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SUMMARY

Exhumation describes the vertical upward displacement of rocks due to the removal o f overburden 

material. In this study, seismic velocity profiles from 2D and 3D seismic reflection datasets have 

been inverted to constrain the distribution and the magnitude o f exhumation within the Slyne Basin, 

offshore NW Ireland. The method has already been successfully applied to 2D datasets from offshore 

Britain and Africa; this study is the first attempt to extract exhumation estimates from 3D seismic 

data.

Inversion of 3D seismic velocity data yields a continuous map o f exhumation across the entire 3D 

footprint. Exhumation estimates in this study from 2D seismic sections agree with estimates from 

co-located 3D data. However, there is greater scatter in the 2D-derived exhumation estimates, most 

easily seen at seismic line ties. This scatter in the 2D measurements arises because 2D seismic 

stacking velocities are less well constrained than 3D velocities. Together, the 2D and 3D seismic 

stacking velocity profiles can be used to estimate exhumation patterns on spatial scales >  10 km 

with an accuracy of ±  200 m. Many of the variations in the calculated amount of exhumation are 

correlated with geological structures, suggesdng confidence in the results. I'he margins o f the Slyne 

Basin have undergone about 1-1.5 km more erosion than the centre of the basin during formation 

o f the Jurassic-M iocene composite unconformity. Inversion-related anticlines in the centre of the 

basin have undergone a few hundred metres more erosion at their crests than at their flanks. There is 

good agreement between 2D and 3D seismic-derived exhumation estimates and existing exhumation 

estimates using traditional techniques applied to borehole data, such as apatite fission track analysis, 

vitrinite reflectance or sonic log modelling. Overall, the results show that regional exhumation can be 

mapped in hitherto unprecedented detail using good quality seismic stacking velocity data.

There is strong potential for applying this method to hydrocarbon research. As long as the velocity 

field o f a given area is well constrained and understood, the routine presented in this dissertation can 

quickly process large amounts of data and produce maps of the distribution of exhumation. Exhum a

tion events can have a major effect on the maturity and quality o f potential hydrocarbon occurrences 

within a sedimantary basin, while exhumation results can be integrated into reservoir modelling.
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Chapter 1

Introduction

1.1 Outline / Objectives

1.1.1 Exhumation

Exhumation describes the removal of overlying material due to the vertical upward displacement 

o f rocks such that previously buried rocks get exposed. Exhumation involves erosion, removal of 

overburden and in some cases surface uplift. Exhumation is a global process that can affect the 

Earth’s crust at many scales. These include orogenic mountain belts (e.g. c. 50 km o f exhumation 

for the eclogites of Oman (El-Shazly et ai,  2001) and up to c. 80 km for the Western Gneiss Region 

of the Norwegian Caledonides (Milnes et ai,  1997)) to sedimentary basins (generally <  5 km, e.g. 

the O.K-1.7 km exhumation which occurcd in the Corrib field in the north Slyne Basin (Corcoran 

and Mecklenburgh, 2005), 1-3 km in the Irish Sea (Holford et ai,  2005a,b)). Within sedimentary 

basins exhumation can have a profound effect on their evolution, their structural and stratigraphic 

architecture and the hydrocarbon system they may contain. Exhumation can be accompanied by 

strong modification o f the pressure and temperature (P / T) field, which is o f critical importance to 

the hydrocarbon exploration, particularly regarding oil generation and/or its chemical state. Finally 

exhumation estimates at a high spatial resolution can be used to investigate the cause o f uplift that 

drove the exhumation. For example, was uplift related to localized fault inversion, or was it regional 

in extent? Quantifying exhumation is therefore an important task in both petroleum exploration and 

also in basic geological research.

1.1.2 The stacking velocity inversion technique

A wide variety o f techniques have been used to quantify the magnitude and timing of exhumation 

in offshore sedimentary basins (Skagen, 1992; Dore et ai, 2002a). These methods are generally re

stricted to borehole locations. They mainly exploit the thermal (such as apatite fission track analysis, 

vitrinite reflectance) or mechanical (sonic log velocity modelling, core porosity measurements) prop-
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erties o f rocks. In addition there is often a large scatter in these sparsely distributed m easurem ents. 

In this study, exhum ation is estim ated using a relatively new technique, w hich was recently devel

oped, applied and published by W alford and W hite (2005) and M ackay and W hite (2006). It em ploys 

a routine w hich com bines sim plified velocity-porosity and porosity-depth relationships and inverts 

stacking velocity data obtained during seism ic processing to constrain exhum ation. The main advan

tage o f the m ethod lies in the large am ounts of seismic stacking velocity inform ation available from  

typical seism ic surveys w hich allow s detailed maps of exhum ation to be constructed. M ackay and 

W hite (2006) m apped exhum ation across the continental shelf surrounding Britain and Ireland, and 

show ed that the spatial exhum ation pattern could usually be correlated well with the pattern expected  

from  the geology.

1.1,3 Project development

In this study a m uch sm aller region was analysed (the Slyne Basin, approxim ately 50 by 100 km 

footprint) in order to test the spatial resolution o f the exhum ation estim ates. It was also the first 

application o f the m ethod to 3D seism ic data, which were expected to provide valuable detailed 

inform ation about the local (<  1-2 km) distribution o f and variations in exhum ation. The Slyne 

B asin was chosen because it is know n to have undergone rifi flank and cpeirogenic uplift (Scotchm an 

and Thom as, 1995; D ancer er a /., 1999).

Initially this research w as supposed to focus on a much broader area encom passing the Slyne and E rris 

basins and a second zone was to be investigated over the Celfic Sea Basin. However, a com bination  

o f  technical, logisfical and contractual difficulties led the project to take a different route. Only a 

sm all am ount of data from the Slyne Basin was fully available for study. So this research focused on 

a thorough analysis o f the exhum aUon results over the Slyne Basin. A particular em phasis was given 

to the resolution o f  these results in order to test the confidence that can be attributed to the m ethod.

1.1.4 Aims and objectives of this research

The aim s o f this research were to:

1. Estim ate the m agnitude and distribution of exhum ation over the Slyne Basin.

2. Test the application o f the “inversion of stacking velocity” m ethod to 3D data in order to provide 

detailed m aps of exhum ation.

3. A ssess the degree o f  confidence in the results from  both the needed a priori know ledge to the 

m ethod and the com parison w ith previous studies using different techniques.

4. Evaluate the potential industrial application of the method.

2
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1.2 Definitions and specific terminology

1.2.1 A review of terms used to describe exhumation and uplift

A broad lexicon of terms exists and have been used interchangeably in the literature to describe ex

humation or associated phenomena (uplift, surface uplift, crustal uplift, uplift of rocks, inversion, 

exhumation, erosion, denudation). This has resulted in a somewhat confused terminology because 

various research groups focussed their analyses with respect to different frames of reference. Dore 

et al. (2002a) and Corcoran and Dore (2005) conducted a thorough review o f the definitions, applica

tions and frames of references of these terms in order to clarify and harmonise their future use in the 

literature.

Following Biancotto et al. (2009) approach (see Appendix B), the general word “exhumation” was 

used in this study. It is a descriptive term which describes the removal of overburden such that 

previously buried rocks are exposed, as defined by Dore et al. (2002a). In effcct the inversion method 

used in this study measures the difference between the present-day burial depth of a reference unit 

(a geological reflector) and its maximum burial depth prior to exhumation. This parameter, which is 

o f most interest in the hydrocarbon exploration, was termed “net exhumation” by Corcoran and Dore 

(2005) (alternatively “net uplift” by Dore and Jensen (1996)). Corcoran and Dore (2005) also defined 

the term “gross exhumation” , corresponding to the magnitude of erosion which must have occured 

at a particular unconformity prior to post-exhumation re-burial. This term matches the exhumation 

estimates derived from structural projections (discussed in Chapter 3). England and M olnar (1990) 

emphasized the fact that “a displacement is only defined when both the object displaced and the frame 

o f reference are specified” . They defined exhumation as follows:

surface uplift = uplift of rock - exhumation

where surface uplift corresponds to the displacement of the Earth’s surface, averaged over an area 

>  10'^-10"* km^, with respect to the geoid or “mean sea level” ; uplift of rock (also termed crustal 

uplift) is the vertical displacement o f a rock column with respect to the geoid or “mean sea level” ; 

and exhumation relates to the displacement o f rocks with respect to the surface.

There is therefore a significant difference between “exhumafion” which represents a displacement 

relative to a dynamic datum (e.g. the seabed, an unconformity, the Earth’s surface) and “uplift” which 

characterises a displacement relative to a static datum (e.g. the geoid or “mean sea level” accounting 

for eustatic changes in sea level). The term “exhumafion” is used in this dissertation.

1.2.2 Seismic reflection technique

Seismology is the study o f acoustic waves propagafing through (he Isarth. Reflecfion seismology is 

a subset of controlled source seismology and is used to remotely image the shallow structures o f the 

Earth. Seismic waves are mechanical perturbations that travel into the Earth at a speed governed by
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the acoustic impedance (the product of the seismic wave velocity and the density of the rock) of the 

medium in which they are travelling. When a seismic wave encounters an interface between two 

materials with different acoustic impedence, some of the wave energy will reflect off the interface 

and some will refract through it.

The basic principle o f  (he seismic reflection technique is that elastic waves pass into the liarth from a 

controlled source and record the energy reflected off such interfaces in the liarth’s interior. A change 

in lithology is generally responsible for these acoustic impedence contrasts. Once the travel time from 

source to receiver and the velocity of the seismic wave are known, the pathways of the wave can be 

reconstructed in order to build up an image of the subsurface. This construction can be synthesized as 

follow; 1) reflection events —  that is a series o f apparently related reflections on several seismograms 

—  are identified ; 2) the recognised reflection events are correlated in order to create a section of the 

geological structures that generated them, i.e. a seismic line. I'he seismic reflection technique can be 

broken down into three major steps: 1) acquiring, 2) processing and 3) interpreting the data.

Acquisition

Seismic acquisition is the generation of seismic energy from a controlled source and the recording of 

the reflected energy from any acoustic impedence contrast on the receivers, in a marine environment, 

the most common energy source is the air gun and the receivers are hydrophones (vertical-component 

seismometers). The acquisition ship tows an air gun array just beneath the sea surface while further 

away there is a hydrophone streamer to record the reflected waves (I’igure 1.1). fhe hydrophones 

convert changes in water pressure into electrical signals (the treatment of these electrical signals 

corresponds to the processing stage and will be discussed in the next subsection). Each receiver’s 

response to a single shot is known as a ‘trace’ and is recorded onto a magnetic tape or disk, then the 

shot location is moved along and the process is repeated. The geometry of the acquisition system 

depends upon the aim of the study. Receiver spacing is normally limited to a few tens of metres (25 

m for the surveys considered in this project).

Processing

When the raw data has been collected it must be processed in order to detect reflecting horizons and 

to build the seismic line ready for interpretation. Seismic processing is carried out using assorted 

com puter routines. Various processing flows may be adopted depending on the data acquired and the 

result required. Seismic processing comprises three main components: 1) the signal to noise ratio is 

enhanced, 2) velocity analysis is performed, and 3) a migration procedure moves the events to their 

correct subsurface locations.

