the samples in well 19/5-1 

(GC651-10, GC651-8, GC651-4, GC651-3, GC651-1) and the initial thermal histories 

are summarised in Table 5.4.

The initial thermal histoiy is then used to enter time temperature constraints in Monte 

Trax, shown as a series o f black boxes in Figure 5.2. The program is then free to find
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the best-fitting thermal history within the boundaries marked by the boxes. The 

distribution of observed confined track lengths in the sample is shown in the 

histogram of Figure 5.2. The blue curve plotted with the histogram is the predicted 

track length distribution calculated by Monte Trax on the basis of the best thermal 

history. The thermal history obtained is the one that best fits the track length data but 

is not necessarily the true one. The model was run from 3 to 6 times to ensure that 

consistent results were achieved, rather than random thermal histories.

Misfit values close to 1 (Fig. 5.2) fit the observed data very well, while misfits much 

less than 1 do not. With sample GC651 -4, any initial thermal history always results in 

a bad misfit. Likewise, GC651-3 has consistent misfits of 0.6 and therefore is 

assumed to be unreliable. The rest of the samples, with misfits close to 1, are shown in 

Table 5.5. All or most of the modelled thermal histories obtained for each sample in 

different runs are consistent (Fig. 5.3), in that they suggest that a maximum 

temperature of 60-96‘’C were reached between 28 and 42 My (Table 5.5). This 

maximum thermal event coincides with the Oligocene to Miocene regional uplift and 

erosion of Chapman et al. (1999) based on 2D seismic evidence.

5.2A.2 Well 12/13-la

Well 12/13-la  has apatite fission track data sets fi-om six sandstone samples. The well 

log shows that samples were taken at depths ranging fi'om 2111 to 2774 m below 

seabed (Fig 5.4). Three samples are Permo-Triassic in age, and lie below two 

unconformities with section missing fi’om 205 to 140 My, and 34 to 2 My. The other 

three samples are Cretaceous in age and lie between the unconformities. The distance 

fi’om each sample to the two unconformities is measured (Fig. 5.4). The thickness of 

rock above each sample allows calculation of the increase in temperature due to 

sedimentary burial, again using a geothermal gradient of 20 to 40°C km .

The age of each sample, the age of the rocks below and above the unconformities and 

the thickness of rock converted into degrees centigrade are used to reconstruct an 

initial thermal history (Table 5.6). The oldest stratigraphic age of the samples is 

240±5 My. Because this post-dates the Hercynian Orogeny, a previous thermal history 

may be recorded in the apatite grains. The thermal history constraints used to model
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these samples thus allow for an inherited thermal history with temperatures o f 80±80 
°C, during the period 300±150 My.

Time-temperature constraints are defined for the initial thermal history (Table 5.6) 

and are shown as black boxes in Figure 5.5. The program was run for six times on 

each sample to make sure consistent results were obtained. All modelled thermal 

histories had misfits o f ~1, except for sample GC492-15 with misfits close to 0. Five 

samples show highly consistent thermal history results (Fig. 5.6). Maximum palaeo- 

temperatures appear to have been reached in the Middle Jurassic and late Oligocene 

(Fig. 5.6). All samples appear to have experienced a maximum Cenozoic temperature 

o f 70 to 97°C at about 18 to 34 My (Table 5.7). There is no evidence of an earlier 

Tertiary high temperature event.

5.2.4J Well 132/15-1

Well 132/15-1 has apatite fission track data fi'om four sandstone samples. The 

samples were taken between depths of 2475 to 3339 m below seabed and are 

Cretaceous in age (Fig. 5.7). An unconformity is present between rocks of 34±4 My 

and 30±2 My in age. The distance from each sample to the unconformity is measured 

(Fig. 5.7). Here again, the thickness of rock above each sample allows calculation of 

the thermal effects due to burial, using a geothermal gradient of 20 to 40°C km’'.

The initial thermal history was reconstructed using the sedimentary thickness above 

each sample in the same way as in previous samples (see section 5.2.4.1) and is 

summarised in Table 5.8. The oldest stratigraphic age of the samples is 58.5±2.5 My. 

Because this post-dates the Hercynian Orogeny, a previous thermal history may be 

recorded in the apatite grains. Again, the thermal history constraints used to model 

these samples allow for an inherited thermal history, with temperatures o f 80±80 C 

during the period 200±140 My.

Time-temperature constraints are shown as black boxes in Figure 5.8 and in more 

detail in Table 5.8. Sample GC564-4 resulted in misfits « 1 ,  therefore the results are 

considered to be unreliable. The three other samples show misfits close to 1 and were 

run four times each to make sure consistent results were obtained (Table 5.9). Results
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for those three samples, consistently show a maximum temperature of 38 and 112°C 

occumng from 31 to 36 My (Fig 5.9). This sudden increase in temperature during the 

late Eocene might be due to the thermal effect of widespread volcanism during the 

Palaeogene. Evidence o f volcanic intrusives is found in the well stratigraphy (Fig. 4.6) 

during the late Palaeocene and early to middle Eocene. The presence of local igneous 

intrusions as late as 31 to 36 My may be the cause of anomalously high temperatures 

in the thermal histories of the samples.

S.2.4.4 Well 27/13-1

Well 27/13-1 has five sandstone samples, all Jurassic in age. An unconformity is 

present 450 m below seabed between rocks of 155 My and 2 My age (Fig. 5.10). 

Distance from each sample to the imconformity is measured (Fig. 5.10) and the 

thickness o f  rock above each sample allows calculation of the thermal effect due to 

burial, using a geothermal gradient of 20 to 40“C km'*.

The initial thermal history is summarised in Table 5.10. The oldest stratigraphic age 

o f the samples is 206±2 My. Because this post-dates the Hercynian Orogeny, a 

previous thermal history may be recorded in the apatite grains. Again, the thermal 

history constraints used to model these samples allow for an inherited thermal history, 

with temperatures o f 80±80“C during the period 300±150 My.

Time-temperature constraints are shown as black boxes in Figure 5.11 and in more 

detail in Table 5.10. Sample GC375-4 resulted in misfits «  1, therefore the results 

are considered to be unreliable. The other four samples show misfits close to 1 and 

were run for eight times each to make sure consistent results were obtained (Table 

5.11). Results for the four samples do not show the same consistency found in the 

samples from other wells (e.g. 12/13-la). Samples in well 27/13-1 yielded fewer 

tracks than samples in other wells and that might partially explain the lack of 

consistency found. However, the results show a general cooling during the Tertiary, 

except for sample GC375-2 with a maximum temperature of 75-80°C at about 22-50 

M y (Fig. 5.12). Three o f the samples modelled consistently show a cooling episode 

from about 80 to present day.

123



5.2.5 Summary

Well data allow general constraints to be placed on the thermal history for the 

Cenozoic. Consistent modelled thermal histories were obtained for each well, 
suggesting:

Maximum palaeo-temperature o f 60 to 96°C was reached between 28 and 42 My in 

well 19/5-1.

Maximum palaeo-temperature o f 70 to 97°C at about 34 to 18 My in well 12/13-la, 

but there is no evidence for an earlier Tertiary high temperature event.

Maximum palaeo-temperature of 38 toll2°C at 31 to 36 My in well 132/15-1. This 

sudden increase in temperature during the late Eocene might be due to the thermal 

effect o f widespread volcanism during the Palaeogene.

Modelled samples for well 27/13-1 show a general cooling, suggesting uplift and 

erosion during the Cenozoic.

Modelling o f offshore wells allows more reliable results on denudation than onshore, 

because o f the preservation of a Mesozoic to Cenozoic sequence allows prediction of 

an initial thermal history and a geothermal gradient.

5.3 Denudation estimated from apatite fission track modelling

Denudation maps were built using the thermal histories obtained from apatite fission 

track modelling o f well samples presented in the previous section, along with thermal 

histories for onshore samples obtained using the same method by Allen et al. (in 

press).
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5.3.1 Methods

Once the thermal history is constrained for the Cenozoic, the net amount of 

denudation at any particular point is obtained by the following function:

T - T
Denudation = ] ,  ̂ i

dTldz  W

where and 7̂  are the palaeo-temperatures at certain times taken from the thermal 

history [°C], and dTIdz  is the palaeo-geothermal gradient [°C km’'].

A series of palaeo-temperature estimates from apatite fission frack analysis over a 

vertical range of depths can be used to reconstruct a palaeo-temperature profile 

through the preserved section and therefore the palaeo-geothermal gradient. Well data 

from offshore northwestern Ireland (Table 5.3) shows that the geothermal gradient for 

each well is consfrained by apatite fission track data and vitrinite reflectance (Gibson 

1997; Gibson 1996; Green 1993; Ame 1992). A best estimate of the Cenozoic 

geothermal gradient might be the mean of the geothermal gradient values for all wells, 

which is 27°C km"'. Brown (1991) and Green at al. (1999) found no evidence for 

elevated Early Tertiary heat flows and geothermal gradient along the UK Atlantic 

margin. Therefore in this work, in order to estimate denudation from a thermal 

history, a constant value of 27°C km"' throughout the Cenozoic is assumed for 

onshore data. For the offshore wells the own palaeo-geothermal gradients measured in 

each well were used (Table 5.3).

I have divided the Cenozoic into intervals according to the unconformities picked 

offshore in order to establish temporal relations between sediment denuded and 

sediment deposited. The intervals are Palaeocene (66-52 My), Eocene (52-36), 

Oligocene (36-23) and Miocene to present (23-0 My). Miocene and Plio-Pleistocene 

were not subdivided because of the uncertainties in the thermal model for the last few 

million years, which yield overestimates of the denudation (see section 5.2.3). 

Therefore it must be kept in mind that denudation results for the last 23 My might be 

overestimated.
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Denudation was calculated using equation 5.1. Temperatures were taken from the 

thermal history modelled for each well. Each well has four to six samples, from which 

four to six thermal histories were obtained (see Figs. 5.3, 5.6, 5.9 and 5.12). As has 

been shown, the thermal histories modelled in each well are internally consistent, 

although not exactly the same. Therefore to estimate denudation from one thermal 

history, one must choose the modelled thermal history that best represents all the 

samples. The selection of the best representative thermal history for each well was 

based on minimum misfit, the greatest consistency between independent model runs 

and common peak temperatures with other samples modelled within the same well. 

Denudation estimates for each interval are given in Table 5.12, along with palaeo- 

temperatures and geothermal gradient values used.

5.3.2 Contouring method

Denudation maps for the entire Cenozoic as well as the Palaeocene, Eocene, 

Oligocene and Miocene to present intervals are presented in this section. The data set 

has a total of thirty-five onshore (Allen et al. in press) and four offshore samples. The 

data were contoured using ArcView software. An inverse distance weighted (IDW) 

interpolation scheme was used to produce a grid for each interval, with a cell size of 1 

km^. This method determines output cell values using a linear weighted combination 

of a set of sample points. The weight is a function of inverse distance. The input 

number of sample points was limited to 12, using the nearest neighbour method. A 

power parameter in the IDW interpolation controls the significance of the surroimding 

points upon the interpolated value, such that a higher power results in a smaller 

influence from distant points. The power used in the interpolation of the grids was 2. 

Since the IDW is a weighted average, the interpolated value cannot be greater then the 

highest or less than the lowest input (Watson and Philip 1985).

The resulting surface is an estimate of denudation as a continuous function of 

position, which at the same time preserves the existing data point values. This 

contouring method smoothes discontinuities in the original data.
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5.3.2.1 Cenozoic denudation

Denudation for the Cenozoic is presented using both the Laslett et al. (1987) and the 

Gallagher (in prep.) annealing models (Fig. 5.13). The general pattern between the 

two models does not change much, although the magnitudes do vary. The Gallagher 

(in prep.) model is considered to be a better estimate for estimating Cenozoic 

denudations because it does not infer rapid cooling at temperatures lower than 60°C, 

therefore the magnitude of denudation is more subdued. In the following sections only 

denudation maps obtained with the Gallagher (in prep.) model will be presented and 
discussed.

Maximum Cenozoic denudation takes place in northern and western County Donegal, 

County Sligo and County Fermanagh (Fig. 5.13). Maximum magnitudes in these areas 

range from 1200 to 1600 m (Fig. 5.13A). In other onshore areas, denudation ranges 

between 800 to 1200 m. Well 12/13-la and well 132/15-1 show net Cenozoic 

deposition, with a maximum of 400 m and 1500 m of burial respectively. The other 

wells show denudation ranging between 600 to 1400 m. This result compares well 

with the stratigraphy of the wells; wells 12/13-la and 132/15-1 are the two wells 

drilled off western Ireland, where Cenozoic stratigraphy is better preserved, probably 

as a consequence of relatively low denudation compared with the basin margin and 

onshore Ireland. Overall, denudation seems to decrease towards the northwest 

(Rockall Basin) and to a lesser degree, towards the southwest (Porcupine Basin).

Mean denudation rates, averaged over the entire study area, are calculated by dividing 

the mean value of denudation during each time interval [m] by the duration of the 

interval [My] (Table 5.13). Calculated in this way, Cenozoic denudation rates in 

northwestern Ireland averaged in space and time are about 13 m M y '.

5.3.2.1 Palaeocene denudation

Palaeocene denudation is subdued with a maximum of 860 m but an average of 120 

m. A maximum denudation centre is located north of County Donegal and a minor 

one, south of County Mayo (Fig. 5.14). Apart from these cenfres, denudation during 

this interval was fairly uniform in onshore northwestern Ireland. Minor deposition
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appears to have taken place locally north of County Mayo and Sligo. All the wells, 

except for 27/13-1, were under deposition. Modelling of apatite fission track data 

shows that 440 m were deposited in well 132/15-1 and 180 m in 12/13-la. 