Data are displayed as graphs of amplitude along offset versus two-way travel time. The offset is the 

source-receiver distance. A set of traces from each receiver is gathered to a unique subsurface depth 

point, the common depth-point (CDP) for a dipping reflector geometry or common midpoint (CMP)
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for Hat reflectors. By sampling the same point inultiple times using all the receivers in the array, 

fold is maximised (Figure 1.2). The increase in travel time with increasing offset, from the zero- 

offset receiver (minimum), results in the data plotting as a hyperbolic curve. This curve is termed the 

normal moveout or NMO curve. The NMO curve must be corrected so that the seismic events line up 

horizontally so they can be stacked (Figure 1.3). This dynamic correction is achieved through velocity 

analysis using semblance spectra (Taner and Koelher, 1969). Semblance analysis scans a range of trial 

velocities in order to find the optimum slack. The semblance spectrum displays the colour contour 

am plitude of these measures. The amplitude maxima correspond to the optimum correction velocity. 

Once the NMO correction is achieved, the data can be stacked in order to produce the stack trace, 

which simulates the zero-offset response but with increased signal-to-noise ratio (Figure 1.3). It also 

helps attenuate random noise and reduces the volume of the data. The determination o f seismic 

velocity is key to seismic methods. The seismic velocity is needed to convert the time-sections into 

depth-sections, i.e. geological cross-sections.

M igration is the process o f trying to move reflections back to their point o f  origin. Time migration 

restores the geometrical relationships between seismic events on the time section. Depth migration 

generates a true depth section and in particular is required in the case of strong lateral velocity gra

dients. The migration procedure consists in identifying diffraction hyperbolae by scanning adjacent 

traces and collapsing the diffracted energy back to the point of origin. By focussing energy spread 

over the Fresnel zone (the horizontal dimension of seismic resolution) spatial resolution is increased. 

M igration is seen as the most important stage of seismic processing since it is responsible for the 

accurate position o f the geological reflectors.

Table 1.1 compiles the abbreviations and symbols used in this dissertation.

1.3 Organisation of this manuscript

The manuscript is organised as follows;

Chapter 2 describes the study area —  the Slyne Basin. The geographical and geological settings 

and the sedimentary /  exhumation regional history are first introduced. Available data and software 

employed are discussed. A revised detailed seismic interpretation is then created. The quality of 

the seismic data and its potential limitations to inverting seismic velocities are discussed. Finally, 

a revised synthetic structural map of the basin is drawn. Several typical profiles, which structural 

architecture is believed to reflect a certain pattern o f exhumation, are identified. Seismic interpretation 

is key to this project as all the work which follows is dependent upon its validity.

Chapter 3 presents the exhumation estimates derived from structural projections. Structural pro

jections are tested over each of the typical profiles idendfied in Chapter 2. 'ITie exhum adon esdmates 

are explained, with particularly reference to the choice of the interval velocity for the eroded layers.
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For most lines the eroded material corresponds to the Jurassic layers. The thickness of the Jurassic 

varies between the central syncline o f the basin where it reaches its maximum and the eastern flanks 

o f the basin where it is generally much thinner. The inlluence of this thickness variation is assessed. 

Overall the interval velocities (V,„,) corresponding to the Jurassic layers show good correlation over 

the scale of the basin and can be constrained to ±  3 0 0 ^ 0 0  m s  '. Therefore an average value of V,„, 

will be chosen for the whole basin and selected longitudinal profiles extracted from the 3D volume 

will be tested. Since only the V,>„ of the Jurassic layers are included in the calculations, an absolute 

estimation of exhumation is not possible as the resultant exhumation estimate only correspond to the 

Jurassic velocity (as a comparison the inversion code includes data down to the Variscan unconfor

mity). The results are displayed as differential exhumation estimates, (A£), between selected points 

along each line. The selection of these “calculation zones” are discussed. Finally a map combining 

all these A£ values is computed and will be compared with the results from the inversion procedure 

in Chapter 6.

Chapter 4 explains the inversion method used in this project. Previous studies (Walford and W hite, 

2005; Mackay and White, 2006) are discussed. Walford and White (2005) developed a method which 

exploits the relationship between sediment compaction and sonic velocity in order to estimate ex

humation (E) at a regional unconformity, and its application to this case study is discussed. The data 

uncertainty is assessed and the choice of input parameters is discussed. Particular emphasis is given 

to the choice of (pn, the initial porosity parameter, since Walford and White (2005) showed that there 

is a significant trade-off between and E. Forward modelling of data from the adjacent Porcupine 

Basin, which suffered no major exhumation event, is incorporated to better constrain (j) .̂ The inver

sion routine is automated to make it suitable for 3D data processing which is the first time this has 

been undertaken. Since legacy data are being used in this study, there is no direct control on the input 

seismic velocity data. Therefore, quality control displays were developed in the form of interval and 

root-mean square velocity fields in order to assist in choosing the most appropriate input stacking 

velocity profiles. Finally feedbacks from the seismic interpretation (Chapter 2) are integrated.

Chapter 5 reveals the new exhumation estimates derived from the inversion of 2D and 3D stacking 

velocity data in the Slyne Basin. The direct effects of the input parameters and a priori knowledge are 

discussed and a geological interpretation of the results is carried out. At 2D line-ties, input velocity 

incoherences can be assessed, as they are responsible for most of the local scatter within the results. 

This local scatter can be examined in detail at each of the 35 2D line intersections. The average 

difference between exhumation estimates is 250 m which falls between the ±  200 m confidence 

range established in Chapter 4. The effect of near-surface volcanics and sills are discussed as well 

as the influence o f processing issues such as unremoved noise and/or multiples. Where possible, 

these artefact velocity picks have been removed from the calculation (see Chapter 4). The results 

can be used to create maps of exhumation providing a unique spatial coverage. The correlation of 

the obtained map with the structural map designed in Chapter 2 permits macro-scale (>  10 km) 

interpretation between different intra-basinal structures. Longitudinal pn>files combined with the 

seismic interpretation can detect smaller scale features that are thought not to represent local scatter.
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Chapter 6 addresses the validity of the method by comparing the new stacking velocity-derived ex

humation estimates (Chapter 5) with the structural projections-derived estimates (Chapter 3) and with 

results obtained from other techniques apphcd to the borehole data from five of the wells present in the 

area. Several different techniques associated with various frames of reference (thermal, compactional 
and stratigraphic) were considered and thus provide a fairly complete comparison. Both exhumation 

estimates derived from inverting the stacking velocity data and from the structural projections of the 

seismic interpretation show close agreement: similar trends are found, especially for the macro-scale 

structures, while some smaller scale features are also retrieved. Overall there is a good correlation be

tween the stacking velocity-derived estimates and the estimates obtained from the various techniques 

applied to borehole data. Most estimates are comprised within the ±  200 m confidence margin on the 
stacking velocity-derived estimates (see Chapter 4).

Chapter 7 summarises and discusses the findings of this dissertation. I'he validity of the method is 

confirmed and the quality of the seismic data and its limitations on the exhumation calculations are 
discussed. This topic is key to the routine application of the method in the hydrocarbon industry. The 

exhumation pattern and history of the area are reviewed. The potential driving mechanisms of the 

exhumation episodes are discussed. Further work is then suggested to complete and supplement this 

research. Finally, the results are placed within the perspective of petroleum prospectivity applications 
and basin research understanding.
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Survey Ship
Buoy

Acoustic Receivers /  Hydrophones

Sound Wave Source

Soil Layers
Sound Refection Surface

Figure 1.1: Seismic acquisition in a marine environment.

a) Common midpoint b) Common depth point c) Common midpoint vs Fold

Figure 1.2: Seismic gathers and fold.

Wiggle CDP NMO Stack Stack section
gather

Figure 1.3: From the wiggle trace to the seismic section. Traces are collected on a CDP gather. NM O  
correction is performed. The NMO gather is then stacked. The operation is repeated for every single 
CDP gather to produce the stack section i.e. the seismic line.
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Notation Parameter Value/Unit
CD P com m on depth point
A£ differential exhum ation m; km
E exhum ation m; km

N M O norm al m ove-out
RMS root-m ean-square
TW T two-way travel time s
W D water depth m; km

<l> porosity

00 depositional porosity
A com paction length scale km
a error on RM S m.s ’ ; km .s '
t time s

V seism ic velocity m.s * ;km .s '
V average velocity m.s ';  km .s *

V /, pore fluid seism ic velocity m .s“ ';  km .s *
V,>„ seism ic interval velocity m.s k m .s^ '
V̂ nns RM S velocity m .s ' ;  km .s '
V. sedim entary grains velocity m .s '
z depth km

Table 1.1; A bbreviations and sym bols used in the dissertation
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Chapter 2

The Slyne Basin: presentation, structural 
and stratigraphic interpretation

2.1 Introduction / organisation of chapter

This chapter focusses on the study area o f  this research project. It com prises tw o main parts. In the 

First part, the general geological setting o f  the area is presented and is p laced in a regional geological 

context. Em phasis w ill be given to the sedimentary' and exhum ation history. In the second part a 

revised seism ic stratigraphic interpretation is presented with reference to the main objectives o f  this 

project. The available data and the softw ares used in this study will be docum ented. The im portance 

o f  the accuracy o f the seism ic interpretation is key to this project as not only it will serve as a basis 

for the structural projections described in C hapter 3 but also for the accurate position o f  the m ain 

unconform ities that are critical inputs into the inversion routine developed in C hapter 4. A lso the 

accurate positioning o f  lithologies that are incom patible with the approach developed in C hap ter 4 

(such as intrusive igneous rocks or carbonates occurrences) is essential. T he degree o f  confidence in 

the exhum ation results d iscussed in C hapter 5 is also highly related to the degree o f confidence in the 

seism ic interpretation.

2.2 The Slyne Basin, offshore northwest Ireland 

2.2.1 Regional structural settings

The offshore region w est o f  Ireland com prises a broad (more than 300 km ) continental shelf with 

deep-w ater em baym ents separated by shallow er platform  areas (N aylor and Shannon, 2005) (Figure 

2.1). The dom inant bathym etric feature is the N E-SW -trending Rockall Basin, with w ater depths 

in excess o f  3000 m. Its eastern m argin contains a chain o f  perched basins o f Late Palaeozoic to 

M esozoic age that extend from the D onegal Basin in the north to the B rona Basin in the extrem e
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south. Its western margin is formed by the Roctcall High. It mirrors the eastern margin in that it also 

contains a chain of basins, some of which are perched while others have subsided into the Rockall 

Basin (Corfield a/., 1999; Naylor e /a /., 1999) (Figure 2.1).

A number of Late Palaeozoic to Cainozoic sedimentary basins, largely coincident with the bathymet

ric troughs, extend along the western seaboard of Ireland (Naylor and Shannon, 2005) (Figure 2.1). 

The thickest succession is found in the Porcupine Basin where in excess of 10 km is preserved (Shan

non and Naylor, 1998). The basins in the Rockall region contain up to 7 km of strata (Shannon et ai, 
1995, 1999; M ackenzie et ai,  2002), with 3-4 km of strata in the Slyne (Trueblood, 1992; Scotchman 

and Thomas, 1995; Dancer et ai,  1999) and Erris (Chapman et ai,  1999) basins.

The Slyne Basin is a deep, elongate Mesozoic sedimentary basin approximately 150 km long and 

20-40 km wide that lies about 60 km off the northwest coast of Ireland. With the Erris and Donegal 

basins, it forms part of a narrow linear belt of half-grabens following a Caledonian inherited NNE- 

SSW trend (Naylor and Shannon, 1982; Murphy and Croker, 1992; Cunningham and Shannon, 1997) 

(Figure 2.1). To the north it extends into the Erris Basin and the Rockall Basin, although the bound

aries between these basins are relatively complex and probably gradational (Dancer et ai,  1999). Its 

relationship with the Erris Basin is thought to be controlled by transfer faulting (probably connected 

to or an extension of the Great Glen Fault) (Trueblood and Morton, 1991; Murphy and Croker, 1992; 

Dancer et ai,  1999). To the northwest large tilted fault blocks mark the progressive transition with 

the deep Rockall Basin (Trueblood and Morton, 1991). To the west, the basin is bound by the Slyne 

Ridge, a basement high associated with a large positive gravity anomaly (Corfield etai ,  1999; Dancer 

et ai,  1999). The southern limit of the Slyne Basin links to the northern Porcupine Basin through the 

complex North Porcupine Wrench, possibly related to the offshore extension of the Leek Fault and 

the Fair Head - Clew bay lineament (Trueblood and Morton, 1991; Dancer et al., 1999).

The Slyne Basin is compartmentalized by several NE-SW trending transfer faults which divides it into 

three main sections; north, cenU'al and south. The Central Slyne transfer fault, which could be a splay 

of the Great Glen fault system, separates the north and central Slyne sub-basins and is responsible 

for polarity shift o f the basin witfi the syn-rift fill thickening eastward in the north Slyne sub-basin 

and westwards in the central and south Slyne sub-basins (Trueblood and Morton, 1991; Murphy and 

Croker, 1992). The central and southern Slyne sub-basins are related to the offshore extension of 

the Leek Transfer Fault and the Fair Head - Clew Bay lineament which respectively shift the basin 

sinistrally and dextrally (Dancer et ai,  1999).

2.2.2 Sedimentary / exhumation history of the region

The basins lying offshore western Ireland developed in a complex tectonic framework involving the 

reactivation of Caledonian basement lineaments (Shannon, 1991). Mesozoic development was within 

the context of Pangean rifting, involving both tianstensional and simple extensional movement on 

basin-bounding faults. Cainozoic evolution reflected the interplay o f post-rift thermal subsidence 

and Alpine compression (Shannon, 1991). The region experienced several rifting episodes with the 

major ones being of Permo-Triassic, Middle and Late Jurassic, and Early to Late Cretaceous age
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(Tate and D obson, 1989a; M urphy and Croker, 1992; D ancer et a i ,  1999; N aylor et al., 1999). It 

also suffered several phases o f  uplift and exhum ation w hich m odelled the present day architecture 

o f  the basins. Three m ain post-Variscan unconform ities exist, respectively dated. Early C retaceous, 

Palaeocene-Eocene and O ligocene-M iocene (Figure 2.2). A lthough these up lift phases caused co n 

siderable exhum ation in the Slyne Basin, the m ore com plete sedim entary records in adjacent deeper 

basins allow a fairly com plete regional history o f  regional vertical m otions to be com piled.

The Late Palaeozoic was controlled by Variscan tectonics, involving transpressional and transten- 

sional m ovem ents on pre-existing structures and exploitation o f tectonic grains (Shannon, 1991). N-S 

and N E-SW  delineated early sub-basins m arginal to the  M ain Porcupine B asin containing S ilesian 

sedim ents may have styled successive extensional episodes supporting rift m odels for C arboniferous 

basin developm ent in the N orth A tlantic/N W  European dom ain (Tate and D obson, 1989b). Extensive 

rew orking o f C arboniferous m aterial into M esozoic rift sequences in the Porcupine Basin is a co n se

quence o f  variable but extensive uplift o f  the C arboniferous section (R obeson et al., 1988). The late 

C arboniferous is characterised by the coinplex uplift and erosion pattern resulting  from  the Variscan 

orogeny w hich eroded kilom etres scale strata in the Porcupine and Erris basins (R obeson et al., 1988; 

Chapm an et a i ,  1999). In the Slyne Basin it is m arked by the Variscan unconform ity.

Late Variscan N-S com pression in the Celtic Sea region produced a transpressive tectonic regim e 

with uplift and only local basin developm ent (Shannon, 1991) as suggested by the deposition o f 

very localized pockets o f Perm ian strata (van H oorn, 1987). Further north, contem poraneous E -W  

extension, due to early Pangean instability, facilitated the developm ent o f  a series o f  in tracontinental 

transtensional basins (am ong which the Porcupine, Rockall and S lyne-Erris basins) w hose location 

and orientation w ere determ ined by reactivated basem ent lineam ents (Shannon, 1991). I’his first 

rifting phase continued during the Triassic and m arked the breakup o f the Pangean supercontinent. 

Perm o-Triassic sedim entary record com prises typical initial rift phase sedim ents i.e. continental to 

shallow  m arine sandstones, evaporites, lim estones and claystones (N aylor et al., 1999).

Relative sea level rose in the Liassic, establishing a series o f shallow  m arine, tectonically  quiescent 

lim estone/shale depositional environm ents follow ing cessation o f  Triassic rifting (Shannon, 1991). 

In the N orth Porcupine Basin this post-rift succession is found onlapping irregular pre-Jurassic to 

pography (N aylor et al., 1999) while in the S lyne-Erris basins a full sequence is observed (Tate and 

D obson, 1989a; M urphy and Croker, 1992; C hapm an et al., 1999; D ancer et al., 1999).

M ajor M iddle Jurassic rifting resulted in im portant fluvio-deltaic to m arine deposition in the P o rcu 

pine Basin (C roker and Shannon, 1987; Shannon, 1991). Shannon (1991) suggested  that the P o rcu 

pine Basin acquired its present N -S shape at this tim e in response to m ajor E -W  extension, te rm ina t

ing the developm ent o f the sm all Perm ian to L iassic basins. In the Slyne Basin the M iddle Jurassic 

is m arked by a very thick, shallow  m arine and estuarine sequence sim ilar to the one found in the 

H ebrides Basin (Trueblood and M orton, 1991; D ancer et al., 1999). This m ajor rifting and change in 

basin developm ent style in the Porcupine Basin probably caused an extensional stress re lief on part 

o f  the A tlantic seaboard, w hich resulted in the cessation o f transtensionsal related subsidence in the 

Erris and D onegal basins (Shannon, 1991). In the southern part o f  the Erris Basin this M iddle to 

Late Jurassic rifting event produced a polarity reversal o f  the earlier basin geom etry (C hapm an et al.,
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1999).

Regional uplift that began close to the Jurassic-Cretaceous boundary generated the first major un

conformity. The age of onset of this uplift is known from the correlative conformity observed in the 
Porcupine Basin to the south (Jones et ai,  2001). Sedimentation was continuous in the Porcupine 

Basin, which was subsiding more rapidly than the Slyne Basin, and uplift was marked by a shallow

ing of the depositional water depth (Jones et ai,  2001). Upper Jurassic strata in the Porcupine Basin 

contain basin-edge alluvial fans, fluvial sequences and deep marine fans deposited in a syn-rift setting 
(Croker and Shannon, 1987; MacDonald et ai,  1987). In the Erris Basin, the western margin under

went extensive uplift and erosion due to rift shoulder uplift along the eastern margin of the Rockall 
Basin which resulted in the development of restricted basins in the area throughout the Cretaceous 

(Chapman et ai,  1999). This regional uplift event, sometimes known as the Late Cimmerian event, 

also led to erosion in the Ulster Basin to the east, and the Celtic Sea and western Wessex basins 
to the southeast (McMahon and Underhill, 1995; McMahon and Turner, 1998). In the Slyne Basin 

half-graben, the regional uplift was associated with erosion to some degree of the Middle to Late 

Jurassic basin fill and resulted in the Base Cretaceous Unconformity, which is observed regionally in 

the northern Slyne Basin and which becomes more pronounced northwards through the Erris Basin 
(Murphy and Croker, 1992; Dancer et ai,  1999). In the Porcupine Basin, this basal Cretaceous un

conformity marks the onset of thermal subsidence (Shannon, 1991). Marine strata onlap the margins 
of the Jurassic basin as rifting gave way to a drift phase prior to Late Cretaceous seafloor spreading 

in the North Atlantic (Shannon, 1991).

No Lower Cretaceous rocks are preserved in the Slyne Basin (Trueblood and Morton, 1991; Scotch
man and Thomas, 1995; Dancer et ai,  1999). Early Cretaceous shallow marine conditions in the 
Porcupine Basin (Croker and Shannon, 1987; Shannon et ai,  1993; Moore and Shannon, 1995) and 
continental Wealden-type deposition (fluvial and alluvial sandstones, siltstones and mudstones) in the 
Celtic Sea (Shannon, 1991) suggest that the Late Cimmerian uplift persisted throughout the Early 
Cretaceous (McMahon and Turner, 1998; Jones et ai,  2001). Therefore the Lower Cretaceous is 

probably absent through non-deposition in the Slyne Basin. Sediment accumulation resumed during 

the Late Cretaceous in the northern part of the Slyne Basin. The Cretaceous strata throughout most of 

the NE Atlantic margin region consist of shale-prone marine facies (Naylor et ai,  1999). In the Por
cupine Basin (Shannon, 1991), locally in the Erris Basin (Chapman et ai,  1999), and possibly along 

the margins of the Rockall Basin (Shannon et ai,  1999), these facies were interrupted by deltaic sand
stones reflecting a minor rift episode of Aptian-Albian age which resulted in local uplift on the basin 

margins (Shannon, 1991). Upper Cretaceous was characterised by chalk deposition through most of 
the basins (Shannon, 1991; Dancer er a/., 1999; Naylor e/a/., 1999).

The second major period of uplift and erosion began during Late Palaeocene time. Once again, 

the timing of this uplift is known from correlative conformities associated with rapid shallowing 
of depositional water depths in the Porcupine Basin to the south and the Faroe-Shetland Basin to 

the north (Jones et ai,  2001; Allen et ai,  2002; Shaw-Champion et ai,  2008). This uplift event was 
preceded and accompanied by extrusion of basaltic volcanic rock in the northern Slyne Basin (Dancer 
and Pillar, 2001; Dancer etai ,  2005), part of the North Atlantic large igneous province (e.g. Andersen, 

1988; England, 1988; Ealeide er a/., 1988; Fitch e/a/., 1988; Knox and Morton, 1988;Meighan etai .

14



Chapter 2. The Slyne Basin: presentation, structural and stratigraphic interpretation

1988; Morton et a i ,  1988; Mussett et al., 1988; Nielsen and Heilmann-Clausen, 1988; Noble et al., 
1988; Skogseid and Eldholm, 1988; Stoker a/., 1988; Tate and Dobson, 1988; Upton, 1988; White, 

1988; Wood et a i ,  1988). In the northern Slyne Basin, Upper Cretaceous rocks were protected from 

erosion by these lavas. In the Porcupine Basin, a sandy succession of deltaic to submarine fan facies 
developed in the Eocene (Moore and Shannon, 1992; Shannon, 1992). Shannon et al. (1994) linked 

it to a response (o ridge-push effects caused by sea-floor spreading and oceanic crustal development 
in the region to the west of the Rockall Plateau. Westerly tilt of the Erris Basin established during the 

Lale Cretaceous persisted during the Early Tertiary. It was caused by down-flexing associated with 
the commencement of thermal subsidence of the Rockall Basin (Murphy and Croker, 1992; Chapman 

et al., 1999). On the eastern Rockall margin, adjacent to the Slyne and Erris basins, a series of 
submarine prograding fan which thin and onlap onto the eastern basin margin (Shannon et al., 1999; 
Naylor et a i ,  1999) were deposited during the Early Eocene - Mid Miocene (Shannon et a i ,  1993). 