Approximately 700 m o f Palaeocene sediments are preserved in well 132/15-1 and 

<100 m in 12/13-la. Modelling of well 19/5-1 shows deposition of 240 m of 

sediment, while the stratigraphy of the well shows no Palaeocene sediments. These 

results indicate post-Palaeocene denudation o f -260 m in well 132/15-1, -80  m in 

well 12/13-la and, at least 240 m in well 19/5-1. Spatially-averaged denudation rates 

were about 9 m/My (Table 5.13).

53.2.2 Eocene denudation

During the Eocene, both the rate and magnitude of denudation and deposition 

increased considerably (Fig. 5.15). A maximum of 1270 m and average of 270 m were 

eroded. A major denudational centre, defined by three samples, was located in County 

Sligo and 800 to 1400 m of solid sediment was removed during this interval. North 

County Donegal provided a source of sediment as well, with denudation of up to 1000 

m in the Eocene (Fig. 5.15). Three of the modelled wells show that deposition 

occurred in the Erris and Rockall Basins. Eocene sediments are preserved in the 

stratigraphy o f well 12/13-la and 132/15-1. Evidence of a progradational event of 

unknown environment near these two wells was shown in section 4.4.5, partially 

derived fi*om a sedimentary source in northwestern Ireland. The stratigraphy o f well 

19/5-1 shows no evidence of Eocene sedimentation, contrary to the apatite fission 

track modelling results which suggest -140 m of deposition. This may be explained 

by post-Eocene uplift and erosion of at least 140 m of sediment in the southern Erris 

Basin. The Slyne Basin appears to have undergone minor denudation during the 

Palaeocene and Eocene. No Tertiary sediments are preserved in well 27/13-1. 

Spatially-averaged Eocene denudation rates were 16 m My , almost twice the 

Palaeocene value (Table 5.13). This increase in denudation rate might provide a local 

source for the Eocene progradation event found in seismic lines and explained in 

section 4.4.5.
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53 .2 3  Oligocene denudation

During the Oligocene the magnitude of denudation was relatively low compared with 

the rest o f the Cenozoic, and denudation was more uniformly distributed across 

northwestern Ireland (Fig. 5.16). Although the maximum denudation recorded is 900 

rn, the mean value is only 110 m, given an overall spatially-averaged denudation rate 

o f 8 m My , the lowest in the Cenozoic (Table 5.13). Apatite fission track modelling 

indicates offshore deposition in the Erris Basin. No Oligocene sediments are 

preserved in the stratigraphy of the wells in the Erris Basin and this might be 

explained by post-Oligocene erosion. Post-Oligocene apatite fission track modelling 

suggests major denudation during Miocene to present time. Modelling of well 132/15- 

1 indicates Oligocene denudation, but as discussed in section 5.2.4.3 this might be a 

result of a heating event caused by local igneous activity at the end of the Eocene. The 

stratigraphy of well 132/15-1 shows overall deposition during the Oligocene.

5.3.2.4 Miocene to present denudation

From the Miocene to the present, the magnitude and rate of denudation increased 

considerably (Fig. 5.17). Maximum denudation during this interval is 1800 m in the 

Erris Basin, and the mean value is 360 m, the highest value obtained by modelling 

during the Cenozoic. Northern County Mayo underwent between 400 and 1000 m of 

erosion, while the Erris Basin lost from 600 to possibly 1800 m of solid sediment. 

This high denudation explains the lack of, or poor preservation of, Tertiary sediments 

in the Erris Basin, especially in well 19/5-1. Modelling of well 132/15-1 in the 

Rockall Basin appears to be the only area with deposition, as also shown by the 

stratigraphy of the well. Overall, the spatially-averaged denudation rate is 20 m My , 

the highest obtained for the Cenozoic (Table 5.13).

5.3.4 Uncertainties of denudation maps

The precision of the denudation estimates must be discussed when interpreting 

denudation maps derived from apatite fission track modelling. First, the Laslett et al. 

(1987) annealing model can be biased towards inferring rapid, recent cooling from 

~60°C to surface temperatures with consequent overestimates of the most recent

129



denudation rates. The Gallagher (in prep.) model leads to more annealing, particularly 

at lower temperatures. Secondly, apatite fluorine and chlorine composition probably 

varies in each sample, and the model used in this study considers a Durango mono- 

compositional apatite. However, the consistency found in the results obtained for the 

modelling o f offshore wells indicates that the effects of this assumption are probably 
minor.

Allen et al. (in press) gave an uncertainty of about 400-500 m for their denudation 

estimates, based on various errors, and so spatial variations in the onshore denudation 

maps should be considered with this level of uncertainty in mind. Modelled thermal 

histories and palaeo-geotiiermal gradients for offshore samples are much better 

constrained, because the well section allows better definition of the initial thermal 

history and geothermal gradient, therefore denudation results are more reliable.

5.4 Denudation versus deposition

The denudation and deposition maps for the Palaeocene, Eocene, Oligocene and 

Miocene to present were mosaiced together to compare marginal denudation with 

basin deposition. Denudation maps are derived from apatite fission track modelling 

(section 5.2 and 5.3). Deposition maps are obtained fi-om two-dimensional seismic 

interpretation (Chapter 4). Thickness of denudation and deposition are shown in 

metres (Figs. 5.18, 5.19, 5.20, 5.21, 5.22). The grids have 1 km resolution. Volumes 

of solid sediment eroded and deposited are also compared and patterns of possible 

sedimentary flow during the Cenozoic are considered.

5.4.1 Cenozoic denudation and deposition

The total volume of Cenozoic solid sediment in the portion of the northeastern Irish 

Rockall Basin contained by the study area is 104,400 km (Table 5.14). The total 

volume of solid sediment denuded calculated from apatite fission track modelling is 

50,800 km^. The space and time-averaged Cenozoic depositional rate is 27 m My , 

double the denudational rate of 13 m/My (Table 5.15). This implies that at most only 

half of the sediments deposited in the northeastern Irish Rockall Basin, could have 

been derived fi-om onshore denudation in the northwest of Ireland. In reality it was
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probably less because some of the denuded sediments was transported south or 
southwest to the Porcupine Basin.

The Cenozoic isopach map (Fig. 5.18) shows a depocentre of 3155 m around the 

Hebrides Seamount Terrace suggesting that it was providing sediments into the 

northern Irish Rockall Basin. Maximum denudation of 1578 m occurred in central 

northwestern Ireland. The two centres of maximum denudation and maximum 

deposition are at least 200 km apart, implying drainage systems of approximately this 

length. Northwestern Ireland was providing the Rockall Basin with approximately 

50,800 km^ of sediments, but another 53,200 km  ̂ are necessary to explain Cenozoic 

deposition in the northeastern Irish Rockall Basin.

Several studies have demonstrated using apatite fission track analysis and subsidence 

curves fi"om well data, that maximum Cenozoic denudation within and around the 

British Isles occurred in western Scotland or to the north of the Rockall Basin (Evans 

1997; White and Lovell 1997; Clift et al. 1998; Thomson et al. 1999). This implies 

that as well as Ireland, the westem and northem UK margin also provided sediments 

into the basin. The lack of sedimentary balance might also imply regional reworking 

of sediments within the Rockall Basin by bottom current activity outside the study 

area.

5.4.2 Palaeocene denudation and deposition

Palaeocene erosion was moderate with surface-averaged denudation rates of 9 m/My 

(Table 5.15). However, surface averaged depositional rates are one of the highest in 

the Cenozoic with 90 m My*. This contrast might be partially an artefact of the high 

velocity applied while depth converting the Palaeocene, in other word, the thickness 

o f the Palaeocene section may be over-estimated. Two sedimentary depocentres 

located in the north and south of the study area have thicknesses of up to 1200 m (Fig. 

5.19). The total volume of Palaeocene solid sediment is 43,700 km , which is much 

greater than the 7,000 km  ̂ of onshore denudation (Table 5.14). A maximum 

denudation centre is located in northem County Donegal and possible a minor one in 

southern County Mayo. One can hardly relate moderate Palaeocene denudation 

onshore with the Palaeocene depocentre directly to the west of Donegal. It seems
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unlikely that sediments m the northeastern Irish Rockall Basin had an Irish origin 

during this interval, and a sedimentary source from the western UK or possibly the 

uplifted Hebrides Terrace seems more reasonable because of its proximity. Early 

Tertiary igneous activity related to continental rifting caused regional uplift including 

the northern Rockall Basin (Brodie & White 1995). This surface uplift resulted in 

major denudation in northern Rockall and adjacent margins. This event might 

partially explain low denudation rates in Ireland but high sedimentation rates in the 
northeastern Rockall Basin.

5.4.3 Eocene denudation and deposition

During the Eocene denudation increased considerably across much of the 

northwestern Irish margin (Fig. 5.20). Northem Donegal still had high values of up to 

800 m of denudation, but maximum denudation of 1300 m occurred in County Sligo. 

Surface-averaged denudation rates onshore are 16 m My‘‘, much lower than the 

offshore Eocene accumulation rates of 38 m/My (Table 5.15). The total volume of 

Eocene solid sediment denuded in northwestern Ireland is 16,900 km  ̂ while the 

volume of Eocene sediment deposited in the northeast Irish Rockall Basin is 26,300 

km^ (Table 5.14).

The offshore depositional pattern changed considerably during this interval. A major 

sedimentary depocentre with a maximum thickness of 1300 m was located offshore 

northwestern Ireland. Evidence of northwest-directed progradation of unknown 

environment was shown in section 4.4.5 and this suggests a sediment source in 

northwestern Ireland. Although the volume of sediments and rates of denudation and 

deposition between onshore and offshore are somewhat unbalanced, the increase in 

deposition rate during the Eocene might explain progradational fans to the west of 

County Donegal. Low denudation in County Mayo is consistent with the thin Eocene 

isopach directly to the west (Fig. 5.20).

5.4.4 Oligocene denudation and deposition

In the Oligocene, both denudation and deposition became more spatially uniform and 

decreased in intensity (Fig. 5.21). North Donegal did not experience the same

132



magnitude of denudation as it did during the Palaeocene and Eocene. Volumes of 

sediment denuded in northwest Ireland during the Oligocene are 5,000 km' at surface- 

averaged rates of 7 m My\ while volumes of Oligocene sediments deposited in the 

northeast Irish Rockall Basin are 10,200 km' at rates of 22 m/My (Table 5.14, Table 
5.15).

Offshore Oligocene deposition in the south of the study area is characterised by local 

progradational fans of unknown environment ^ 0 0  to 600 m thick. Clinoforms within 

the progradational fan dip to the northwest (section 4.4.6). There is no clear evidence 

for local onshore denudation to explain this progradational event (Fig. 5.21).

5.4.5 Miocene to present denudation and deposition

From the Miocene to present day, both denudation and deposition increased relative to 

the Oligocene and Eocene (Fig. 5.22). The total volume of sediment denuded is
^  I

22,000 km with a spatially and temporally-averaged denudation rate of 20 m My’ . 

The volume of sediments deposited is 25,300 km' at an average rate of 19 m/My 

(Table 5.14 and Table 5.15). Masson and Kidd (1986) pointed out that Cenozoic 

sedimentation rates decreased to about 15 m/My by Miocene times which compares 

well with the estimate in this works. Denudation and deposition compare quite well in 

terms o f volvimes and rates.

Denudation is highest in the south of the study area, northern Coimty Mayo, and in the 

Erris Basin. Denudation rates are the highest in the Cenozoic and, within the limits of 

apatite fission track modelling explained in section 5.3.4, this might explain the lack 

of preservation of Tertiary sediments on the Irish Continental Shelf and onshore 

northwestern Ireland. Although erosion rates are high in the Erris Basin and Irish 

mainland, no progradational fans have been recognised near denudational centres, but 

they exist in the north of the study area (see section 4.4.8).

133



5.5 Flexure

5.5.1 Introduction

Lithospheric plates float on a viscous fluid called the mantle. When a load is applied 

to the upper crust, for example by an ice sheet, thrust sheet, or by sedimentation like 

in any basin, the lithosphere deflects as a function of time and space. If the lithosphere 

has no strength over geological time scales, there is no coupling between adjacent 

lithospheric blocks, flien the lithosphere behaves like blocks of crust floating in a 

viscous mantle following Airy’s isostatic model. The lithosphere in this case is not 

elastic, but rigid. The other end member on lithosphere mechanical behaviour when a 

load is applied, is that the lithosphere behaves elastically and has a non-zero internal 

strength (Watts and Ryan 1976; Watts 1989). In this case, the load applied to an 

elastic plate cause, widespread deformation, or deflection (Turcotte and Schubert 

1982; Forsyth 1985).

The concept o f elastic thickness (Te) is introduced when one tries to estimate an 

effective elastic thickness that simulates the real elastic behaviour o f the lithosphere. 

It is calculated by matching the observed deflection o f the plate to the calculated 

deflection using gravity, topographic and seismicity data. The strength of the 

continental lithosphere and therefore the Te is somehow controlled by its thermal state 

(Sahagian and Holland 1993), but also depends on variables such as, surface and 

subsurface loads, density variations, forces due to horizontal far-fleld stresses, 

bending moments (related to the plate curvature), a particular geometry o f the 

basement, deflection of the Moho, and gravity anomalies.

Burov and Diament (1995) combined data from other authors to show that Te in the 

continents has a wide range of values from 5 to 110 km. Maggi et al. (2000) showed 

that the elastic thicknesses of different foreland sedimentary basins range from 5 to 37 

km.

In rifted basins the Te seem to be smaller. Using admittance studies o f free-air gravity 

anomalies some authors demonstrated that the elastic thickness o f the lithosphere 

beneath the North Sea (Barton and Wood 1984) and beneath Scotland (Barton 1992)
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is < 5 km. Wood et al. (1987) and Joy (1992) modelled basin subsidence of the 

Rockall Basin and the Central North Sea, respectively, assuming no lithospheric 

strength. Watts et al. (2000) concluded that a Te of 10 km in southern England is 

necessary to explain the amplitude and wavelength of a tilted topographic surface. 

Nadin et ul. (1999) modelled rifting on the Rockall Basin using a flexural cantilever 

model (Kusznir et al. 1991), obtaining an elastic thickness of 3 km, based on best fit 

to both basin structure and gravity anomalies. Ongoing research, using satellite 

gravity and bathymetric data, suggests an effective elastic thickness varying from 10 

km onshore northwestern Ireland to 14 km in the Rockall Basin (Daly et al. 2001).

All these variable results lead to doubts about die significance of continental Te 

estimates. Bellingham and White (2000) argue that the elastic thickness of 

sedimentary basins is much lower than has been previously suggested.

In view o f the wide range of elastic thicknesses used in the Rockall Basin and the 

variability in space and time, this work uses several T* values. It is likely that the 

lithosphere in the northwestern Irish continental margin was weak during rifting in the 

Cretaceous yielding values of Te of ~3 km (Wood et al. 1987; Nadin et al. 1999) but 

thermal cooling during the Cenozoic may have increased Te to up to 10 km or more 

(Daly et al. 2001). Flexural modelling is presented using various elastic thicknesses of 

3, 10, 20 and 30 km. The results will be compared with present day basin 

unconformities and onshore topography.

The potential for onshore rock uplift and offshore subsidence due to sedimentary 

loading and erosional unloading on the northwestern Irish margin, will be assessed in 

a flexural model along three northwest-oriented cross sections. The flexural response 

to sedimentary loading and unloading has been calculated in several passive margins 

such as the US Atlantic margin using Te of 40 km (Pazzaglia and Gardner 1994), 

western South Afnca using various Te of 7.5 km, 15 km and, 22.5 km (Gilchrist and 

Summerfield 1990) and southem England with Te of 10 km (Watts et al. 2000).
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5.5.2 Methods

The flexural response due to loading, whether positive or negative was determined by 

a one-dimensional model, following the theory of elastic-plate bending (Hetenyi, 

1974). Flexure o f a marginal basin is modelled here as the bending of an infinite 

linear elastic plate caused by an irregular load along a given profile.

The elastic thickness along the profile is assumed to be uniform. This assumption 

might be vmrealistic at first view, as flexural rigidity varies laterally (Lyon-Caen et al 

1985). However, Daly et al. (2001) have shown, using gravity and bathymetry data 

that, the elastic thickness of the lithosphere in the northwestern Irish margin varies 

from 10 km onshore northwestem Ireland to 14 km in the Rockall Basin, therefore the 

variation is not that great.

The equations in this study were taken fi-om Jordan (1981) and Hetenyi (1974). 

Hetenyi (1974) derived the equation describing subsidence of a point j, located a 

distance x  from the origin, on an infinite elastic beam buoyed by a fluid substratum, in 

this case, the mantle, due to load i of magnitude h and width 2a (Fig. 5.23). If that 

point load i is centred at a distance s away from the origin, the deflection w of pointy 

will be:

h A
Wj = (exp(-y^^i))(cos Aa + sinAa) (eq. 5.2)

2 K

The term A includes both the buoyancy of the mantle beneath the crust and the 

flexural rigidity o f the lithosphere. Sedimentation is assumed to keep pace with 

subsidence, so that the hydrostatic restoring force K  is determined by sediment/air 

replacing mantle (p„ — p j s -  For selected values of flexural rigidity:

(eq. 5.3)

where p  and p  are densities of mantle (3300 kg m ) and air (1.29 kg m )
f  f f t  I d

respectively, and g is 9.78 m sec Flexural rigidity D is given by.
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EĤ  
12(1- v ' ) (eq. 5.4)

where E  is Young’s modulus (7 10‘° kg m-'s’̂ ), v is Poisson’s ratio (0.15) and H  is 

the effective elastic thickness of the plate. The elastic thickness of the plate is not 

well-constrained, and therefore different values will be applied and compared. For a 

selected value of elastic thickness (H), D and A are calculated.

Integration of equation 5.2 over the entire load profile, composed of a set of point load 

elements I, and over all subsiding points J, yields to three equations for the flexural 

response (Jordan 1981).

When j  is to the left of i , subsidence w,y is given by:

J l i E i — BAy2 -exp((-A)(x -5  + a))cos((A)(x -5  + a))
^ i P m - P a )  (eq.5.6)

-  exp((-/l)(-x + 5 + fl))cos(( A)(-x + 5 + fl)) ]

If j is to the right of i :

ly A ( f t  ~^«> [■ e x p ( ( - / l) ( j- i+  a))cos((-t)(j-»+ a))

-  exp((-/l)(x- s -  fl))cos((yl)(x- s -  a)) ]

p ,is  the density of the load, in this case the density of the sediment in the Rockall 

Basin. A data set describing each load profile consists of a row vector, I elements

[ exp((-A)(-x + s -  a))cos(( A)(-x + ̂  -  a))
(eq. 5.5)

-  exp((-A)(-x + 5 + fl)) cos(( A)(-a: + 5 + a)) ]

If j  is below i :
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long, with each element containing the height h of the load at that point (Fig. 5.23). 

The elements are 1 km across. Each load profile was treated individually.

To compute the subsidence o f each 1 km-wide response element 1 to J on a cross 

section due to load element hi, the position of an element j  relative to the load element 

/ was determined (Fig. 5.23), and subsidence Wjj found from the appropriate equation 

(eq. 5.5, 5.6, or 5.7). This Wij was added to the subsidence at j  due to all preceding 

load elements. TTie subsidence Wy was then computed for they + 1 response element.

After all J elements were analysed for load element z, the / + 1 load element was 

input and subsidence wi caused by it determined, until all I load elements were 

considered. The flexural model was written in Matlab (Appendix 8).

5.5.3 Flexural response in the northwestem Irish margin

The one-dimensional flexural model was applied to three northwest-trending sections 

going fi-om northwestem Ireland to the northeastern Irish Rockall Basin (A-A’, B-B’ 

and C-C’ in Fig. 5.24). Northwest-trending sections were chosen because one of the 

aims o f this study is to investigate whether Cenozoic deposition in the Rockall Basin 

and margin denudation has had a flexural uplift effect on the present-day northwestem 

Irish topography. The sections are 355 km long and are overlain on the denudation 

and deposition map in Fig. 5.24 to show the magnitudes of the depositional and 

erosional loads. Different models were run using elastic thickness o f 3, 10, 20 and 30 

km.

5.5.3.1 Model results: flexural subsidence

The flexural subsidence or negative deflection in the Rockall Basin due to the entire 

Cenozoic load varies by an order of hundreds of metres using different elastic 

thicknesses, but the general shape of the profile remains similar (Fig. 5.24). Flexural 

subsidence is greatest in the northem-most profile (A-A ), with 1300 to 2200 m of 

deflection, as a consequence o f maximum sediment thicknesses in the Rockall Basin. 

The central profile (B-B’) shows deflections of 1100 to 2000 m, depending on the 

elastic thickness. Profile C-C’ shows flexural subsidence of 1500 to 1900 m. The
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magnitudes of the flexural subsidence caused by Cenozoic sedimentation using Te of 

30, 20, or 10 km do not explam present the day-position of the base Tertiary, which is 

approximately 4500 m below the sea level (Fig. 5.25). Even using a T« as low as 3 

km, the flexural subsidence is at most 2000 m (Fig. 5.26). This implies that there was 

pre-existing basinal topography before Cenozoic deposition began, or there has been 

non-flexural subsidence of the basin floor, or both.

Figure 5.25 shows the deflection at different times in the Cenozoic along the northern 

profile (A-A’, see Fig. 5.24 for location), using a T* of 10 km (Daly et al. 2001). This 

profile contains the areas of maximum denudation and deposition for the total 

Cenozoic, and therefore it also has the maximum magnitudes of Cenozoic deflection. 

However, the locations of the sedimentary and denudational maxima vary in space 

and time. I compare the expected deflection of the base Tertiary surface throughout 

the Cenozoic with the present day depth of the Cenozoic imconformities and the 

magnitude o f the loads (Fig. 5.25). The plate is assumed to be horizontal at 66 Ma and 

deflection is 0 m before Palaeocene deposition (Fig. 5.25). This assumption is not 

correct because significant bathjonetry existed in the Rockall Basin at 66 Ma after 

Cretaceous rifting as shown by onlap of Upper Cretaceous and Palaeocene marine 

sediments onto the basin margin. For this reason, the flexural results must be treated 

as estimates o f depth change and not as absolute depths, as the deflections have not 

been corrected for palaeobathymetry or eustacy. Palaeobathymetry and eustacy in the 

Rockall Basin are poorly constrained because of the lack of well data.

Figure 5.25 shows that at base Eocene time (at 53 Ma), the Rockall Basin in profile 

A-A’ had undergone a flexural subsidence of up to 700 m due to Palaeocene 

sedimentation and denudation (Fig. 5.25). This result is possibly overestimated as a 

consequence o f poor velocity constraints for the Palaeocene during depth conversion. 

At late Eocene time (at 36 Ma), flexure due to loading of Eocene sediments was up to 

600 m. This result is partially due to loading during sedimentary progradation in the 

Eocene. The Palaeocene and Eocene were times of maximum flexural subsidence as a 

consequence o f rapid sedimentation in the Rockall Basin. From the late Eocene to 

?Miocene, the deflection due to loading is only 200 m, and from ?Miocene to present 

day, it is 400 m.
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The total Cenozoic deflection is ~1900 m using a Te of 10 km (Fig. 5.25). The 

present-day position o f the base Tertiary is located about 4500 m below sea level (Fig. 

5.25). Flexural subsidence using a Te of 10 km can only account for 1900 m of basin 

subsidence, so another 2600 m of non-flexurally driven subsidence, or initial 

palaeobathymetry, or both are needed to explain the much deeper present-day position 
o f the base Tertiary.

With a Te o f 3 km, the flexural subsidence results change only by a couple of hundred 

metres, still not enough to explain the present-day depths to the Cenozoic 

unconformities (Fig. 5.26). This result implies that, independent o f the elastic 

thickness used in the flexural model, less than 40% of the Cenozoic subsidence in the 

Rockall Basin is due to sedimentary loading. Thermal and tectonic subsidence during 

extension o f the basin, water loading, and palaeobathymetric data must be added to 

the flexural subsidence obtained in this model. The backstripped subsidence curve 

calculated by isostasy for well 132/15-1 in Chapter 4 (Table 4.15) estimated a 

tectonically and thermally driven subsidence not corrected for palaeobathymetry and 

eustacy o f 1500 m for the whole Cenozoic. Substracting the present day position of 

base Tertiary (4500 m) by the flexurally driven subsidence (2000 m) and by the 

tectonically and thermally driven subsidence (1500 m), one obtains an estimate of 

1000 m o f the bathymetry in the early Palaeocene and changes in sea level. 

Substracting the present day position of the base Eocene (3500 m) by the flexurally 

driven subsidence (1400 m) (Fig. 5.26) and by the tectonically and thermally driven 

subsidence (842 m) (Table 4.15), one obtains an estimate of 1258 m needed to explain 

the present day position of the early Eocene horizon caused by a pre-existing 

bathymetry together with changes in sea level. Substracting the present day position 

o f base ?01igocene (2500 m) by the flexurally driven subsidence (700 m) and by the 

tectonically and thermally driven subsidence (1320 m), one obtains an estimate of 480 

m of extra subsidence or changes in sea level to explain the present day position of the 

early Oligocene horizon. Substracting the present day position of base ?Miocene 

(2250 m) by the flexurally driven subsidence (500 m) and by the tectonically and 

thermally driven subsidence (1360 m), one obtains an estimate o f 390 m of extra 

subsidence or changes in sea level.
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5.5.3.2 Model results: flexural uplift

The flexural response of the total Cenozoic load across the three profiles shows 

maximum rock uplift during the Cenozoic of 700 to 1100 m, depending on the value 

o f elastic thickness used (3, 10, 20 or 30 km) (Fig. 5.24). The position of the 

maximum rock uplift does not vary much laterally unless the elastic thickness is 

reduced to less than 10 km (Fig. 5.24). These results are the accumulated deflection 

for the Cenozoic and do not necessarily explain the present day topography as 

topography is controlled by other factors such as tectonic uplift and differential 

erosion. Figures 5.25 and 5.26 show how a denudation of up to 1400 m and 

sedimentation o f up to 2500 m, results in onshore flexural uplift of up to 1000 m.

Using a Te of 3 km, the deflection explains slightly the present day topography in 

profiles A-A’ and B-B’ (Fig. 5.24), suggesting low Te for the Irish crust. The total 

Cenozoic sedimentation and marginal denudation might partially explain the 

maximum elevation o f the northwestem Irish topography using Te of 10, 20 or 30 km 

(Fig. 5.24). Tectonic relative uplift might have also play a role on formation of 

topography in northwestem Ireland, but the flexural response to onshore denudation 

and offshore deposition in the Rockall Basin has contributed to mountain formation.

Deposition in the Rockall Basin can trigger more denudation onshore Ireland by 

marginal flexural uplift considering the lithosphere behaves elastically. Cenozoic 

sedimentation and denudation in northwestem Ireland can trigger up to 1000 m of 

flexural uplift. This uplift can partially be reflected in the present day topography, by 

its elevation and maybe by small topographic or fluvial vertical offsets as shown by 

knickpoints in Chapter 3.