The post-Eocene succession in the region is marked by a deepening marine succession, interrupted 
locally in early Oligocene times by a number of unconformities (Naylor and Anstey, 1987).

No rocks older than Miocene age are preserved above the Palaeocene-Eocene lavas in the Slyne Basin. 

The tectonic subsidence histories of the Porcupine Basin and Rockall Basin show that the Palaeocene- 

Eocene regional uplift had slowed down substantially by the Late Eocene (Jones et al., 2001; Praeg 
et al., 2005). It is therefore possible that latest Eocene to Oligocene sediments did accumulate in 
Slyne Basin but were later removed by erosion. This third major period of regional uplift and erosion 
occurred during the Late Oligocene to Early Miocene (Roberts, 1989; Holford et a i ,  2005a,b). In 

the Erris Basin it was responsible for basin-wide uplift (Chapman et a i ,  1999). In the Porcupine 

Basin, the Upper Tertiary succession (mudstones and occasional siltstoncs and sandstones) rellccts 
thermal subsidence as the North Atlantic Ocean opened (Shannon, 1991). Thin post-rift deposits rep
resent post-Cenomanian sediments in the Rockall Basin where Late Cretaceous to Palaeocene rifting 

was concentrated on the basin-bounding faults while intra-basinal faults were generally inactive and 
Eocene sediments are not affected by fault activity (Corfield et a i ,  1999).

2.2.3 Stratigraphy of the Slyne Basin

The Slyne Basin stratigraphy is defined from the three main exploration wells (27/13-1, 27/5-1 and 
18/20-1). The Corrib wells (18/20-2z, 18/20-3, 18/20-4, 18/25-1, 18/25-2 and 18/25-3) also add 

valuable information.

Well 27/13-1 terminated in the Upper Triassic at a depth of 2717m. The major sedimentary sequence 
in the basin is of Jurassic age (in excess of 2.2 km) while a major Neogene unconformity that removed 

the Cretaceous and the Palaeogene is also present (Choignard and Ducastaing, 1982).

Well 27/5-1 was drilled in the basin in 1996 to test the Avonmore Prospect. It is a shallow, tilted fault 

block structure located on the eastern flank of the central Slyne Trough, 50 km north of well 27/13-1. 
Similarly it shows a major Neogene unconformity with the Cretaceous and Palaeogene absent. The 
Jurassic and Triassic sections are fairly complete, and are only affected by minor unconformities. The 

Base Middle Jurassic unconformity cuts out here the basal Bajocian and the Lower Jurassic Portree
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Shale Equivalent. The Triassic unconformably overlies the Permian evaporitic sequence (Zechstein 

Equivalent) whose base is marked by the Variscan unconformity. The well reaches a total depth of 

1910m, terminating in the Westphalian (Rawlinson et ai ,  1996).

The Corrib Field, in the northern end of the Slyne Basin, where gas was discovered in 1996 with the 

drilling o f the 18/20-1 exploration well and which is now under development (Dancer et ai ,  2005), 

represents the third set of well data. A number of wells have since been drilled in the vicinity of 

18/20-1. They all reach total depth in the Triassic (with the exception of the 18/25-2 well which 

terminated in Silurian strata) and show a major Jurassic sedimentary sequence (in excess of 2.7 km) 

whose base is again marked by a minor base Middle Jurassic unconformity. Below the major Neogene 

unconformity. Eocene volcanics, Upper Cretaceous Chalk and Lower to Upper Cretaceous siliciclastic 

sediments are encountered with minor unconformable contacts between each of these units.

Dancer et ai  (1999) proposed a detailed stratigraphy of the Slyne Basin, which could be summarised 

as follows (Figure 2.4);

• Recent-Neogene strata comprising mostly sands and clays. It has an unconformable contact 

with the underlying strata.

• Palaeocene/Eocene volcanics which are mainly basaltic lavas. These are widespread in the 

northern Slyne Basin extending towards the Malin Shelf, and in the southern Slyne Basin are 

concentrated on the tlanks.

• Cretaceous rocks are absent from most of the basin. They are only preserved in the northern

most part of the Slyne Basin (the Corrib wells). Here the Cretaceous is divided into an Upper 

Cretaceous Chalk Group which unconformably overlies Lower Cretaceous calcareous clays. 

These rocks in turn rest unconformably on the Middle Jurassic succession.

• Middle Jurassic siliciclasdc rocks which can be correlated to the Bajocian Great Estuarine 

Group of the Hebridean Basin (best seen on the Isle of Skye). It comprises a thick package of 

interbedded sandstones, claystones, siltstones and occasional limestones. It also contains the 

regionally extensive Bajocian limestone marker.

• Lower Jurassic rocks which are also considered equivalent to formations delined on the Isle 

of Skye. The Lower Jurassic is subdivided into four formations: the Portree Shale Forma

tion which contains the main oil source rock of the region, the Scalpa Sandstone Formation, 

the Pabba Shale Formation which is the secondary oil source rock, and the Broadford Beds 

Formation which comprises a thick sequence of clastic, carbonate and evaporitic sediments.

• Triassic characterised by two distinct units: the Upper Triassic M ercia Mudstone Group and 

the underlying Lower Triassic Sherwood Sandstone Group. Both units are similar to the units 

defined in the Erris Trough (wells 19/5-1 and 12/13-1 A )by (Tate and Dobson, 1989a; Chapman 

e ta i ,  1999).

• Permian evaporites (interpreted as equivalents to the Zechstein group of the North Sea) which 

are primarily composed of halite (top section) and anhydrite (lower section) with occasional 

claystones intervals. These rocks unconformably overlie Variscan basement.
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• C arboniferous rocics wiiich com prise siltstones and claystones w ith com m on thin coals and 

sandstones intervals.

Well 18/25-2, drilled in 1999 through the Corrib  field, penetrated S ilurian strata that contain in te rbed 

ded sandstones, claystones and siltstones.

2.3 Revised structural and stratigraphic seismic interpretation of the 
Slyne Basin: implications for its exhumation history

2.3.1 Introduction

A selection o f legacy seism ic data was used to provide a revised qualitative stradgraphic and s truc

tural in teipretation  o f  the Slyne Basin (Figure 2.3). The poor quality o f  the seism ic data and the 

paucity of well stratigraphic inform ation (only well 27/5-1 reaches the deepest horizons o f  interest) 

m ake seism ic interpretation difficult and subject to significant uncertainty, especially  for the deeper 

strafigraphic horizons. A lthough tim e consum ing, cross-correlafions o f  intersecting seism ic lines can 

significantly reduce this uncertainty and allow  the construcfion o f  a reasonably  accurate geological 

interpretation for m ost o f  the basin. Som e seism ically noisy areas, w hich m ay be attributed to ex tru 

sive and/or intrusive volcanic occurrences, com plex fault zones o r seism ic processing issues such as 

m ultiples and noise (linear or random ) or a com bination o f  all factors, have not been interpreted. The 

seism ic interpretation o f the Slyne Basin has three main objectives w ithin the scope o f this study:

1. To provide regional geological sections that should constrain and give insights into the seism ic 

velocity structure used to estim ate the exhum ation pattern of the basin,

2. To allow qualitafive structural com parisons betw een the in terpreted  structures and the exhum a

tion estim ates from  the inversion procedure,

3. To support alternative exhum ation estim ates from stratigraphic pro jections o f eroded horizons.

2.3.2 Software and database

Schlum berger’s G eoFram e softw are package (version 4.1.1.) was used to in terpret both the 2D and 3D 

seism ic data. A lternative seism ic sections were analysed, processed and /o r tested using the Seism ic 

Un*x open source seism ic utilifies package supported by the C enter fo r Wave Phenom ena at the 

Colorado School o f M ines. An extensive seism ic database exists for the Slyne Basin but only  a very 

lim ited am ount o f  it was exam ined in this project (Figure 2.3). M ost o f  the work was concentrated  on 

one 2D survey (nw i91) and one 3D volum e (ei3dOO) because o f the availability  of seism ic velocity 

data fo r these datasets. Two additional 2D  surveys (nw i93 and enst97) w ere used to help  constrain the 

seism ic interpretation. A few other seism ic surveys and velocity datasets w ere available but a series o f
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technical problems (corrupted tapes, unsuccessful uploading of seismic surveys, unreadable velocity 

data) impeded their inclusion in this project. The 2D survey nwi91, acquired in 1991 by Nopec, 

contains in excess of 2000 km of seismic lines over the quadrants QOS, Q06, QIO, Q 1 1, Q12, Q13, 

Q18, Q19, Q20, Q25, Q26, Q27 and Q34 of the Irish Offshore Area (lOA). Only the lines crossing 

the Slyne Basin (~  800 km) were considered, i.e. a grid of 13 lines covering the southern part of the 

basin. The 3D volume e00ie09, acquired in 2000 by Enterprise, covers ~  600 km^ mainly over the 

quadrant Q27 (its northern extremity spreads over quadrant Q18) of the lOA. A long 2D tie-line shot 

along the basin axis crosses the entire 3D survey. Also the northern end of two 2D lines intersects the 

southern edge of the 3D volume.

Drilling in the Slyne Basin has been very scattered and has been mainly limited to the Corrib region 

(Dancer et ai, 2005). Only three exploration wells were fully available for consultation in this study:

1. Well 27/13-1, about 90 km offshore western Ireland, drilled in the Southern Slyne Basin by Elf 

in 1981,

2. Well 27/5-1, about 70 km offshore western Ireland, drilled by Enterprise Oil in 1996 about 40 

km to the north of well 27/13-1,

3. Well 18/20-1, about 70 km offshore western Ireland, drilled by Enterprise Oil in 1996 in the 

Corrib area in the northern Slyne Basin (about 50 km north of well 27/5-1).

A new well (27/4-1) has been drilled recently by Scricabut its data remained confidential. C’oniposite 

logs o f the other Corrib wells ( 18/20-2z, 18/20-3, 18/20-4, 18/25-1, 18/25-2 and 18/25-3) were con

sulted for additional lithological information and two-way time calibrations. All data (seismic and 

wells) were obtained from the Petroleum Affairs Division of the Department of Communications, 

Energy and Natural Resources. The Slyne 3D survey was kindly contributed by Shell.

2,3.3 Structural architecture

As previously discussed, the Slyne Basin is a NNE-SSW trending half-graben whose tectonic style is 

largely controlled by basin-margin faults and/or regional transfer zones dividing the basin into three 

sub-basins. As previously described by Dancer and Pillar (2001), these transfer zones are character

ized by high noise content and a lack o f coherent rellectors (Figure 2.5).

The north Slyne sub-basin has a reverse polarity compared to the central and south sub-basins (its 

basin-bounding fault is located to the east) and exhibits larger structures (Figure 2.6). The central 

Slyne transfer zone is responsible for considerable offset (about I s TWT) of the complete sedim en

tary succession. The northern basin is also characterised by widespread volcanics and preservation 

of Upper Cretaceous strata, notably chalk. These lithologies have a typically high seismic velocity 

signature that results in the generation of strong and long multiple trains, energy scattering, mode 

conversion and attenuation (Dancer and Pillar, 2001). Apart from the long N-S 2D line nwi-91-30 

which crosses all three Slyne sub-basins, allowing correlation with all the other nwi-91 2D lines, the
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3D seismic volume, well 27/13-1 and the Corrib wells, most of this study concentrated on the central 

and southern Slyne Basin for the reasons cited by Dancer and Pillar (2001) and because of the in 

compatibility of such lithologies with the simple time-average velocity-porosity equation used in the 

inversion routine (see Chapter 4).