Palaeocene sedimentation and denudation produced a positive deflection onshore 

Ireland o f less than 300 m (Fig. 5.27) independent of the elastic thickness used. This 

value is partially controlled by the low denudation values onshore northwestem 

Ireland and partially by the high sedimentation thicknesses in the Rockall Basin. This 

flexural uplift may have induced later Eocene onshore denudation and sedimentation 

in the Rockall Basin. During the Eocene, due to the local higher onshore denudational 

and the related depositional centres in the form of progradational fans in the northern
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part o f  the study area. Eocene flexural uplift increases to up to 500 m in profiles A-A’ 

and B-B’ (Fig. 5.28). In the Oligocene low overall denudation and deposition reduces 

the flexural uplift response to 200 m maximum (Fig. 5.29). From the Miocene to 

present, the magnitude of denudation and offshore sedimentation increased, and 

therefore the flexural uplift response is up to 500 m using a TeOf 3 km.

5.5.3.3 Model results: uplift and subsidence rates

Basin subsidence rates due to sedimentary loading for each time interval in the 

Cenozoic are obtained by dividing the maximum flexural subsidence by the duration 

of the time interval and are given on Table 5.16. Maximum subsidence rates are 

maximum in the Palaeocene (54 m M y') and decrease to 35 mMy‘‘ in the Eocene, to 

15 mMy"* in the ?01igocene and to 17 mM y' in the ?Miocene to present.

Marginal rock uplift rates due to sedimentary unloading or denudation for each time 

interval in the Cenozoic are obtained in the same way and are given on Table 5.17. 

Maximum uplift rates are 12 mMy'* in the Palaeocene, 20 mMy"’ in the Eocene, 8 

mMy'' in the ?01igocene and 13 mMy’’ in the ?Miocene to present.

These results are controlled by the amount of denudation and deposition occurred in 

the northwestern Irish continental margin during the Cenozoic.

5.6 Conclusions

(1) Fission track modelling of samples from four wells offshore northwestern Ireland 

allows a reliable, but very spatially limited, estimate o f the Cenozoic thermal history 

o f the northwestern Irish offshore basins. Modelling o f various samples in each well 

results in consistently similar Cenozoic thermal histories. However samples within 

different wells show different thermal histories. Well 19/5-1 reached temperatures of 

60 to 96°C between 28 and 42 My. Well 12/13-la reached temperatures of 70 to 97 C 

at about 18 to 34 My. Well 132/15-1 reached temperatures of 38 to 112°C during 31 

to 36 My. Well 27/13-1 shows a general cooling trend during the Cenozoic.
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(2) Conversion of Cenozoic thermal histories to denudation estimates was done using 

a geothermal gradient of 27°C km'‘, based on well data. Well 12/13-la and well 

132/15-1 show net Cenozoic deposition, with a maximum of 400 m and 1500 m of 

bunal respectively. Wells 19/5-1 and 27/13-1 show net Cenozoic denudation ranging 
between 600 to 1400 m.

(3) During the Cenozoic 50,800 km  ̂ of sediment were denuded from northwestern 

Ireland with temporally and spatially averaged surface denudation rate of 13 mMy'. 

Over the same time interval, 104,400 W  of sediment were deposited in the 

northeastern Irish Rockall Basin at an average rate of 27 mMy‘‘.

(4) The Eocene is characterised by an increase in marginal denudation onshore and in 

the Erris Basin, which coincides with a progradational phase of unknown environment 

in the northeastern Irish Rockall Basin. The post-Oligocene is characterised by 

another increase in margin denudation, which might explain the lack of preservation 

of Tertiary sediments in onshore Ireland, Slyne and Erris basins.

(5) Cenozoic flexure caused by sedimentary loading and unloading gives rise to to 

rock uplift in the Irish Shelf and onshore northwestem Ireland of 700 m using a T* of 

30 km and up to 1000 m using a Te of 3 km. Therefore at least 700 m of the Cenozoic 

topography might be explained by flexure.

(6) Flexural subsidence using Te as low as 3 km can account only for 2100 m of basin 

subsidence, but another 2600 m of non-flexurally driven subsidence, 

palaeobathymetry or changes in sea level, are needed to explain the present day 

depths to the base Tertiary and intra-Cenozoic unconformities.

143



Depth below 
seabed (m)

143 m

394 m

2500 m

Sample number u/c age Sample age

5 My
Piio-Pleistocene

1 y \  / \

♦  GC65M 195 My
'V/X/X/X/Xz

l97.5±2.5My «
Lower Jurassic to 
Upper Permian

♦  GC651-3 256 My 230±20My ♦

♦  GC651-4
305 My 
318 My

328 My

x>^x/x/\/x>
Carbonifinous 

307±2 My «
' \ / \y x /x /v

•  GC651-8 336.5±l.5My *

Upper to Lower 
Carboniferous

♦  GC651-10 336.5±1.5My *

#GC651-12 345±3My *

burial (temperature) 

251 m(7±3°C)

It
512 m(15±6°C)

415m(12±5'’C)

271 m(8±4°C)I A A

271m (8i4°C)

673 m (20H0V)

1323 m(40±15“C)

Figure 5.1. Composite well log for well 19/5-1, showing, sample number, 
position of the sample (*), depth to unconformities, age of sediments below and 
above unconformities and age of the samples taken from Gibson (1997). 
Vertical arrows show thicknesses from sample to unconformity, used to 
estimate the thermal effect due to sedimentary burial. A geothermal gradient of 
20-40°C/km yields an equivalent temperature with an error given in brackets.
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Figure 5.2. Example of an individual fission track forward modelling run using Monte 
Trax for sample GC651-12 with minimum misfit. The Laslett et al. (1987) annealing 
model is used and a Durango-type apatite composition is assumed. A probabilistic 
approach (genetic algorithm) is applied with 20 generations, to find the curve that 
best fits the observed track length data (histogram in black). The modelled thermal 
history, shown in the top panel in blue, is the one that best fits the observed data, but it 
is not the only one possible. Horizontal dashed lines in the top panel show the 
boundaries of the apatite partial annealing zone and, black boxes show boundaries of 
the initial thermal history confined by geological data.

P(K-S) = 1.000 
P(Chi) =  0.976
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Figure 5.3. Mcxielled thermal history for well 19/5-1. See text for explanation 
o f modelling method. Dashed lines are boundaries of the apatite partial 
annealing zone. A close up view of the Cenzoic thermal history is also 
shown.



Depth below 
seabed (m)

489

788

2039

2774

Sample number | u/c age Sample age

2
Tertiary

34

Cretaceous

«  GC942-5 133.5±1.5 M y*

«  GC942-7 133.5±1.5 M y*

«  GC942-8 140 M) 140 My IK

♦  GC942-11
205 Mj

225.5±12.5 My* 

Permo-Triassic

*GC942-I3 240±5M y*

♦  GC942-15 240±5 M y*

burial (temperature)

t
299 m (9±3°C)

1323 m(40±15°C)

I
1056m(31±12°C)4

1251 m(37±13'C)

‘  4
209 m (6±3 C)

482 m (14±6°C)

7^5 m (22±8°C)

Figure 5.4. Composite well log for well 12/13-la, showing, sample number, 
position of the sample (♦), depth to unconformities, age of sediments below and 
above unconformities and age of the samples taken from Green (1993). Vertical 
arrows show thicknesses from sample to unconformity, used to estimate the 
thermal effect due to sedimentary burial. A geothermal gradient of 20-40 °C/km 
yields an equivalent temperature with an error given in brackets.
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Figure 5.5. Example of an individual fission track forward modelling run using Monte 
Trax for sample GC942-13 with minimum misfit. The Laslett et al. (1987) annealing 
model is used and a Durango-type apatite composition is assumed. A probabilistic 
approach (genetic algorithm) is applied with 20 generations, to find the curve that 
best fits the observed track length data (histogram in black). The modelled thermal 
history, shown in the top panel in blue, is the one that best fits the observed data, but it 
is not the only one possible. Horizontal dashed lines in the top panel show the 
boundaries of the apatite partial annealing zone and, black boxes show boundaries of 
the initial thermal history confined by geological data.
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Figure 5.6. Modelled thermal history for well 12/13-la. See text for 
explanation of modelling method. Dashed lines are boundaries of the apatite 
partial annealing zone. A close up view of the Cenzoic thermal history is also 
shown.
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Figure 5.7. Composite well log for well 132/15-1, showing, sample number, 
position of the sample (*), depth to unconformities, age of sediments below and 
above unconformities and age of the samples taken from Gibson (1996). 
Vertical arrows show thicknesses from sample to unconformity, used to 
estimate the thermal effect due to sedimentary burial. A geothermal gradient of 
20-40°C/km yields an equivalent temperature with an error given in brackets.
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Figure 5.8. Example of an individual fission track forward modelling run using Monte 
Trax for sample GC564-10 with minimum misfit. The Laslett et al. (1987) annealing 
model is used and a Durango-type apatite composition is assumed. A probabilistic 
approach (genetic algorithm) is applied with 20 generations, to find the curve that 
best fits the observed track length data (histogram in black). The modelled thermal 
history, shown in the top panel in blue, is the one that best fits the observed data, but it 
is not the only one possible. Horizontal dashed lines in the top panel show the 
boundaries of the apatite partial annealing zone and, black boxes show boundaiies of 
the initial thermal history confined by geological data.



T fC )

40

GC564-6
GC564-7
GC564-I0

100

120

192
Time (My)

T(°C)
Palaeocene | Eocene | Oligocene| Miocene-present

20

40
GC564-6
GC564-7
GC564-10

100

120

048 Time (My)

Figure 5.9. Modelled thermal history for well 132/15-1. See text for 
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Figure 5.10. Composite well log for well 27/13-1, showing, sample number, 
position of the sample (♦), depth to unconformities, age of sediments below and 
above unconformities and age of the samples taken from Ame (1992). Vertical 
arrows show thicknesses from sample to unconformity, used to estimate the 
thermal effect due to sedimentary burial. A geothermal gradient of 20-40 °C/km 
yields an equivalent temperature with an error given in brackets.
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Figure 5.11. Example of an individual fission track forward modelling run using 
Monte Trax for sample GC375-2 with minimum misfit. The Laslett et al. (1987) 
annealing model is used and a Durango-type apatite composition is assumed. A 
probabilistic approach (genetic algorithm) is applied with 20 generations, to find the 
curve that best fits the observed track length data (histogram in black). The modelled 
thermal history, shown in the top panel in blue, is the one that best fits the observed 
data, but it is not the only one possible. Horizontal dashed lines in the top panel show 
the boundaries of the apatite partial annealing zone and, black boxes show boundaries 
of the initial thermal history confined by geological data.
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Figure 5.13. Total Cenozoic denudation derived from apatite fission track modelling from 
onshore (Allen et al. in press.) using a geothermal gradient of 27 °C/km and offshore 
samples using a geothermal gradient given by the well. Black dots show sample localities. 
Coastline of northwestern Ireland is shown for orientation. A, denudation using annealing 
model based on Gallagher {in prep.) annealing model. B, denudation using Laslett et al. 
(1987) annealing model.
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Figure 5.14. Palaeocene denudation derived from apatite fission track Gallagher {in prep.) 
annealing model from onshore (Allen et al. in press) using a geothermal gradient of 27°C/km 
and offshore samples using a geothermal gradient given by the well. Black dots show sample 
localities. Coastline of northwestern Ireland is shown for orientation.
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Figure 5.16. Oligocene denudation derived from apatite fission track Gallagher {in prep.) 
annealing model from onshore (Allen et al. in press.) using a geothermal gradient of 27 
°C/km and offshore samples using a geothermal gradient given by the well. Black dots show 
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Figure 5.18. Mosaic of onshore denudation and offshore deposition during the Cenozoic. 
Overlapping area between denudation and deposition maps shows the mismatch between 
the two different databases.
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Figure 5.19. Mosaic of onshore denudation and offshore deposition during the Palaeocene. 
Overlapping area between denudation and deposition maps shows the mismatch between 
the two different databases.
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Figure 5.20. Mosaic of onshore denudation and offshore deposition during the Eocene. 
Overlapping area between denudation and deposition maps shows the mismatch between 
the two different databases.



27/13-1 •

f  ̂ -1800--1600■ -1600--1400? -1400--I200
c
0

■■ -I200--I000
CQ ■■ -1000--800T3
3
C - 800 - - 600

■ 1 - 600 - - 400
- 400 - - 200

■ 1 -2 0 0 --5
- 5 - 5
5-200? □ 200-400

c rm 400 - 600o ■■ 600-8001 ■■ 800- 1000
■ 1 1000- 1200

1200- 1400

!2/I3-Ia

19/5-1/

70 km

Apatite fission track sample

Figure 5.21. Mosaic of onshore denudation and offshore deposition during the Oligocene. 
Overlapping area between denudation and deposition maps shows the mismatch between 
the two different databases.
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Figure 5.22. Mosaic of onshore denudation and offshore deposition during the Miocene 
to present. Overlapping area between denudation and deposition maps shows the mismatch 
between the two different databases.
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Figure 5.23. Schematic diagram showing the approach used in the one-dimensional 
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example, deflection at position 1 (/=3) is caused by loads at /=1, 2 and 3.
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line shows bathymetry and topography.
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Figure 5.29. Flexural response to Oligocene denudation and deposition along three 
profiles in the northwest Irish margin using different elastic thicknesses (Te). Thin 
line shows bathymetry and topography.
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Allen el al. (in press.) Green et aL 2000 McCullogh et aL 1993

Maximum palaeotemperature 30-50°C 50-75°C 40-50°C 90-100°C

Time at which maximum 
palacotemperature was reached

Cenozoic (varies from 
sample to sample)

-6 0  My -2 0  My 50-80 My

Assumed geothermal gradient 22°C/km 20-60°Cykm 20-60°C/km 40-65°C/km

Minimum denudation 1344-2165 m ~ 1000 m 800-2000 m

Table 5.1 Previous apatite fission track modelling and Cenozoic thermal history determination for Ireland.
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C062277 206198 427751 McCulloch (unpub) 50 Devonian Main Donesal Granite 159.25 12.41 1.65 20
C3S0231 23799* 425126 McCuUoch (93) 195 PreCambrian Dalradian Basement 300.91 12.85 2.37 20

FI 202500 385400 Tulip 100 Devonian Bameamore Granite 189.69 12.84 1.77 20
G222329 122200 332903 McCuUoch (93) 0 C^aibonifCToui KillalaBay 55.42 13.74 1.45 20

0 40 2 US 140199 314490 McCuUoch (93) 165 Devonian Ox Mountains 154.81 12.55 1.53 20
0450237 145002 323669 McCuUoch (93) 195 Devonian Ox Mountains 169.41 12.48 1.54 20

0710579 171002 357937 McCuUoch(93) 10 C^aibomiioroui MullaRhmore 166.15 12.45 1.92 20

0725933 172501 393324 McCuUoch (93) 10 Devonian Ardan Granite 181.04 12.49 1.56 20

OL 105900 270800 Tulip 82 Ordovician Paltry Mts 200.69 12.55 2.77 20

Gleadow 1 182497 417986 Gleadow (unpub) 40 Devonian Thorr Granite 187.46 12.25 2.15 20

Ca«Mlow2 183002 417984 Gleadow (unpub) 60 Devonian Thorr Granite 200.63 12.25 2.04 20

CHodowB 179999 415992 Glcadow (unpub) 72 Devonian Roiies (jranite 197.11 11.92 2.15 20

Glea(low4 182501 415759 Gloadow (unpub) 55 Devonian Thorr Granite 187.46 12.25 2.15 20

CHeadowS 178998 409875 Gleadow (unpub) 25 Devonian TraweiuRh Granite 193.73 12.24 2.42 20

CHeado«6 179999 407310 Gleadow (unpub) 28 Devonian Trawenagb Granite 180.11 12.32 2.27 20

aieadowS 173002 411361 Gleadow (unpub) 10 Devonian Trawenanh Granite 175.28 12.36 1.88 20

GIe«dow9 86002 273976 Gleadow (unpub) 175 Devonian Corvock (jranite 124.26 12.27 2.36 20

H302411 230198 341137 McCuUoch (93) 80 Silurian near EniskiUen 176.05 12.32 2.07 20

H397547 239698 354678 McCulloch (93) 190 Devonian SE of TrilUck (B80) 177.32 11,49 1.67 20

L810743 81003 274323 McCuUoch (93) 74 Devonian Cregsanbaun 15210 12.89 1.99 20

L935657 93497 265672 McCuUoch (93) 29 Ordovician N of Leenane (N39) 15233 12.65 1.81 20

LE 104900 267000 Tulip 247 Ordovician Partrv Mts 271.23 12.43 2.12 20

MTl 184980 378454 Tulip 20 Carboniferoua MiUtown 190.85 12.35 2.33 20

CMl 164223 327635 Tulip 100 Caledonian Ox Mountains 153.95 12.79 1.40 20

CM2 123383 304852 Tulip 11 Caledonian Pontoon Bridge 154.75 13.27 1.31 20

Table 5.2. Apatite fission track samples taken fi-om Allen et al. (in press.).



SMBpIc E v t ta a .N srtbias Refercncc D epth ImJ 
(m)

StaUgraphlc Well AFT age e rro r M TL erro r SDV P T GG T rack  length distribution Oun)

1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 20

OC564-4 132592 569388 O ib « n (1 9 9 6 ) -2475 56-50 132/15-1 222.20 23.1 12.76 01 4 1.35 48 32 8 20 29 28 12 1 1 I 1

0CS64-6 132592 569388 OibK fi(1996) -2782 56-50 132/15-1 178.30 34.3 11.93 0 5 9 2.13 55 32 I 4 3 1 1 3

OC564-7 132592 569388 O ibM o(1996) -3027 61-56 132/15-1 91.00 25.3 12.99 0.69 1.83 61 32 1 1 1 2 1 1

OCS64-IO 132592 569388 O tbM o(1996) -3339 61-56 132/15-1 102.10 25.4 12.45 0.33 1.58 68 32 1 4 3 5 6 4

OC564-13 132592 569388 OibM n(1996) -3524 65-60 132/15-1 39.50 193 72 32

OC564-23 132592 569388 Oib«an(1996) -4095 2700 132/15-1 1.20 0.6 85 32

OC651-I 693«2 371433 O ibK »(1997) -507 200-195 19-5/1 17790 38.3 12.09 06 6 218 20 20.5 1 1 3 2 1 2 1

OC651-3 693S2 371433 OibM n(1997) -809 250-210 19-5/1 27650 16.6 1226 01 7 1.83 28 205 1 1 3 9 11 20 28 25 16 3

OC651-4 693S2 371433 O ibK n(1997) -1074 309-305 19-5/1 256.30 193 12.68 033 1.88 36 205 1 3 1 5 8 9 4 1 1 3

OC651-* 693S2 371433 O tbton(1997) -1448 338-335 19-5/1 19770 193 1090 0.24 1.56 46 20.5 1 3 8 9 12 2 5 1

OC651-10 69382 371433 O ibuo(1997) -1859 338-335 19-5/1 132.30 9 5 1057 0.26 2.60 57 20.5 1 1 4 2 9 10 10 16 15 15 9 8 1

OC651-12 69382 371433 O ibw n(I997) -2507 348-342 19-5/1 8610 142 1082 01 9 2.00 75 20.5 1 1 2 4 10 16 22 29 12 15 3

OC492-2.1 117344 458951 Green (1993) -1013 12/13-la 17 27

OC492-5 117344 458951 Green (1993) -1724 135-132 12/13-U 13790 199 12.95 0.31 1.61 36 27 1 2 7 2 7 6 3

OC492-7 117344 458951 Green (1993) -1844 135-132 12/13-la 236.30 171 11.76 021 2.09 39 27 1 2 3 6 14 20 28 17 7 2

OC492-* 117344 458951 Green (1993) -1995 144-135 12/13-la 221.90 18.8 11.31 023 2.17 42 27 1 1 2 1 6 7 11 26 17 13 1 3

OC492-11 117344 458951 Green (1993) -2248 235-210 12^13-U 242.10 31.7 11.19 0 1 7 1.73 48 27 1 1 1 6 14 18 28 21 9 3 1

OC492-13 117344 458951 Green (1993) -2521 245-235 12/13-la 211.20 23.1 1092 018 1.78 54 27 1 5 6 17 25 23 14 3 7 I

OC492-15 117344 458951 Green (1993) -2774 245-235 12/13-la 190.00 12.5 11.10 0.22 2.19 60 27 1 2 1 8 18 17 18 21 9 2 1 1

OC375-1 -15995 236284 Ame (1992) -650 161-155 27/13-1 200,40 24.7 12.68 038 2.27 19 27 1 1 1 2 9 6 i 8 2

OC375-2 -15995 236284 Ame (1992) -955 174-161 27/13-1 196.80 194 1273 0.27 1.45 27 27 4 5 10 6 3 1 1

QC375-3 -15995 236284 Ame (1992) -1432 174-161 27/13-1 15420 16.2 11.86 0.24 2.09 40 27 1 4 10 15 14 11 9 8 2 3

OC375-4 -15995 236284 Ame (1992) -1700 174-161 27/13-1 152.70 265 1068 053 3.10 47 27 2 5 6 5 3 8 1 3 I

OC375-J -15995 236284 Ame (1992) -2262 195-187 27/13-1 23.90 8.8 62 27

OC375-6 -15995 236284 Ame (1992) -2475 208-204 27/13-1 12920 101 1093 0.39 078 67 27 1 1 2

Table 5.3. Apatite fission track data from samples in four offshore wells taken from Gibson (1996), Green (1993), Ame (1992), 
Gibson (1997). Depth o f samples are taken from cuttings and is therefore an approximation; AFT age is apatite fission track age; MTL 
is mean track length; SDV is the standard deviation; P.T is the present day temperature; G.G is the geothermal gradient.



Time (My) Temp (°C) Geoli^ical evidence Time (My) Temp (°C) Geological evidence

^ 345+3 10+10
328 40+15
323+5 80+40

\ 318 40+15
\  305 48+15

CN 1 280+25 90+40
1 J 2 5 6 48+15

so .̂ 195 63+15
] 100+95 90+40
1 100+95 90+40
/  100+95 90+40
f 100+95 90+40

100+95 90+40
5 63+5

^ 0 75

>o
VO
u
O

336.5±1.5
328
323±5
318
305
280±25
256
195
100±95
100±95
100±95
100±95
100±95
100±95
5
0

336.5±1.5
328
323±5
318
305
280±25
256
195
100±95
100±95
100±95
100±95
100±95
5
0

10±10
20dbl0
70±50
20±10
28±10
80±50
28±10
43±10
80±40
80±40
80±40
80±40
80±40
80±40
50±5
57

lOilO
18±10
70±50
18±10
26±10
70±50
26±10
41±10
80±40
80±40
80±40
80i40
80±40
4I±5
46

stratigraphic age 
burial of 1323 m (40°C) 
unconf. Min temp 40°C 
burial o f 1323 km (40°C) 
burial of +271 m (+8°C) 
unconf. Min temp 48°C 
burial o f 1594 m (48°C) 
burial o f +512 m (+15°C) 
unconf. Min. temp of 50°C 
unconf Min. temp of 50°C 
unconf Min. temp of 50°C 
unconf. Min. temp of 50°C 
unconf Min. temp of 50°C 
burial o f 2006 m (63°C) 
present day temperature

stratigraphic age 
burial o f 673 m (20°C) 
unconf Min temp 20°C 
burial o f 673 m (20°C) 
burial o f +271 m (+8°C) 
unconf Min temp 28°C 
burial o f 944 m (28°C) 
burial o f +512 m (+15°C) 
unconf Min. temp of 40°C 
unconf Min. temp of 40°C 
unconf. Min. temp of 40°C 
unconf. Min. temp of 40°C 
unconf. Min. temp of 40°C 
unconf Min. temp of 40°C 
burial o f  1456 m (50°C) 
present day temperature

stratigraphic age 
burial of 271 m (+8°C) 
unconf. Min temp of 18°C 
burial o f  271 m(18°C) 
burial o f  +271 m (+8°C) 
unconf. Min temp 26“C 
burial o f  542 m (26”C) 
burial o f  +512 m (+15°C) 
unconf. Min temp of 41°C 
unconf. Min temp of 41’C 
unconf. Min temp o f 41 °C 
unconf. Min temp of 41°C 
unconf. Min temp of 41*C 
burial o f l  054 m (41 *C) 
present day temperature

VO
O
O

V -l
<3
Oo

U
O

'400+100 80+80 possible inheritance
400+100 80+80 pjossible inheritance
307+2 10+10 stratigraphic age
280+25 70+50 unconf Min temp of 18°C

1256 18+10 burial of 168 m (+5°C)
195 33+10 burial o f+512 m (+15°C)
100+95 80+50 unconf. Min temp of 33°C
100+95 80+50 unconf Min temp of 33°C
100+95 80+50 unconf. Min temp of 33°C
100+95 80+50 unconf. Min temp of 33°C
100+95 80+50 unconf Min temp of 33°C
5 33+3 burial of 680 m (30°C)
0 36 present day temperature

350+100 80+80 possible inheritance
350+100 80+80 possible inheritance
230+20 10+10 stratigraphic age
195 22+10 burial of 0.415 (+12°C)
100+95 70+50 unconf. Min temp of 22°C
100+95 70+50 unconf Min temp of 22°C
100+95 70+50 unconf Min temp of 22°C
100+95 70+50 unconf Min temp o f 22°C
100+95 70+50 unconf Min temp of 22°C
5 22+5 burial of 4 15 m (+12°C)
0 28 present day temperature

300+100 80+80 possible inheritance
300+100 80+80 possible inheritance
197.5+2.5 10+10 stratigraphic age
100+95 70+60 unconf. Min temp of 10°C
100i95 70+60 unconf Min temp of 10°C
100+95 70+60 unconf. Min temp of 10°C
1(K)±95 70+60 unconf. Min temp of 10°C
100+95 70+60 unconf. Min temp of 10°C
5 10+10 erosion in unconf
0 20 present day temperature

Table 5.4. Reconstruction of the initial thermal history of each sample from the geology o f well 
19/5-1. The temperature o f  each sample is given at different times. When the sample was at the 
surface (e.g. unconformity, time o f deposition) a temperature o f  i0±10 C is assumed. A  
geothermal gradient o f 20-40‘C was used to do the conversion from meters to temperatures.



Sample Timei (My) Tempi (“C) Timez (My) Tempz (®C) Times (My) Tempa (“C)

GC651-12 31-42 88-96

C5C651-10 32-42 85-91 60-65 89-104

GC651-8 12-18 79-82 28-39 82-92 68 87

GC651-3 26-47 60-71

GC651-1 16 62

Table 5.5. Summarised maximum palaeo-temperatures reached for each sample in well 19/5-1. Each sample was modelled between 
three and six times and all or most of the resuhed thermal histories modelled show maximum palaeo-temperatures ranges at the time 
ranges indicated in the table for three possible different events.