In the central Slyne Basin, the western basin-bounding fault is the main structural control on the sed

imentation. It isolates the Slyne Ridge in the footwall from the sedimentary basin in the hangingwall, 

where the typical half-graben shape of the Slyne Basin developed. The Slyne Ridge appears as a very 

chaotic zone combining both seismic noise and very weak signal response making it almost a seismic 

dead zone (e.g. Figures 2.7) or dominated by several generations of Neogene unconformity multiples 

(Figure 2.8).

To the immediate southwest o f the junction between the western basin-bounding fault of the cen

tral Slyne sub-basin and the Central Slyne transfer fault, a small sub-basin has developed. It was 

discovered by Dancer et al. (1999) from analysis of the regional Bouguer anomaly and termed the 

Slyne Embayment. Figure 2.9 shows a proposed seismic interpretation of the Slyne Embayment. It 

is subjected to significant uncertainty since it is cornered by two major fault zones characterised by 

important noise and probable signal dis.sipation. Also the proximity of the Slyne High to the west 

(an area characterised by seismic noise) and the presence of near-surface volcanics (a typical signal 

blank zone is observed just beneath) conspire to decrease the signal-to-noise ratio. However, a second 

near-surface unconformity (beneath the Neogene unconformity) is clearly seen and was interpreted 

as the Upper Cretaceous unconformity present in the northern Slyne sub-basin (see section 2.2.2). 

The Base Middle Jurassic unconformity was recognised from typical downlapping of early M iddle 

Jurassic layers.

The central Slyne Basin is generally characterised by a major antithetic fault system which divides 

the basin between its characteristic central syncline and the eastern margin either made o f a sequence 

o f grabens and horsts (e.g. Figure 2.7) or a succession of tilted faulted blocks dipping towards the 

basin centre (e.g. Figure 2.8). Significant offset of the layers is observed along these faults.

Where the major antithetic fault system lacks a western branch, a listric fault develops at depth leading 

to the formation of a pronounced roll-over structure within the Lower Jurassic and Triassic layers 

(Figure 2.10). The core of the roll-over structure may appear very faulted or may just be affected 

by a few faults (Figure 2 .II) . The presence of the listric fault system is responsible for triggering 

syn-sedimentary movements leading to a fan-shape deposition geometry within the bottom layers of 

the M iddle-Jurassic (Figure 2.10).

In the middle o f the central Slyne Basin there is a minor transfer zone, which is sub-parallel to the 

main line of section of the 3D inlines (W-E lines of the 3D volume). This zone is responsible for 

poor to very poor seismic data. Signal dispersion and attenuation, generadon of noise and multiples 

obscure the seismic section and render seismic interpretation uncertain (Figure 2.12). In addition 

these features will affect the seismic velocity signature of the area and therefore the exhumation 

estimate will be affected.
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This transfer zone is characterised by a little variation in the structural style o f the central Slyne 

Basin. To its im m ediate south, the m ajor antithetic fault is either partially present (Figure 2.13) or 

poorly developed (Figure 2.14). Fhe eastern ilank is m uch less prom inent than in the northern part o f 

the central Slyne Basin w ith little displacem ent evident (Figure 2.14). Som e sections alm ost appear 

devoid o f  faults on their eastern  flank (F igure 2.13). Bolh configurations are characterised by a very 

gentle slope tow ards the basin centre and a relatively deep pre-Base M iddle Jurassic section (down 

to ~  1.5 s T W T  w hereas further north the Base M iddle Jurassic could be up to ~  350 ms TW T and 

subcrop the N eogene unconform ity (see Figure 2,10)). Further south, the eastern Hank gets gradually 

shallow er, the central basin slope steeper and the m ajor antithetic faulting is again developed in a 

sim ilar configuration to the northern central Slyne Basin (see f 'igure 2.8).

The offshore extension o f the Leek Transfer Fault m arks the boundary betw een the central Slyne sub

basin and the southern Slyne sub-basin (Figures 2.15 & 2.16). The structural style in each sub-basin 

is very distinct. It im plies a different control m echanism  on the sedim entation. In the southern Slyne, 

sedim entary geom etries were controlled by transfer faults. They are responsible for the creation o f 

a  series o f  faulted units generally  d ipping to the west. On the seism ic profiles, to the west o f the 

Leek T ransfer Fault, deep reflections correspond to the w estern extrem ity o f  the central S lyne w here 

(he M id-Jurassic succession becom es significantly thicker. I'o ihe east the ba.sin margin consists o f  a 

succession o f horsts and grabens (Figure 2.15).

Further south the offshore extension o f the Fair Head-Clew Bay lineam ent divides into two branches 

and creates faulted units m arked by im portant d isplacem ent along strike and thickness variations in 

d icating  syn-sedim entary m ovem ent (Figure 2.17). The basin exhibits here a com pletely different 

geom etry  than in the central Slyne. The typical half-graben geom etry is not identified. Instead a se

ries o f m oderate-scale ( ~  10 km) faulted units are (generally) dipping w estw ard and are bounded by 

transfer faults. T he Jurassic and Triassic reflectors are m ore uplifted (subcropping the N eogene u n 

conform ity  on the eastern m argin), although the Fair H ead-Clew  Bay transfer fault tends to attenuate 

that effect due to its eastw ard norm al m ovem ent (Figure 2.17).

2.3.4 Seismic stratigraphic analyses

The 2D  line e97ie20-10 (see Figure 2.18) was prim arily  chosen as a reference line for interpreting 

the basin for three reasons. Firstly, the line crosses well 27/5-1 w hich is the only well to provide 

inform ation over the entire stratigraphic succession in the region. The line also  crosses the 3D volum e 

allow ing im portant cross-correlations betw een the two surveys. Finally, it is o f fairly good data 

quality  and is, in  places (e.g. no signal w eak zone beneath  the pow erful reflector o f  the N eogene 

unconform ity) superior to the 3D dataset.

The upperm ost part of the seism ic section is m arked by a thin (m axim um  200 ms TW T) accum ulation 

o f  N eogene sedim ents fliat are represented  by pow erful continuous, parallel to sub-parallel reflectors 

exhibiting  a sm ooth fan-like deposition style which slightly thicken to the east. The continuity and 

lack o f  disrupfion o f  the reflectors indicates that sedim entary deposition was accom panied by lim 

ited tectonic activity. This thickening o f  the N eogene towards the east contrasts with m ost o f  the
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underlying units in the central and southern Slyne Basin which typically thicken towards the west.

Locally, these Tertiary sediments show noticeable onlap and/or toplap reflectors terminations, witJi 

the sediments filling a slight topographic (rough above the Neogene unconl'ormily (Figure 2.19). This 

might be related to very early stages of sedimentation (infilling of a depression) leading to the onlap 

geometry o f these reflectors (e.g. on the top eastern edge of the profile). Alternatively it may be related 

to a very late (and also very minor) stage o f basin subsidence, creating these toplap-like geometries 

above the main synform developed in the basin.

The major sedimentary unit within the basin is the Middle Jurassic which thickens significantly to

wards the basin centre. It is 1.5 km thick at well 27/13-1A (see Figure 2.15) and more than 2.5 

km in the central syncline (Scotchman and Thomas, 1995; Dancer et a i ,  1999). Towards the west

ern faulted margin of the basin, normal conjugate faulting of the underlying layers (the Triassic and 

Lower Jurassic) has formed an anticlinal structure that does not affect the thickness of the M iddle 

Jurassic succession (Figure 2.18). On other lines, where a monocline structure is associated with 

these deeper conjugate faults, the Middle Jurassic onlaps and thins onto the basin-bounding fault 

(Figure 2.20). The associated erosional geometries (steep toplaps o f the Middle-Jurassic horizons) 

against the Neogene unconformity are more important in that configuration. In the southernmost 

part of the basin (southern central Slyne and south Slyne), where the conjugate faults and associated 

monocline/anticline structures are absent, the Middle Jurassic becomes thicker towards the western 

faulted margin of the basin (Figure 2.21) and the Neogene unconformity shows a weaker angular 

discordance.

In the centre o f the synform, at (he base o f the Middle Jurassic section, downlap geometries define 

the base M iddle Jurassic unconformity (Figure 2.22). These geometries are in agreement with the 

fluvio-deltaic nature of these deposits (interpreted from sedinientological analysis of well 27/13/1- 

A, see Scotchman and Thomas (1995)). Locally within faulted blocks on the eastern margin o f the 

basin, this unconformity looks more erosive as the Lower Jurassic truncated horizons exhibit top-lap 

term inations (Figure 2.22).

The Lower Jurassic and Triassic sequences exhibit a regular seismic pattern with parallel to sub

parallel continuous reflectors. Their thickness does not generally vary much (e.g. Figures 2.18 & 

2.20). However, they have experienced syn-sedimentary movements leading to important lateral 

thickness changes, along faults associated with the transfer zones crossing the basin (Figure 2.17).

The Permian Zechstein-equivalent evaporitic sequence is heterogeneous in nature (see section 2.2.3). 

Within the basin synform it is marked by some continuous (and at times strong) reflectors, both at its 

top and bottom, whereas on the uplifted and/or faulted eastern flanks, it appears a lot more chaotic 

with highly discontinuous reflectors in some cases and blank zones or noisy areas in other zones 

(e.g. Figures 2.20 & 2.22). Along the basin-bounding fault on the western edge, the evaporites 

have thickened due to halokinesis associated with the development of monoclinal (e.g. Figure 2.20) 

or anticlinal structures within the Jurassic (e.g. Figure 2.18). The evaporitic sequence then acts 

as a detachment layer decoupling the overburden from the Carboniferous basement through listric 

faulting. This decoupling is widely seen in the central Slyne Basin. Across major transfer fault zones
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and w hen the Perm ian evaporitic sequence gets thinner, faults m anage to break through this layer and 

thus affect the w hole stratigraphic succession (e.g. Figures 2.15 & 2.17). This is particularly clear in 

the southern Slyne Basin.

'I’he bottom  o f the evaporite sequence is defined by the Variscan unconform ity surface w hich rests 

on top o f  C arboniferous basem ent. This unconform ity is difficult to identify due to the poor (to very 

poor) seism ic resolution at depth  and the extrem e paucity o f constraints (only well 27/5-1 provides a 

possible but far from  ideal correlation as it crosses the seism ic lines on the edge of the survey and is 

thus subject to possible edge effects). It is poorly defined laterally, and identification problem s arise 

for both the central part o f  the basin (in the vicinity o f the m ain synform ) and on the eastern m argin. 

'I'he unconform ity is difficult to spot in the central part o f  the basin due to its substandal depth (> 3  s 

tw o-w ay-travel tim e) w hile it is obscured by faulting on the eastern m argin. N evertheless, toplapping 

term inations o f  C arboniferous layers are key in order to increase the degree o f  confidence o f  its 

in terpretation  (Figure 2.23). Indeed, its position is of critical im portance to this study as all data 

situated below  shall not be included in the inversion procedure (see Chapter 5).

A long the basin-m argin fault, the presence o f volcanics produces interferences (m ultiples) and noise. 

This effect is locally accentuated by the concentration o f faults on the western margin and/or by po ten

tial interference effects from  the Slyne Ridge basem ent reflections. This obscuring noise, including 

m ultiples, w eak signal zones and chaofic rellections renders seism ic interpretation uncertain. Som e 

noisy patches are also observed w ithin the centre region o f the basin, m ostly associated w ith transfer 

zone (see Figure 2.12).

N um erous volcanic sills, o f  highly variable lateral extent (2-12 km) and shape are observed. They 

generally  intrude above the syncline or along the western faulted margin. They som etim es present a 

p hcate , V-shaped geom etry, which may be linked to later tectonic m ovem ents. Som e m ultiples can 

be idendfied  below these strong igneous reflectors (Figure 2.24).

2.3.5 Seismic velocity stratification

Seism ic velocities acquired during the processing stage are the main controlling factor on the ex 

hum ation estim ates derived from  the inversion procedure (see C hapter 4). H ence checking their over

all reliability  is an im portant task to ensure the validity o f  the results. The seism ic velocity estim ates 

w ere obtained from  legacy data and I did not have access to the raw data. By com paring my seis

m ic in terpretations w ith the available seism ic velocity fields it was hoped dial there would be close 

correlation  w hich w ould further constrain the geology o f  the basin. Two different sets o f velocity 

data  are available; interval velocities which correspond to the velocity picked for a given layer and 

the root-m ean squared (RM S) velocides which are an integration o f  the interval velocities w ith depth 

g iv ing  a smooflier, m ore regional, view on the seism ic velocity field.

There can be a large variation in seism ic velocity betw een different rock types and betw een saturated 

and unsaturated soils. Even with this variation, however, there is still considerable overlap in the m ea

sured velocides. H ence, know ledge o f  seism ic velocity alone is not sufficient to identify conclusively
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a particular rock type. But the range of interval velocity values can be compared with a given lithol- 

ogy for a first approximation and relative differences can then be considered to isolate anomalous 

velocity patches. In addition the RMvS velocity field can be correlated with the interpreted geological 

structures.

Interval velocities: a mirror of lithology?

Poorly consolidated Neogene sand and clay layers exhibit homogeneous low velocities between 1.5- 

2.2 km s ' on most of the seismic lines (Figure 2.25). Some areas show much higher velocities, up to 

4.5-5 km s^ ' (Figure 2.25 (a)) but these are attributed to the presence of near-surface volcanic rocks. 

Below the Neogene unconformity, much higher velocities are observed (around 3.5-5 km s“ ')  within 

the M iddle Jurassic sandstones, which is expected as seismic velocity increases with depth. Intrusions 

o f dykes and sills are also exemplified by very high seismic velocity values, 6-7 km s ' (Figure 2.25). 

The Variscan unconformity overlying the high seismic velocity layers of the Carboniferous basement 

can be traced with confidence on some lines (Figure 2.25 (a)). Fhe Slyne Ridge, on the western edge 

o f the basin, can also be identified on several lines and exhibits a clear, abrupt velocity transition 

(Figure 2.25 (b)).

RM S velocity: a mirror of structure?

Macro-scale structures (>  10 km) are expected to exhibit variations in seismic velocity and thus can be 

correlated with the RMS velocity field. A detailed analysis of line nwi-91-l() (Figure 2.26 (b)) backs 

up this assumpfion. Starting from the west to east, the line first exhibits high velocities ( ~  3.5 km 

s ')  just below the Neogene unconformity. This corresponds to the Slyne Ridge basement which is, 

in addition, overlain by a thin near-surface volcanic layer. Then, a sharp decrease in velocity mirrors 

the basin-bounding fault. Local broad-scale perturbafions in the velocity field between CDPs 1086- 

1566 and around C D ? 2046 consistently coincide with anticlinal structures. At around CDP 1246, a 

conspicuously sharp increase in the RMS field can be explained by the intrusion of a sill which lends 

to accentuate the long wavelength anomaly previously described. Moving on to the eastern part of 

the line, a narrow zone of lower velocities is observed around CDP 2686. It is the seismic velocity 

expression o f major faulting associated with a transfer fault zone. Finally, the eastern flank presents 

little variation in the RMS velocity field with just a significant low around CDP 3326 related to mini 

horsts and grabens geometry with a deeper trough matching the CDP 3326 low RMS values. Although 

representing a qualitative and mostly first order approximafion, such an analysis and comparison is 

critical to assess (he geological significance of the input velocity data. Thus artefact velocity picks 

(e.g. noise) or interfering features (e.g. sills) can be identified and removed from the data.

Fault zones can have various response in RMS velocity signal, depending on the relative proportion 

o f fluid circulation, fault gouge and rock alteration (Mooney and Ginzburg, 1986). Rock properties 

(mainly porosity and density) play also an important role in the velocity signal of transfer fault zones. 

The resuking exhumation esfimates will be directly linked with these potential seismic velocity vari-
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ations. In the Slyne Basin, RM S velocity changes are observed along the m ajor transfer faults cutting 

the basin. W hile  overall transfer zones are characterised by lower seism ic velocity gradients (Figure 

2.27 (b) & (c)), som e local velocity  peaks are observed (Figure 2.27 (a)) confirm ing the com plex 

velocity response of such areas.

2.4 Conclusions

A com prehensive structural analysis o f the Slyne Basin has been undertaken based on the seism ic 

interpretation o f  selected available surveys. A synthetic sum m ary structural map o f the d istribution of 

the main structures observed has been derived from this analysis (Figure 2.28). In order to illustrate 

the variation o f  the structural, depositional and erosional architectures identified over the Slyne Basin, 

a series o f  seven spaced profiles was designed, from  north to south, across the central and south S lyne 

Basin on the basis o f  their particu lar structural styles (Figure 2.29). It also highlighted a distinct 

tectonic regim e betw een the tw'o sub-basins. The central Slyne sub-basin is governed by the w estern 

basin-bounding fault and the Perm ian Zechstein-equivalent evaporates act as a decollem ent layer 

w hich decouple pre- and post-V ariscan strata. The southern Slyne Basin is dom inated by transfer 

faults that cut through the w hole sedim entary succession, and produced im portant m ovem ents along 

strike w hich w ere responsible for the com plex architectures observed. I'he seven chosen profiles can 

be described as follows:

1. I'he first p rohle, in the northern central Slyne sub-basin, is characterised by the developm ent 

o f  an anticline or sm all m onocline structure along the basin-bounding fault, the syncline is 

prom inent and an an tithetic  fault pair separates it from  the eastern tlank.

2. I'he second profile show s the sam e structural architecture on the eastern margin but the m ono

cline structure on the w est is strongly developed along the basin-bounding fault. The seism ic 

reflectors run parallel to the fault plane and exhibit steep dips.

3. I’he third profile lies to the south o f  the transfer fault w ithin the 3D volume. It presents a 

relatively sim ple architecture with a poorly developed syncline and a shallowly dipping eastern 

limb.

4. The fourth profile, draw n in the southern part o f  the 3D volum e and m atching the in terpretation 

o f  the 2D  lines n w i-9 1 -12 and 14, exhibits sim ilar features to the first profile, w ith the exception 

o f the central antithetic  fault pair w hich produced very lim ited displacem ents and the eastern 

flank w hich exhibits a steeper dip.

5. The fifth profile cu ts through the central and south Slyne sub-basins. T he offshore extension 

o f the Leek T ransfer Fault divides both sub-basins and exhibits im portant d isplacem ents along 

strike. The w estern  part o f  this profile corresponds to the southw estern extrem ity o f  the central 

Slyne sub-basin w here the main sedim entary succession thickens towards the basin-bounding 

fault while the eastern  part, corresponding to the northeastern part o f  the south Slyne sub-basin, 

is heavily faulted.
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6. The sixth profile is more affected by transfer faults. They isolate numerous faulted sequences 

with significant movement along strike which produced the horsts and grabens visible on this 

profile.

7. The seventh profile lies fully within the south Slyne Basin, h displays a different structure 

which is marked by intense faulting to the west and a pronounced synform in the centre of the 

basin. Its structural style is linked to transfer faulting.

RMS velocity lateral distribution is a powerful tool which complements the structural analyses and 

is o f critical importance in validating the chosen input velocity values entered into the inversion 

procedure.

These results will be fed into the exhumation analyses of the basin. Although by necessity an ap

proximation, projections of the interpreted structures will be drawn above the Neogene unconformity 

in order to esfimate the amount of material removed. These structurally-derived estimates will then

be compared with the exhumation estimates obtained from the seismic velocity analysis. The spa

tial variation in the seismic-velocity derived exhumation estimates will finally be correlated with the 