Time (My) Temp (°C) Geological evidence Time (My) Temp(°C) Geological evidence

GC942-15

GC942-13

GC942-11

350±100 80±80 possible inheritance
350±100 80±80 possible inheritance
240±5 lOilO stratigraphic age
205 22±8 burial o f 735 m (22*)
172.5±32.5 70±50 unconf. Min temp o f 22°C
140 22±8 burial o f 735 m (22‘)
34 59±13 burial o f +1251 m (+37°C)
18±16 90±30 unconf. Min temp o f 59'C
0 60 present day temperature

350±100 80±80 possible inheritance
350±100 80±80 possible inheritance
240±5 lOilO stratigraphic age
205 14±6 burial o f 482 m (14*C)
172.5±32.5 70±60 unconf. Min temp o f 14°C
140 14±6 burial o f 482 m (14“C)
34 51±13 burial o f +1251 m (+37°C)
18±16 80±30 unconf. Min temp of 51 °C
0 54 present day temperature

350±130 80±80 possible inheritance
350±130 80±80 possible inheritance
222.5±12.5 10±10 stratigraphic age
205 6±3 burial o f 209 m (6°C)
172.5±32.5 70±60 unconf. Min temp o f 10”C
140 6±30 burial o f 209 m (6”C)
34 43±13 burial o f +1251 m (+37'C)
18±16 80±40 unconf. Min temp of 43 °C
0 48 present day temperature

GC942-8

GC942-7

GC942-5

300±150 80±80 possible inheritance
300±150 80±80 possible inheritance
140 lOilO stratigraphic age
34 37±13 burial o f +1251 m(+37°C)
18±16 80±40 unconf Min temp of 37°C
0 42 present day temperature

300±160 80±80 possible inheritance
300±160 80±80 possible inheritance
133.5±1.5 10±10 stratigraphic age
34 31±12 burialof 1 056m (3rC )
18±16 70±40 unconf. Min temp of 31 °C
0 39 present day temperature

300±160 80±80 possible inheritance
300±160 80±80 possible inheritance
133.5±1.5 lOilO stratigraphic age
34 28±10 burial of 936 m (28“C)
18±16 70±40 unconf. Min temp of 28'C
0 36 present day temperature

Table 5.6. Reconstruction of the initial thermal history of each sample from the geology of well 12/13-la. The temperature of each 
sample is given at different times. When the sample was at the surface (e.g. unconformity, time of deposition) a temperature of 
10±10°C is assumed. A geothermal gradient of 20-40°C was used to do the conversion from meters to temperatures.



Sample Time] (My) Tempi ("C)

GC492-13 25-33 91-97

GC492-11 18-33 90-92

GC492-8 29-33 84-94

GC492-7 19-30 81-89

GC492-5 24-34 79-80

Table 5.7. Summarised maximum palaeo-temperatures reached for each sample in well 12/13-la. Each sample was modelled six times 
and all or most o f the resuhed thermal histories modelled show maximum palaeo-temperatures ranges at the time ranges indicated in 
the table.



GC564-10

GC564-7

GC564-6

GC564-4

Time (My) Temp (°C) Geological evidence

200±140 80±80 possible inheritance
200±140 80±80 possible inheritance
58.5±2.5 lOilO stratigraphic age
34±4 44±12 burial of 1633 m
33±5 75±43 unconf. Min temp of 32°C
30±2 44±12 burial of 1633 m
0 68 present day temperature

200±140 80±80 possible inheritance
200±140 80±80 possible inheritance
58.5±2.5 lOilO stratigraphic age
34±4 35±10 burial of 1321 m
33±5 75±50 unconf. Min temp of 25°C
30±2 35±10 burial of 1321 m
0 61 present day temperature

200±150 80±80 possible inheritance
200±150 80±80 possible inheritance
53±3 10±10 stratigraphic age
34±4 30±10 burial of 1076 m
33±5 70±50 unconf Min temp of 20°C
3(H2 30±10 burial of 1076 m
0 55 present day temperature

200±150 80±80 possible inheritance
200±150 80±80 possible inheritance
53±3 lOilO stratigraphic age
34i4 20±5 burial of 769 m
33±5 70±55 unconf. Min temp of 15°C
30±2 20±5 burial of 769 m
0 48 present day temperature

Table 5.8. Reconstruction of the initial thermal history for each sample from the geology 
of well 132/15-1. The temperature of each sample is given at different times. When the 
sample was at the surface (e.g. unconformity, time of deposition) a temperature of 
lO ilC C  is assumed. A geothermal gradient of 20-40°C was used to do the conversion 
from meters to temperatures.



Sample Timei (My) Tempi (“C)

GC564-10 31-36 90-103

GC564-7 32-34 38-112

GC564-6 31-34 73-111

Table 5.9. Summarised maximum palaeo-temperatures reached for each sample in well 132/15-1. Each sample was modelled four 
times and all or most of the resulted thermal histories modelled show maximum palaeo-temperatures ranges at the time ranges 
indicated in the table.



GC375-6

GC-375-4

GC375-3

GC375-2

GC375-1

Time (My) Temp (°C) Geological evidence

300±130 80±80 possible inheritance
300±130 80±80 possible inheritance
206±2 lOilO stratigraphic age
155±3 60±20 burial of 2025 m (60°C)
80±78 80M0 unconf. Min temp of 40°C
0 67 present day temperature

300±130 80±80 possible inheritance
300±130 80±80 possible inheritance
167.5±6.5 lOilO stratigraphic age
155±3 37±13 burial of 1250 m
80±78 80±50 unconf. Min temp of 24 "C
0 47 present day temperature

300±130 80±80 possible inheritance
300±130 80±80 possible inheritance
167.5±6.5 lOilO stratigraphic age
155±3 30±10 burial o f982 m
80±78 70±50 unconf Min temp of 20°C
0 40 present day temperature

300±130 80±80 possible inheritance
300±130 80±80 possible inheritance
167.5±6.5 10±10 stratigraphic age
155±3 15±5 burial of 505 m
80±78 70±60 unconf Min temp of 10°C
0 27 present day temperature

300±130 80±80 possible inheritance
300±130 80±80 possible inheritance
158±3 lOilO stratigraphic age
155±3 15±5 burial o f2000 m
80±78 7 0 i^ unconf. Min temp of 10°C
0 19 present day temperature

Table 5.10. Reconstruction of the initial thermal history for each sample from the 
geology o f well 27/13-1. The temperature of each sample is given at different 
times. When the sample was at the surface (e.g. unconformity, time of deposition) a 
temperature o f 10±10"C is assumed. A geothermal gradient o f 20-40°C was used to 
do the conversion from meters to temperatures.



Sample Timei (My) Tempi (“C) Time} (My) Temp2("C) Times (My) Temps (®C)

GC375-6 13-14 92-94

GC375-3 74-99 86-93

GC375-2 22-50 75-80

Table 5.11. Summarised maximum palaeo-temperatures reached for each sample in well 27/13-1. Each sample was modelled eight 
times and all or most of the resulted thermal histories modelled show maximum palaeo-temperatures ranges at the time ranges 
indicated in the table.



Palaeocene (66 -  54 My) Eocene (52 -  36 My) Oligocene (36 -  24 My) Miocene to present (24 -  0 My)

19/5-1 sample GC651-4 70“C 

T « i  75°C 

dT/dz 20.5 “C k m ' 

Az -0.240 km

75°C 

T.„d 78°C 

dT/dz 20.5 °C km* 

Az -0.150 km

T ^  78°C 

T ^  82°C 

dT/dz 20.5 °C/km 

Az -0.240 km

T«^ 82°C 

Tend 46°C 

dT/dz 20.5 “CVkm 

Az 1.760 km

12/13-la sample GC492-13 T „ ^  43®C 

T « .  48°C 

dT/dz 27 °C/km 

Az -0.180 km

T .* , 48°C 

60°C 

dT/dz 27 “C/km 

Az -0.440 km

60PC 

T „d  90°C 
dT/dz 27 °C/km 

Az -1.110km

T„3rt 90°C 

Tend 60°C 

dT/dz 27 “C/km 

Az 1.110 km

132/15-1 sample GC564-10 18°C 

T.„d 32°C 

dT/dz 32 °C/km 

Az -0.440 km

Trtart 32°C 

Temi 70°c 
dT/dz 32 °C/km 

Az -1.190 km

T ^  70°C 

Tend 5 0 T  
dT/dz 32 °C/km 

Az 0.620 km

Tjtart 50“C 

Tend 68“C 

dT/dz 32 °C/km 

Az -0.560 km

27/13-1 sample GC375-3 80°C 

7 2 T  

dT/dz 27 °C/km 

Az 0.300 km

7 2 T  

Tend 6 2 T  

dT/dz 27 °C/km 

Az 0.370 km

T,tHrt 62°C 

Tend 55“C 

dT/dz 27 °C/km 

Az 0.260 km

T,t^ 55“C 

Tend 47“C 

dT/dz 27 “C/km 

Az 0.300 km

Table 5.12. Denudation in kilometres (Az) for each well in the different time intervals calculated using eq. 5.1. The well sample with 
the modelled misfits ~1 was used as best representative. The palaeo-geothermal gradient taken from AFT and VT data for each well in 
Geotrack reports was used (Table 5.3). Negative values indicate deposition and positive values indicate denudation.



Mean thickness (m) Duration (My) Denudation Rate (m/My)

Miocene to present (23 -  0 My) 360 18 20

Oligocene (36 -  23 My) 110 13 8

Eocene (53 -  36 My) 270 17 16

Palaeocene (66 -  53 My) 120 13 9

Cenozoic (66 -  0 My) 870 66 13

Table 5.13. Spatially and temporally-averaged denudation rates for the northwestern Irish continental margin, derived from apatite 
fission track modelling.



Volume of solid sediment denuded (km^ Volume of solid sediment deposited (km^)
Pliocene to Pleistocene (2-0)

22,000
14,300

25,300TMiocene to Pliocene (23-2 My) 11,000
TOligocene (36-23 My) 5,000 10,200
Eocene (53-36 My) 16,900 26,300
Palaeocene (66-53 My) 7,000 43,700

Cenozoic (66-0 My) 50,800 104,400

Table 5.14. Volumes o f solid sediment deposited in the northeastern Rockall Basin and denuded off northwestern Ireland.



Denudation rates (m/My) Accumulation rates (m/My)

Plio-Pleist. ( 5 - 0  My)
20

51
19TMiocene (23 -  5 My) 14

TOligoccne (36 -  23 My) 8 22

Eocene (53 -  36 My) 16 38

Palaeocene (66 -  53 My) 9 93

Cenozoic (66 -  0 My) 13 27

Table 5.15. Comparison between spatially and temporally-averaged denudation and deposition rates [m/My] taken 
from apatite fission track modelling and seismic interpretation respectively.



Palaeocene (66-53 My) Eocene (53-36 My) ?Oligocene (36-23 My) ?Miocene to present (23-0 My)

Flexural tubsideoce (m) 700 600 200 400

Subsidence rate (m/My) 54 35 15 17

Table 5.16. Maximum subsidence rates during the Cenozoic due to sedimentary loading in the RockaJl Basin using Te of 10 km.

Palaeocene (66-53 My) Eocene (53-36 My) ?Oligocene (36-23 My) ?Miocene to present (23-0 My)

Flexural uplift (m) 150 350 100 300

Uplift rate (m/My) 12 20 8 13

Table 5.17. Maximum uplift rate during the Cenozoic due to sedimentary loading in the Rockall Basin using Te of 10 km.



Chapter 6 Conclusions and discussion

6.1 Conclusions

• Many of the present-day river systems in northwestern Ireland are out of 

equilibrium and their profiles contain knickpoints up to 60 m. Some of these 

knickpoints are clearly due to differential erodibility between adjacent lithologies, 

particularly where rivers cut across metadolerite intrusions, Dalradian quartzites 
and Ordovician sandstones.

• Other knickpoints in northwestem Ireland do not appear to be controlled by 

bedrock lithology, and occur in several rivers flowing across the same fault. In 

these cases knickpoint formation is very likely to be due to a structural control, 

and possibly by Cenozoic tectonic activity on that particular fault. However, 

preferential erosion along an existing but inactive fault zone caimot be ruled out.

•  A regional morphometric and lithological analysis concludes that the topography 

of northwestem Ireland cannot be explained entirely by differential erosion due to 

lithology only and a partial structural control is suggested.

• Movement on a number of faults was inferred from a combination of evidence 

from river knickpoints, morphological anomalies, abrupt and non-lithologically 

controlled gradients in relief and wind gaps, including the Leannan, Gweebarra, 

Bameslough, Aghla, Kittyfannan, Eglish-Belshade, Laghy, Glenade, Glencar, Ox 

Mountains, Bangor and Erriff faults. These faults trend northeast, east and 

northwest. Most of the northeast-trending faults seem to have been down thrown 

to the northwest.

• The Cenozoic succession in the Rockall Basin is conformable in the basin centre 

and thins unconformably (through both onlap and downlap) onto the basin 

margins over about 30 km of horizontal distance. Palaeocene and ?Miocene 

packages are seen onlapping onto their respective basal surfaces. Eocene,
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?01igocene and Plio-Pleistocene packages locally downlap onto their basal 
unconformities.

• During the Palaeocene a major depocentre developed in the northwest of the study 

area, both north and south of the Hebrides Terrace Seamount. There was also a 

local depocentre in the southwest of the study area. Total accumulation rates, 
averaged over the study area were 93 m My *.

• Early Eocene sand progradation of unknown sedimentary environment was 

common in the northeastern Irish Rockall Basin in both the north and the south of 

the study area, suggesting that Ireland, as well as Scotland, was providing 

sediments to the basin. A depocentre in the northwestern side of the study area has 

up to 1470 m of Eocene sediment, where the margin changes trend from north to 
northeast.

• Discontinuous normal faults are mapped along the main basin boundary fault in 

the northeastern Irish Rockall Basin offsetting base Tertiary to base Eocene 

reflectors. Base Tertiary offsets are on the order of hundreds of metres while base 

Eocene offsets are only a few tens of metres. Within the study area, normal offsets 

seem to increase in magnitude to the south.

• During the late Eocene to early Oligocene, tectonic inversion and major 

subsidence took place in the Rockall Basin. Late Eocene to early Oligocene 

compression is expressed as east, north and east-northeast trending anticlines that 

apparently developed in a transpressional regime. Some of these anticlines were 

formed by reactivation of older north-northeast trending normal faults. This event 

was coeval and compatible with southeast-directed North Atlantic ridge push.

• The post-late Eocene unconformity is a markedly angular boundary that erodes 

upper Eocene sediments, whilst post-upper Eocene sediments onlap onto it. The 

?01igocene isochron map shows small local sediment depocentres adjacent to and 

downslope of the basin margin with progradation of unknown environment, 

suggesting local sediment input from the Irish continental margin during post-late
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Eocene time. The post-late Eocene and pre-Pliocene isopach maps show a 

decrease in accumulation rates from 38 m/My in the Eocene to 22 and 14 m/My in 
the ?01igocene and ?Miocene, respectively.

•  Basinal reflections of presumed ?Miocene age onlap onto the ?lower Miocene 

unconformity. This package can be visualised as a sedimentary wedge pinching 
out northeastwards.

• Plio-Pleistocene accumulation rates are relatively high, at up to 51 m My ‘. During 

this time a deltaic progradational phase took place in the north of the study area, 

with sediment input from Scotland and to a lesser extent, from Ireland. Two 

separate progradational events are separated by a local intra Plio-Pleistocene 
unconformity.

• Fission track modelling of samples from four wells offshore northwestern Ireland 

allows a reliable, but very spatially limited, estimate of the Cenozoic thermal 

history of the northwestern Irish offshore basins. Modelling of various samples in 

each well results in consistently similar Cenozoic thermal histories. However 

samples within different wells show different thermal histories. Well 19/5-1 

reached temperatures of 60 to 96“C between 28 and 42 My. Well 12/13-la  reached 

temperatures of 70 to 97°C at about 18 to 34 My. Well 132/15-1 reached 

temperatures of 38 to 112"C between 31 to 36 My. Well 27/13-1 shows a general 

cooling trend during the Cenozoic.

• Conversion of Cenozoic thermal histories to denudation estimates was done using 

a geothermal gradient of 27°C km '\ based on well data. Well 12/13-la  and well 

132/15-1 show net Cenozoic deposition, with up to 400 m and 1500 m of burial, 

respectively. Wells 19/5-1 and 27/13-1 show net Cenozoic denudation ranging 

between 600 to 1400 m.

• During the Cenozoic 50,800 km  ̂ of sediment were denuded from northwestern 

Ireland with temporally and spatially averaged surface denudation rate of 13 

mMy*. Over the same time interval, 104,400 km  ̂of sediment were deposited in 

the northeastern Irish Rockall Basin at an average rate of 27 m My .
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• The Eocene is characterised by an increase in marginal denudation onshore and in 

the Erris Basin, which coincides with a progradational phase of unknown 

environment in the northeastern Irish Rockall Basin. The post-Oligocene is 

characterised by another increase in marginal denudation, which might explain the 

lack of preservation of Tertiary sediments in onshore Ireland, and in the Slyne and 

Erris Basins. Local marginal progradation of unknown envirormient during the 
Ohgocene might be related to this increase in denudation.

• Cenozoic flexure caused by sedimentary loading and unloading gave rise to a 

maximum of 700 m of rock uplift on the Irish Shelf and onshore northwestern 

Ireland using a Te of 30 km and up to 1000 m using a Tg of 3 km. Therefore at 

least 700 m of the Cenozoic onshore uplift might be explained by flexure.

•  Flexural deflection using a Te as low as 3 km can account for 2100 m of Cenozoic 

basin subsidence, but another 2600 m of thermal or tectonic subsidence, 

palaeobathymetry or changes in sea level, are needed to explain the present day 

depths to the base Tertiary and intra-Cenozoic unconformities.

6.2 Discussion

It is trivial to think that resistant lithologies in any landscape will survive erosion 

better than less resistant ones. However, the landscape in a passive margin such as the 

northwestern Irish margin during the Cenozoic is under the effect of many processes 

such as tectonic activity due to continental rifting and oceanic ridge push, variable 

climate conditions and sea level, differential erosion and flexural compensation. All of 

these factors together contribute to the formation of a landscape. The mountains in 

northwestern Ireland result from a combination of all these processes.

Topographic scarps such as those formed on the southern side of the Blue Stack 

Mountains and the Nephin Beg Mountains coincide with large contrasts in lithological 

resistance, although lithological contrasts do not totally explain the topography. Study 

of the elevation distribution of a single formation allowed areas where the topography 

cannot simply be explained by lithological changes to be located. However, intra-
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formational lithological changes and joint and fracture patterns might also play a role 
in landscape formation but this has not been considered in this work.

River knickpoints are found along several streams crossing the Boundary Fault, on the 

southern side of the Blue Stack Mountains, but again lithological differences are 

difficult to discount in this area. In other cases knickpoints are found within the same 

lithological formation, and knickpoint formation due to differential erosion can be 

discriminated against. In those cases knickpoints are assumed to form due to a 

structural control. However, the influence of bedrock strength properties imparted by 

jointing and fracturing in knickpoint formation and on escarpment retreat has not been 

considered and might be an important factor (Weissel and Seidl 1997).

The combined evidence of river knickpoints in several catchments, morphological 

anomalies, non-lithologically controlled high relief and wind gaps across a fault is 

here taken to suggest Cenozoic movement on that fault. The maximum relief of 

structurally controlled river knickpoints is 60 m. If they are indeed tectonically 

controlled, one can argue that maximum fault displacements of 60 m occurred along 

some of the northwestern Irish onshore faults since establishment of the present 

catchment system. Glacial erosion may have enhanced knickpoints leading to an 

overestimate of displacement. Conversely, the fluvial system tends to reach 

equilibrium through time retreating the knickpoint vertically and horizontally, leading 

to an underestimate of the original maximum displacement. It seems likely that, if 

Cenozoic displacements have occurred on faults in northwestem Ireland, total relative 

displacements have been on the order of, at most, several hundred metres. This 

estimate is constrained as much by the present distribution of elevation and relief as 

by catchment morphology.

One can only vaguely attempt to date fault activity by knickpoint migration since the 

knickfK)ints were formed. Structurally controlled knickpoints in northwestem Ireland 

have retreated from the position of the fault to the present day maximum curvature of 

the knickpoint by a maximum of 2 km of horizontal distance measured along the river 

profiles. Assuming that the structurally controlled knickpoints were generated by 

Cenozoic fault activity, and assuming a rate of knickpoint migration, estimation of the 

most recent fault displacement is potentially feasible. In Hawaiian basalts, rates of
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knickpoint migration are about 2 km/My (Burbank and Anderson 2001). It seems 

likely, following Clayton and Shamoon’s (1998) scale of resistance for British rocks, 

that Eocene basalts are less resistant to erosion than the Dalradian and Carboniferous 

Formations. Weissel and Seidl (1997) inferred an average rate of large-scale 

knickpoint retreat and therefore escarpment retreat in eastern Australia of 2 km My \  

independent of lithology. Other workers have considered that escarpments on passive 

margins propagate inland at a rate of 1 km My'*. Applying rates of knickpoint 

migration of 1 to 2 km/My gives a first-order approximation for the time at which 

fault activity in northwestern Ireland may have ceased on the order of a severeil 

million years ago. It is thus possible, within very large error bars, to suggest that these 
faults were active during the Plio-Pleistocene.

The isostatic or flexural effect of unloading and loading by ice and sediment during 

the last two million years might be responsible for this subdued tectonic activity. The 

topography, where tectonically controlled, might be due to the combination of 

accumulated flexural uplift; during the Cenozoic caused by denudation onshore Ireland 

and sedimentation in the offshore basins west of Ireland.

Relief-derived denudation rate estimates were calculated using a very simplistic 

formula that ignores the influences of climate and tectonic displacement and includes 

all the complexity of denudational processes into the single measure of relief Relief 

can be a useful tool to measure denudation over unknown periods of time (Ahnert 

1970; Summerfield 1991). Denudation rate estimates derived firom thermochronology 

may also have large uncertainties (see Section 5.3.4), particularly in the choice of 

palaeo-geothermal gradients in converting temperatures to depths and in the possible 

influence of hydrothermal fluids (Brown and Summerfield 2000), but they do at least 

constrain the timing of cooling and therefore denudation. Modelling of offshore wells 

allows more reliable results on denudation than onshore, because the preservation of a 

Mesozoic to Cenozoic sequence allows prediction of an initial thermal history and a 

geothermal gradient. Combining independent evidence helps to minimise errors and 

achieve a more realistic approach. Low values of relief in the Ox Mountains and the 

Blue Stack Mountains imply lower denudation rates than in other upland areas m 

northwestern Ireland over time periods possibly as long as 66 My, as shown by the 

fission track-derived denudation rates.
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The Cenozoic isopach maps in the northeastern Irish Rockall Basin, yield first-order 

information on the probable source regions for the Cenozoic sediment. Isopach maps 

in the southern part of the study area must be treated with caution because of the lack 

of well control, resulting in large uncertainties in the age control on Cenozoic 

surfaces. Isopach maps of the northern area are better constrained by both well and 

seismic data. The discrepancy between Palaeocene volumes of sediment denuded and 

deposited (Table 5.15) might be partially related to the lack of control on the seismic 

velocity of this section. However, another possibility might be that Early Tertiary 

igneous activity related to continental rifting caused regional surface uplift increasing 

fi-om south to north, including the northern Rockall Basin (Brodie & White 1995). 

This surface uplift resulted in major denudation in the northern Rockall Basin and 

adjacent margins, and sedimentation in the south. This event m i^ t  partially explain 

low denudation rates in Ireland but high sedimentation rates in the northeastern 

Rockall Basin during the Early Tertiary. Generally, Cenozoic sediment volumes 

deposited in the northeastem Irish Rockall Basin are twice as large as the volume of 

material denuded from northwestern Ireland. This may be indirect evidence of a 

Cenozoic drainage system extending far beyond northwestern Ireland to the east and 

northeast and contributing significant amounts of sediment to the northeastem Rockall 

Basin. Eocene denudation in northwestern Ireland can only account for half of the 

sedimentation in the Rockall Basin. However, the relative increase in onshore 

denudation might be partially responsible for the coeval offshore sand progradation 

northwest of Ireland.

Deposition in the Rockall Basin may have triggered greater denudation of onshore 

Ireland by marginal flexural rock uplift. The flexural model results are directly related 

to the onshore estimates of denudation and offshore deposition. Cenozoic 

sedimentation and denudation in northwestern Ireland could have triggered up to 1000 

m of flexural uplift. This uplift is partly reflected in the present day topography, by its 

elevation and maybe by small topographic or fluvial vertical offsets. However, 

tectonic uplift and denudation must be added to the flexural uplift, to obtain the final

topography.



Mainly northeast-oriented structures have been recognized to be active in the Cenzoic 

in both the onshore and offshore. Offshore normal faults with offsets in the order of 

hundreds of metres were active in the Palaeocene and early Eocene. Using an 

Andersonian strain-stress conversion, one can suggest an approximately northwest 

extension direction for the Palaeocene to early Eocene. This extension direction has 

been suggested by Dore et al. (1999) in other basins further north along the 

northwestern European plate. Late Eocene to early Oligocene transpression is 

recognised in the northeastern Irish Rockall Basin and might be attributed to a 

southeast-directed ridge push. However, the strain might also be enhanced by the 

Alpine closure between Africa and Europe at this time (Zoback 1992; Muller et al. 

1992). This Late Eocene to early Oligocene transpression cannot be related to any 

particular sedimentary or denudational pattern.

6.3 Future work

Now that the magnitude of the flexural subsidence in the Rockall Basin has been 

constrained, a better undestanding of the subsidence caused by thermal cooling, sea 

level changes and palaeobathymety are needed to fully describe the Cenozoic 

evolution of the Rockall Basin. For this one would need more well data in the Rockall 

Basin.

An analysis of the effect of fractures and intraformational discontinuities on the 

topography would be useful to discriminate river knickpoints and high relief caused 

by fault activity from those caused by differential erosion within fractured zones. 

Field structural mapping of those onshore faults located in this study would be useful 

to investigare and corroborate recent tectonic activity. However, Cenozoic structural 

mapping in areas of pre-Mesozoic bedrock is always uncertain.



Appendixes

Appendix I  Procedure fo r  preparation o f sediment samples for pollen analysis

The use of a spike for absolute frequency analysis requires a modified procedure involving exact 
volume preparations.

1. Record sample number, site, location, and sediment type on preparation sheet or in a preparation 
log book.

2. Make a smear of raw sediment in water on a microscope slide, and examine it for inorganic 
material (note size of particles, mineralogy, presence of diatoms, sponge spicules, chrysophyte 
cysts, and other siliceous microfossils) and organic material such as cellular fragments, fungal 
hyphae, algae, chitin, and charcoal fragments (note size of fragments and composition). Record 
these observations and estimate the frequency of the various components on a five point scale 
(abundant, frequent, occasional, rare, absent). Alternatively use the sediment description of Troels- 
Smith, 1955.