interpreted structures.
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Figure 2.1: Structural map o f the northwestern margin o f the British Isles (modified from Trueblood 
and Morton (1991); Morton (1992); Stein (1992); Corfield et al. (1999); Dancer et al. (1999); Naylor 
et al. (1999); Roberts and Holdsworth (1999); Dancer and Pillar (2001); Naylor et al. (2002); Dancer 
et al. (2005))
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Figure 2.2: Stratigraphy and exhum ation history o f Slyne Basin and adjacent basins, based on re 
leased com posite well logs and biostratigraphy reports. C olour scale corresponds to depositional 
environm ent: orange=continental, yellow =m arginal m arine, green=fully  m arine, b lue=chalk, m a- 
genta=extrusive volcanics. Inverted triangles indicate total depth o f  wells.
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Figure 2.3; D ata location m aps, (a) D ata available for this study: seism ic surveys (2D lines in black, 
3D volum e in blue) and exploration wells in red. The green lines correspond to the 2D lines used in 
the inversion routine (for w hich velocity inform ation was available), (b) Location o f  seism ic sections 
in the chapter.
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Figure 2.5: Transfer zones across the Slyne Basin. On the seismic sections they correspond to areas (highlighted by brown ellipses) marked by high noise content and a 
lack of coherent reflectors, (a) LTF on 2D line nwi-91-10. (b) LTF on 2D line nwi-91-14. (c) LTF on 2D line nwi-91-30. (d) CSTF on 2D line nwi-91-30.
LTF = Leek Transfer Fault. CSTF = Central Slyne Transfer Fault. Interpretation key; Pink = Eocene volcanics; Green = Cretaceous chalk; Yellow = Neogene 
unconformity; Blue = Base Middle Jurassic unconformity; Light Purple = Top Triassic; Dark Purple = Base Triassic; Red = Variscan unconformity.
Details o f  the seismic disturbances caused by a transfer fault sub-parallel to the seismic profile are illustrated in Figure 2.12. Figure 2.27 presents the velocity signature 
of such transfer faults.
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Figure 2.6: N-S 2D line nwi-91-30 across all Slyne sub-basins. Transfer zones between each sub-basin are identified (grey shades on the figure) as complex seismic 
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LTF = Leek Transfer Fault ; CSTF = Central Slyne Transfer Fault. Interpretation key: Black = seabed; Pink = Eocene volcanics; Green = Cretaceous chalk; Yellow = 
Neogene unconformity; Blue = Base Middle Jurassic unconformity; Light Purple = Top Triassic; Dark Purple = Base Triassic; Red = Variscan unconformity.
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Figure 2.7: Seism ic interpretation o f a longitudinal section extracted from  the 3D volum e across the 
central Slyne Basin (clo.se to well 27/5-1) exhibiting (1) a chaotic western m argin (Slyne R idge), (2) 
a m ajor antithetic fault separating the basin from  its central synform  to its eastern m argin o f grabens 
and horsts, (3) the developm ent o f a m onocline structure against the basin-bounding fault. 
Interpretation key: see F igure 2.6.
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Figure 2.8: Seismic interpretation o f 2D line nwi-91-12 across the central Slyne Basin showing (I) 
a noisy (several multiples) western margin (Slyne Ridge), (2) major antithetic faulting separating the 
basin from its central synform to its eastern faulted margin, (3) the thinning of the Middle Jurassic 
onto the basin-bounding fault.
Thick dotted yellow = strong Neogene unconformity reflection. Dotted and dashed black lines =
proposed raypath for, respectively, peg-leg and direct Neogene unconformity multiples. Dotted and 
dashed red lines = interpretation of, respectively, same previous multiples up to the fourth generation 
(four multiples recognised).
LTF = Leek Transfer Fault. Interpretation key: see Figure 2.6.
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Figure 2.9: Seismic interpretation of 2D line crossing the Central Slyne U'ansfer fault and the Slyne 
Embayment. The line is tied to well 27/5-1 on the east. It shows on its eastern half the typical 
architecture of the central Slyne i.e. a half-graben with a thick Jurassic accumulation in the region 
o f the central synfonn, and major antithetic faulting (cf figures 2.7 & 2.8) that separates it from the 
eastern flank. On its western part, the Slyne Embayment is identified. Interpretation is constrained by 
the Base Middle Jurassic unconformity (light blue) recognised from typical downlapping geometries 
o f early M iddle Jurassic reflectors (in dark blue). The western end o f the line is comprised by the very 
noisy Slyne High. A signal blank zone is clearly observed just beneath the near-surface volcanics. 
CSTF = Central Slyne Transfer Fault; B-BF = basin-bounding fault. Interpretation key: see Figure 
2 .6 ,
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Figure 2.10: Seismic interpretation of a longitudinal section extracted from the 3D seismic volume 
across the central Slyne Basin showing the development of fan-shaped deposits within the early Mid- 
Jurassic (imaged by the dark blue reflector) and a roll-over structure affecting the Lower Jurassic and 
Triassic, both triggered by listric faulting and resulting from the absence o f the main antithetic fault. 
Interpretation key: see Figure 2.6.
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Figure 2.11: Sm all-scale view o f selected roll-over structures. 
Interpretation key: see Figure 2.6.
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Figure 2.12; Seism ic in terpretation o f a longitudinal section extracted from the 3D seism ic volum e 
across the central Slyne Basin in the vicinity o f a transfer zone located sub-parallel to the seism ic 
line. N ote the poor signal-to-noise ratio and the generation o f m any form s o f seism ic disturbances 
(e.g. noise, m ultiples, dead zones).
Interpretation key: see Figure 2.6.

36



C hapter 2. The Slyne Basin: presentation, structural and stratigraphic interpretation

W E

limited faulting 
&

reduced flank^  i . o _

o 2.0
I—

3D-ILN18032 km3 .0 -

Figure 2.13: Seismic interpretation of a longitudinal section extracted from the 3D seismic volume 
across the central Slyne Basin (just south of the transfer fault within the middle central Slyne) high
lighting the absence of the major antithetic faulting observed further north. A normal fault is present 
but with very minor impact on the stratigraphy. A conjugate fault did develop (and thus impede the 
generation of a roll-over structure as seen in figure 2.10) but only affected the Triassic and Lower 
Jurassic layers very mildly. The eastern flank is characterised by extremely limited faulting and a 
gentle dip towards the basin centre.
Interpretation key: see Figure 2.6.
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Figure 2.14: Seism ic interpretation o f a longitudinal section extracted from  the 3D seism ic volum e 
across the central Slyne B asin (just south o f the transfer fault cutting the m iddle central Slyne) show 
ing poorly developed antithetic faulting (it only m ildly affects the M iddle Jurassic) and an eastern 
flank affected by num erous syn thetic/antithetic faults w ith very m inor displacem ents.
Interpretation key: see Figure 2.6.
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Figure 2.15: Seismic interpretation o f 2D profile across the central and southern Slyne sub-basins. 
Central Slyne is characterised by: (1) a monoclinal structure dipping towards the western basin- 
bounding fault (B-BF) and resulting in significant thickening o f the Jurassic succession, (2) a faulted 
central anticHnal structure which was drilled by the exploration well 27/13-1. The southern Slyne 
Basin is marked by a heavily faulted margin. The Leek Transfer Fault (LTF) separates both sub
basins with a large offset.
Interpretation key; see Figure 2.6.
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Figure 2.16: Seismic interpretation of 2D profile across the central and southern Slyne sub-basins. 
The central Slyne is characterised by: (1) a syncline structure folding the main sedimentary accu
mulation, (2) a faulted anticlinal structure which was drilled by the exploration well 27/13-1. The 
southern Slyne Basin is marked by a heavily faulted margin. The Leek Transfer Fault (LTF) separates 
both sub-basins with a large offset.
Interpretation key: see Figure 2.6.
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Figure 2.17: Seismic interpretation o f a 2D seismic profile across the southern Slyne Basin dem on
strating the structural control on sedimentation. M ajor displacements are observed along transfer 
faults.
LTF = Leek Transfer Fault; FH-CB = Fair Head-Clew Bay lineament. Interpretation key: see Figure 
2 .6 .
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Figure 2.18: Seismic interpretation of a 2D line crossing the Central Slyne Basin. The line is tied 
to well 27/5-1 on the east. It shows the typical stratigraphic architecture of the central Slyne i.e. 
sedimentary accumulation within a central syncline and major antithetic faulting separating it from 
the eastern flank.
The line is of good quality and is tied to well 27/5-1. It also crosses the 3D volume eOOieOQ (see 
figure 2.3 (b)). Therefore it was chosen as a reference line for the stratigraphic interpretation o f the 
Slyne Basin.
Interpretation key: see Figure 2.6.
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Figure 2.19: Longitudinal section extracted from the 3D seismic volume (close to well 27/5-1) show
ing minor onlapping (red arrows) and toplapping (orange arrows) within the early Neogene sediments 
and a major angular unconformity (toplap geometries imaged by the blue arrows) between Jurassic 
and Tertiary layers defining the Neogene composite unconformity (in yellow).
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Figure 2.20: Longitudinal section extracted  from  the 3D seism ic volum e across the central Slyne 
Basin showing thinning of the M iddle Jurassic towards the basin-bounding fault (onlap geom etries 
im aged by the dark blue arrow s) due to the developm ent o f a m onocline structure.
B -B F = basin-bounding fault. Interpretation key: see Figure 2.6.
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Figure 2.21: Seismic interpretation o f a 2D profile across the southern Slyne Basin highlighting 
deepening of sedimentary succession towards the west.
B-BF = basin-bounding fault; CSB = central Slyne Basin; LTF = Leek Transfer Fault. Interpretation 
key: see Figure 2.6.
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Figure 2.22: Longitudinal section extracted from the 3D seismic volume across the central Slyne 
Basin showing thinning of the Middle Jurassic towards the basin-bounding fault and downlapping 
and local onlapping (dark blue arrows) of early Middle Jurassic sediments onto the Base Middle 
Jurassic unconformity. Towards the eastern margin this unconformity becomes locally more erosive 
as suggested by the toplap geometries (light blue arrow) of some Lower Jurassic strata.
Interpretation key: see Figure 2.6.
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Figure 2.23: Small-scale view of the Variscan unconformity with toplapping (dark blue arrows) of 
underlying Carboniferous layers. Data source: longitudinal section extracted from the 3D volume. 
Interpretation key: see Figure 2.6.
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Figure 2.24; Longitudinal section extracted from the 3D seismic volume across the Slyne Basin 
exhibiting various multiple reflections of different origins. Simplified proposed raypath for each 
multiple has been drawn. (1) Neogene unconformity or volcanics generating a simple first generation 
multiple. It is not clear whether this strong reflection corresponds to a sill or a multiple from the 
powerful reflector at the Neogene unconformity. A multiple has been preferred here because there is 
no clear attenuated signal zone below the reflector, which is a typical observation below a sill intrusion 
as seen beneath the V-shaped sill. (2) Peg leg multiple of first and second generation. (3) Intra-bed 
multiple.
Interpretation key; see Figure 2.6.
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Figure 2.25: Comparison o f interval velocity field with the interpreted structure for two selected 2D 
seismic lines, (a) Line nwi-91-02. (b) Line nwi-91-10.
Velocity display key: black curves are vertical individual interval velocity profiles for each CDP; the 
white line represents the Neogene unconformity. Seismic display interpretation key: see Figure 2.6.
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Figure 2.27; Comparison of RMS velocity signature along the major transfer faults (highlighted by 
brown ellipses) cutting the Slyne Basin. Corresponding RMS velocity field and interpreted structure 
are shown for each hne. (a) 2D line nw i-91 -02. (b) 2D line nw i-91-10. (c) 2D line nw i-91-12. 
Velocity display key: black curves are vertical individual RMS velocity profiles for each CDP; the 
white line represents the Neogene unconformity. Seismic display interpretation key; see Figure 2.6.
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Figure 2.28; Synthetic structural map of the Slyne Basin. The Slyne Basin is subdivided by m ajor 
transfer faulting into three sub-basins: north (N), central (C) and south (S). The axis o f  the basin 
centre (extrapolated to the deepest western sedimentary accum ulation for a couple o f lines in the 
south S lyne) is indicated as well as volcanics and sills.
Seism ic data used in the inversion routine (2D lines in green and 3D volum e in blue) and available 
exploration  w ells (black crosses) are also displayed.
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are decoupled.
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Chapter 3

Exhumation estimates from structural 
projections

3.1 Introduction

One o f the main objectives of the seismic interpretation study of the Slyne Basin was to create struc

tural projections which can then be used to calculate differential exhumation estimates, A £ (km), 

along the seismic profiles. I'hese projections can illustrate regional variations in exhumation that can 

be com pared to the exhumation estimates derived from inverting seismic stacking velocities. A syn

thetic map of these variations was drawn to emphasize the regional pattern of exhumation over the 

basin. It will also allow a direct comparison with the exhumation maps generated in Chapter 5.

3.2 Exhumation calculation

The amount o f material removed above the Neogene unconformity can be estimated from the simple 

equation of motion which states that the average velocity, v, through a displacement M  during a time 

interval A? is described by the formula;

Ad

Two-way travel time, (TWT), which will be used to calculate A? at each CDP of interest and interval 

velocities, V,„,, are extracted from the paper copies of the seismic lines. V„„ will be used to calcu

late V for the selected layer. The Jurassic succession which is mainly composed of sandstone and 

shale (see chapter 2, section 2.2.3) was chosen as the selected layer for calculations because (1) it 

has a broadly uniform lithology, (2) it is the most constrained succession with V„„ measurements 

approximately every 200-250 ms and (3) it is not too deep (mostly <  2.5 s TWT) as the seismic
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resolution gets extremely poor at greater depth (see Chapter 2). Where V„„ measurements were too 

scattered (especially on the eastern margin where Jurassic strata subcrops the Neogene unconformity) 

available values were interpolated from nearby outbound measurements on a 100 ms TW T step to in

tegrate several measurements points in order to obtain a more representative value for v of the Jurassic 

succession, v was calculated at each CDP location and then averaged over the whole line for each 

seismic profile (e.g. Figure 3.2). Anomalously high interval velocities corresponding to occurrences 

of volcanics have been removed from the calculations. In the same way, suspect values of V„„ from 

the particularly noisy seismic areas (notably across transfer faults) have not been integrated.