3. If the sediment is calcareous:
Transfer 1-2 cm^ of sediment to be labelled boiling tube and slowly add c. 10 cm^ 10% 
hydrochloric acid (HCl). Note this solution is caustic. Wear protective equipment When 
effervescence stops, place tube in boiling water bath and stir until effervescence again stops.
If sediment is highly calcareous, it will be necessary to centrifuge, decant, and repeat this step with 
fresh 10% HCl to ensure removal of all carbonates. If the tube threatens to froth over, reduce the 
foam with a squirt of acetone, awav from anv open flame. Centrifiigel and decant. It is essential to 
remove all calcium carbonate if stage 9 is to be followed, otherwise insoluble calcium fluoride will 
be formed.

4. Wash with distilled water, centrifiige, decant. Repeat at least twice.

5. If the sample is non-calcareous : Transfer 1-2 cm^ of sediment to a labelled boiling tube and add 
c. 10 cm^ of 10% NaOH. Note this solution is caustic. Wear protective equipment. Place in a 
boiling water bath for no more than 2-5 minutes, and stir occasionally. Record the darkness of the 
supernatant, as a measure of the degree of humification of the sample.

6. Sieving: If sediment contains much coarse mineral material or organic debris, strain and wash it 
through a fine sieve (about 120Dm mesh) into a plastic centrifuge tube. Wash the residue on the 
screen thoroughly with a jet of distilled water. Centrifuge and decant the NaOH. Place the coarse 
residues trapped in the mesh screen in a labelled petri dish, and examine with a binocular 
microscope for seeds, fhiit, moss remains, etc.

7. Wash at least five times with distilled water until no trace of brown colour remains in the

1 The centrifuging stage requires spinning at 3,000 rpm for 5 minutes. Carefully decant the supernatant. When 
working with acid/alkali solutions use the centrifuge in the fume cupboard. When decanting spent HF pour it into a 
labelled plastic bottle for specialist disposal

152



supernatant. When washing, gently stir the sediment in the bottom of the tube before adding water, 
thereby preventmg the formation of lumps.

8. Wash with 10 ̂  HCl, centrifuge, and decant. Note this solution is caustic. Wear protective 
equipment

9. If the sediment contains much mineral matter, treat with 60% hydrofluoric acid (HF) using either 
one of the two alternatives below. Only handle HF in the fume cupboard and with full protective 
equipment (see above)

a) Hot HF. In the fume cupboard, add c. 10-15 cm^ HF (wear correct protective clothing, face 
mask, rubber apron and gloves).

Stir with polyethylene rods, and place the centrifuge tubes in a boiling water bath for between c. 30 
minutes and 2 hours. Stir occasionally. Remove the tubes from the water bath and add 95% 
methanol (to reduce specific gravity) to within 2 cm of the rim of the tube. Stir to mix well, and 
centrifuge. Carefully decant the HF (in the fume cupboard) into labelled plastic bottles for 
specialist disposal. If clay or sih remains, repeat.

b) Cold HF. In the fiime cupboard, add c. 25 cm^ HF (wear correct protective clothing, face mask, 
rubber apron and gloves). Leave in the fume cupboard for at least 8 hours (usually overnight), and 
stir occasionally. Stir, centrifuge, and decant. If silt or clay remains, repeat.

10. When all of the HF has been decanted half fill the tube with 10% HCl, and place in a boiling 
water bath for c. 15 minutes to remove colloidal silicates and silicofluorides. Centrifuge while still 
hot and decant. If much mineral residue remains, repeat the wash with hot 10% HCl one or more 
times. Generally continue this until the supematant loses its yellow coloiu".

11. (seldom used -see P.Coxon) If the sediment contains much pyrite or related sulphide 
compounds, such as hydrotroilite, melnikovite, and marasite (Vallentyne, 1963), add c. 10 cm^ 
10% nitric acid, and place in a boiling water bath for no more than 2 minutes. Centrifuge and 
decant. Note this solution is caustic. Wear protective equipment

12. Wash once with distilled water, centrifuge, and decant.

13. Stir, add c. 10 cm^ glacial acetic acid, stir, centrifuge and decant. Note this solution is caustic. 
Wear protective equipment

14. Add 9 cm^ acetic anhydride and 1 cm^ concentrated sulphuric acid (wear complete protective 
clothing including rubber gloves and face mask). Stir. Place tube in boiling water bath for 2 
minutes stirring once after 1 minute. Remove tube and fill with glacial acetic acid. Stir. Centrifuge 
and decant.
Note this solution is very caustic. Wear full protective equipment 

1 15. Stir, add c. 10 cm^ glacial acetic acid, stir, centrifuge, and decant. This removes the soluble
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cellulose acetate products of acetolysis. Note this solution is caustic. Wear protective equipment

16. Stir, add c. lOcm^ distilled water. Stir, centrifuge and decant.

17. Stir, add c. 9 cm^ distilled water and 1 cm^ 10% NaOH to obtain the correct pH for subsequent 
staining. Test with indicator paper that the pH is c.7 (Faegri, 1936). Stir, centrifuge and decant.

18. Stir, add 1 or 2 drops of aqueous safranin (or base fiichsin), stir and add c. 10 cm^ distilled 
water. Stir, centrifuge and decant.

19. Stir, add c. 10 cm^ tertiary butyl alcohol (TBA -also called 2-methylpropan-2-ol check), stir, 
centrifuge and decant. Use the TBA in a fiime cupboard. Avoid contact with the skin.

20. Wash sediment into a labelled vial with TBA using a Pasteur pipette. Stir, cork vial, gently 
centrifuge and decant.

21. Add silicone oil (2000ccs viscosity) equal in amount to the sediment in the vial, stir, and leave 
uncorked (but covered with a tissue, for 3-4 days in a drawer before coxmting.

22. Prepare a slide for counting by thoroughly stirring the residue in a vial, and by placing a small 
drop of the residue on the centre of a clean slide. It is convenient to do this over a guide square the 
size of the coverglass to be used (generally 24mm x 24mm). Add silicone oil if necessary to 
achieve the desired pollen concentration. The drop should be smeared out to each comer of the 
square and back again until it is evenly and thinly distributed over the whole area. Any coarse 
material should be moved with a clean needle and fme forceps. Add a no. 0 coverslip (use square 
coverslips, to minimise the effect of non - random pollen distribution on the slide (Brookes and 
Thomas, 1976). It is convenient to lightly tack the comers of the coverslip with nail polish. Aim to 
prepare slides between 15 to 20nm in thickness, so that they are as thin as possible to permit the 
most effective use of high resolution apochromatic objectives and yet without causing excessive 
compression and resultant changes in pollen size (Cushing, 1961).

Time spent in careful mounting and the choice of a good mounting medium help in producing

I consistent results in pollen analysis and reduce the amoimt of labour necessary to make them. 
Because detailed pollen analysis requires complete quantitative records of all fossil pollen and 
spores, the quantitative analysis should be as unbiased as possible, and the slides should permit 
ideal microscopic observation. It is important for both measurement and for identification of critical 
and /or deteriorated pollen that the orientation of individual grains can be changed during routii^  
analysis. Of all the mounting media so far used, silicone oil most of all fulfils these requirements.



Appendix 2 Matlab program on decompaction o f well 132/15-1

% The following program does the decompaction of well 132/15-1 
%code modified from Allen and Allen (1990)
% calculations are done in km, but data should be entered in m and results will be in m 
%define variables
zb = [967 1886 2830];%depth to base of each layer
zt = [767 967 1886];
z b = z b /1000.0; 
z t= z t/1000.0;
T = zb - zt;
times=3;
units=3;
Nzt=zeros(units,times); 
Nzb=zeros(units,times); 
PHIo = 0.66; 
c = 0.44;
Ratio=PHIo/c;

%depth to top of each layer

%decompacted depth to top 
%decompacted depth to base

%operate
for j = 1: times; %times at which we decompact 

for i = j '.units; %sedimentary layers we decompact
i f i = j

Nzt(i j)=0; %removing the first layer the new top depth is 0
else

Nzt(iJ)=Nzb(i-lj);
end %the new depth to the top equals the new depth to base at the last j

%solution
A=exp(-c*zt(i))-exp(-c*zb(i));
B=exp(-c*Nzt(ij)>;
Right=Nzt(ij)+T(i)-(Ratio*A)+(Ratio*B);
Nzb(i j)=  1.0; %start iterating with 1 km
Left=Nzb(ij)+<Ratio*exp(-c*Nzb(io))); 
while Left<0.9999*Right 1 Lefl> 1.0001 *Right 

ifLeft>1.0001*Right 
Nzb(io)=Nzb(ij)-abs(Right-Left); 
elseifUft<0.9999*Right 
Nzb(i j)=Nzb{i J)+abs(Right-Left); 
else Left>0.9999*Right 
end

Left=Nzb(iJ)+(Rat>o*®xp(*<^*Nzb(ij))); 
end

end 
end

155



Appendix 3 Matlab program on decompaction of the Cenozoic o f the Rockall Basin

The following program does the decompaction of isopach maps from the northeast Irish Rockall 
Basin using data well 132/15-1.

%decompaction code modified from Allen and Allen (1990)
%program to decompact the Rockall Trough (2D unconformities + time)
%zb matrixes are depth to base of layer

% load zb_plio zb_mio zb^oli zb_eo zb_pal %must be already defined no data values = 0
zt_mio=zb_plio;
zt_oli=zb_mio;
zt_eo=zb_oli;
zt_pal=zb_eo;

zt=cat(3,zt_mio,zt_oli,zt_eo,ztj)al);
zb=cat(3,zb_mio,zb_oli,zb_eo,zbjpal);
zb=zb/lOOO.O; 
zt=zt/1000.0;
T = zb - zt;

times=4;
units=4;
ymax=326;
xmax=309;
Nzt=zeros(xmax,ymax,units,times); 
Nzb=zeros(xmax,ymax,units,times); 
PHIo = 0.66; 
c = 0.44;
Ratio = PHIo/c;

% unconformity matrix in 3D for the top 
% unconformity matrix in 3D for the base 
%converts into kilometers

%Thickness

%number of times decompacting 
%number of layers decompacting 
%y horizontal coordinate 
%x horizontal coordinate 
%defines new decompacted matrix (top)

%taken from well 132/15-1

%operate

fory=l;ymax; 
for x=l:xmax;

forj = 1‘.times; 
for i = j:units; 

i f i = j

Nzt(x.y,ij)=K);
else
Nzt(x,y,i J>*N2b(x.y»>-l j)'. 
end

%because we put the top of the sequence 
%at 0

%make the top=last base

%solution to Nzb iterating
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A=exp(-c*zt(x,y,i))-exp(-c*zb(x,y,i));
B=exp(-c*Nzt(x,y,ij));

%from zt and zb that we know 
%we know Nzt

Right=Nzt(x,y,i,j)+T(x,y,i)-(Ratio*A)+(Ratio*B); %Right=Left

Left=Nzb(x,y,ij)+(Ratio*exp(-c*Nzb(x,y,ij)));

while Left<0.9999*Right | Left>1.0001*Right % | means or 
ifLeft>1.0001*Right 
Nzb(x,y,ij)=Nzb(x,y,iJ)-abs(Right-Left); 
elseif Left<0.9999*Right 
Nzb(x,y,iJ)=Nzb(x,y,i,j)+abs(Right-Left); 
else Left>0.9999*Right 
end

Left=Nzb(x,y,iJ)+(Ratio*exp(-c*Nzb(x,y,iJ)));

Nzb(x,y,ij)=1.0; %start iterating with 
% 1km to calculate Nzb

end
end
end
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Appendix 4 Matlab program on flexure of the Rockall Basin

The following program simulates the flexure of a plate based on Hetenyi (1974).

%Constants are:

a = 500; %widthofhalfa column in m
xaxis = 0:2*a:499000; %x axis for plotting purposes
ROm = 3300; %density of mantle in kg/m3 10 km deep
ROa = 1.29; %density of air in kg/m3
ROs = 2500; %density of sedimentary column
g = 9.78; %m/sec2
POISSON = 0.15; %range value for a gnessic plate (0.04-0.15)
YOUNG = 0.7el 1; %range value for a gneissic plate (0.04-0.7 in Pa or kg/m*s2)
H = 30000; %elastic thickness of plate in m
D = YOUNG*(H^3)/(12*(l-(POISSON^2))); %flexural rigidity in kgm2/sec2 or Nm
LAMBDA = ((ROm - R0a)*g/(4*D))^0.25;
Q = (ROs - ROa)/(2*(ROm - ROa));

%the density of the different sedimentary columns is the same 
% Variables are

eo_prof; %height of each sed. column in i in m

%Start operating 
for i = 1:341;

for j = 1:341;
s = a*(2*i-l); %distance from 0 to i in m 
X = a*(2*j-l); %distance from 0 to j in m

if j<i;
K1 = LAMBDA*(-x+s-a);
K2 = LAMBDA*(-x+s+a);
w(ij) = -eo_prof(i)*Q*((exp(-Kl)*cos(Kl)-exp(-K2)*cos(K2))); 

elseif j==i;
K3 = LAMBDA*(x-s+a);
K4 = LAMBDA*(-x+s+a);
w(ij) = -eo_prof(i)*Q*(2-(exp(-K3)*cos(K3))-(exp(-K4)*cos(K4))); 

elseif j>i;
K5 = LAMBDA*(x-s+a);
K6 = LAMBDA*(x-s-a);
w(ij) = eo_prof(i)*Q*(exp(-K5)*cos(K5)-exp(-K6)*cos(K6));

end;
end
end
W = sum(w); 
plot(xaxis,W)
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