The mean interval velocity value of the Jurassic layer calculated for each CDP and averaged over each 

2D profile yields a tightly constrained value of about 3.3 ±  0.3 km s ' (e.g. Figure 3.2). This value 

is similar (±  0.150-0.200 km s ')  for each 2D line, therefore it was averaged over the whole 2D 

survey in order to qualitatively compare the differential exhumation estimates between each 2D line. 

Detailed information about these interval velocity calculations for each 2D line are comprehensively 

collected in Appendix A (section A. 1). Since the averaged value of interval velocity does not deviate 

strongly from the mean, it was also used for calculation of differential exhumation for selected 3D 

lines.

The estimated amount of removed material was then calculated from equation 3.1. These estimates 

theoretically represent only a partial (minimum) value of exhumation as the top of the Jurassic suc

cession is missing. It also does not include the Triassic and Permian layers because of the lack of 

available data (one to two V„„ measurements only) to constrain them. Differential exhumation values 

are calculated at key points along the projected structure (e.g. a syncline and/or anticline axis or a 

transfer fault). Regional and local scale results can then be tested and compared.

3.3 Uncertainty evaluation

Structural projections are highly subjective constructions and imply a priori uncertainty. Although 

the projections considered here are o f relatively modest lateral scale, they benefit from several con

trol reflectors from the seismic interpretation. In order to best constrain this uncertainty, a range of 

different projections have been tested. The maximum angular error on the stratigraphic projection is 

taken to be ±  5° while the one for projected faults is ±  2° (Figure 3.3). These combined errors result 

in an uncertainty on the measurement of TWT of about 0.2 s. One-way time is being used for the 

calculations so its uncertainty is taken to be 0.1 s. The average interval velocity used for the Jurassic 

layer is about 3.3 ±  0.3 km s '.  By combining both uncertainties on the V,„, calculafion and the 

TW T measurement, the uncertainty on AE  is estimated to be ±  0.4 km.
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3.4 Exhumation estimates derived from structural projections

Structural projections of the seismic interpretation were constructed for the whole nwi91 2D survey 

and for selected 3D lines of the ei3dOO 3D volume. Results were then gathered and interpolated to 

build a synthetic map of exhumation across the basin. In this section emphasis will be given to the 

projections and associated calculated exhumation of seven selected lines corresponding to the seven 

typical profiles defined and described in Chapter 2 section 2.4 (Figure 3.1). The remaining seismic 

lines are presented in Appendix A (section A .2).

3.4.1 Construction methodology 

Major trends

As di.scussed in the previous section (3.3), these structural projections arc subjected to significant 

uncertainty ( ±  0.4 km). Therefore, a short-scale detailed analysis of the AE  variations seems inap

propriate. The basic idea was to identify the major trends (i.e. the main “peaks” and “troughs” with 

wavelengths >  5 km) of each longitudinal projected seismic interpretation and to measure the “re

moved material” difference (i.e. the A£") in between. The local (wavelength <  2 km) variations in AE  

would thus be “averaged” within the regional trend. Figure 3.4 presents a comparison o f these two 

approaches for two selected 3D lines. It demonstrates that the AE  variations corresponding to local 

features arc too small to be scientifically trusted with confidence since they generally fall within the 

estimated uncertainty range of the calculafions, i.e. ±  0.4 km (see section 3.3). Considering that the 

aim o f these calculations is to provide a regional-scale first-order comparison between the exhuma

tion estimates obtained from inversion of seismic velocity data and the estimates derived from the 

projected stratigraphy, the “regional approach” was chosen.

Dealing with faults

Major faults can influence the exhumation pattern o f the basin. Their relative timing with regards to 

the exhumation episodes is critical to the present distribution o f exhumation. In the case o f local in

version implying the compressional reactivation of pre-existing faults the resulting anticlinal structure 

observed can generally be clearly identified and the differential exhumation estimates are measured 

between the core and the flanks o f the anucline (Figure 3.5 (a)). For the antithetic faults that gener

ated the graben and horst architecture (Figure 3.5 (d)) and/or for the synthetic faults associated with 

a succession of tilted fault blocks (Figure 3.5 (b)) on the eastern margin of the basin, the overall trend 

of the projected stratigraphy was prioritised over the fault throws, relatively modest in general, since 

these structures were acquired before (i.e. Upper-Middle Jurassic) (see Dancer et al. (1999)’s model 

o f evolution o f ihe Slyne Basin) the first major exhumation episode (late Jurassic - Eiarly Cretaceous) 

that affected the basin (see Chapter 2 section 2.2.2). Concerning the major transfer faults that cut the 

Slyne Basin, some important displacements along strike (Figure 3.5 (c)) can be observed. They often
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separate individual “blocks” with their proper stratigraphic architecture. The relationships betw een 

these b locks can be com plex witJi notably significant thickness variations. M oreover their relative 

tim ing and im portance w ith respect to  the exhum ation episodes is difficult to assess since M id to Late 

Tertiary exhum ation episodes, associated with basin inversion at places, have rem oved large parts o f  

U pper Jurassic, C retaceous and Early N eogene sections (the rem aining parts being attributed to non

deposition, see C hapter 2 section 2.2.2). In addition, the overall poor seism ic data quality  does not 

allow  a thorough analysis o f  the reflectors’ term inations at each m ajor transfer fault in order to assess 

the relative m ovem ent o f  its walls. I 'herefo re , to cope with the first-order sim ple approach  developed 

in this chapter, it was decided to make independent exhum ation estim ates on both sides o f  the m ajor 

transfer faults (Figure 3.5 (c)).

3.4.2 Longitudinal profiles analyses

Seven seism ic sections have been selected for qualitative analysis. They correspond to the seven 

typical profiles identified in C hapter 2 section 2.4. Figure 3.1 displays them  on a locafion map.

I'he first profile (F igure 3.6) show s Ihe structural projections and derived differenfial exhum ation 

estim ates for 3D line ILN 3123. I 'h e  projections reveal thal the eastern margin underw ent significant 

uplift w hich resulted in 1 km more exhum ation than in the central syncline. Towards the basin- 

bounding fault a 0.5 km increase in exhum ation is observed. It is related to the developm ent o f 

anticline/m onocline structures.

T he second profile (Figure 3.7) d isplays the effects o f  a strongly developed m onocline structure. 

The M esozoic sedim entary  succession becom es sub-parallel to the basin-bounding fault by detaching 

onto the Zechstein-equivalent evaporitic sequence which results in a strong increase in the dip o f  the 

reflectors below  the N eogene unconform ity. This leads to elevated exhum afion estim ates along the 

basin-bounding fault and a 0.7 km increase in exhum ation towards the W  is observed. The eastern 

m argin exhibits sim ilar results to Figure 3.6 with a 1.2 km increase in exhum ation eastw ard.

'I'he third profile (F igure 3.8) illustrates the lack o f  a pronounced eastern flank resulting in very 

low values o f  exhum ation (the eastern m argin only reflect a A £ o f  0.5 km). I'he reflectors are sub

horizontal and little m ovem ent is seen along faults. The line overall presents very lim ited exhum ation 

w ith the exception o f  the region along the basin-bounding fault w here M iddle Jurassic horizons show 

an increase o f their dip due to the developm ent o f a deeper m onocline structure. This latter feature is 

characteristic  o f  the central Slyne Basin as illustrated by all figures from  flie three first profiles.

I'he fourth profile (Figure 3.9) shows the structural projecfions and derived differential exhum ation 

estim ates for line nw i-91-14. The eastern m argin exhibits a 2.4 km gradient in exhum ation from  the 

central syncline (C D P 1246) to the basin m argin (CDP 3166). The eastern extrem ity o ff the basin 

m argin presents a 0.5  grad ien t in exhum ation. Towards the west an increase o f 0.3 km  in exhum ation 

is seen along the basin-bounding fault.

I'he fifth profile (F'igure 3.10) shows the structural projections and derived differential exhum ation
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estimates for line nwi-91-iO. The faulted inversion anticline at well 27/13-1 generated 0.3 km dif

ferential exhumation while its western Hank deepening into the basin shows a 1 km difference in 

exhumation from the crest of the anticline. The eastern margin has undergone a A f  of 2.2 km be

tween the offshore extension of the Leek fault and the extremity o f the line.

The sixth profile (Figure 3.11) shows the structural projections and derived differential exhumation 

estimates for line nwi-91-02. The exhumation estimates have been separated into four groups demar

cated by transfer faults. Each group shows a positive gradient in exhumation eastward. The deep part 

of the basin, west of the Leek Transfer Fault, shows a AE of 0.5 km. In between the Leek Trans

fer Fault and the Fair Head-Clew Bay lineament a 1.0 Im increase in exhumation is measured. In 

between the two branches of the Fair Head-Clew Bay lineament, minor anticline/syncline structures 

are not taken into account (CDPs 1726 to 2366) and the general trend of 0.3 km eastward increase 

in exhumation is considered. The eastern part of the line exhibits a 1.1 km eastward increase in 

exhumation.

The seventh profile (Figure 3.12) shows the structural projections and derived differential exhumation 

estimates for line nwi-91-01. To the western end of the line noisy and chaotic reflections impede a 

meaningful calculation. The anticline structure between CDF 2526 and 2366 generates a A£ value of 

0.5 ±  0.2 km. The rising seismic reflectors belween CDPs 18H6 and 1086 correspond to a A f  of 1.3 

km. In between the eastern marginal faults an increase in exhumation of 0.4 km is found. The eastern 

end is ignored because the stratigraphic constraints are poor.

3.4.3 Map generation

By compiling the differential exhumation estimates derived from structural projections of all 13 

2D seismic lines and integrating the selected longitudinal profiles extracted from the 3D volume, 

a pseudo-map of the distribufion of A £ over the Slyne basin can be drawn (Figure 3.13). Results 

are plotted within 0.2 by 0.1 degree bins (approximately 10 by 10 km) and interpolated onto a 0.01 

degree grid. The main structural and stratigraphic elements are superimposed on the display.

The map shows a very simplisfic pattern of increasing A £ values towards the eastern margin. A l

though this pattern does correlate well with the regional structures (wavelength of 10-50 km) inter

preted it does not retrieve the local, short-wavelength (5-10 km) features observed (e.g. inversion- 

related anticlines, small-scale synclines, local variations across faults on the eastern flank) bccause 

the changes in exhumation they are responsible for (200-500 m) generally fall within the uncertainty 

range of the calculations (see section 3.3).

3.5 Conclusion: a first-order approach

Differential exhumation estimates have been calculated from structural projections derived from the 

seismic interpretation. Hach typical profile (defined in C’hapter 2 section 2.4) was tested with slruc-
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tural projections. Tiie resulting sim ple pattern of exhum ation will be com pared w ith exhum ation 

estim ates from  inverting seism ic stacking velocities. "I’his first-order approach is naturally subject to 

im portant uncertainty, estim ated at ±  0.4 km. These estim ates show a m inim um  regional variation 

in exhum ation o f  around 1-2 km from  the axis of the syncline in the centre of the basin  to the up

lifted eastern m argin. Local variations in exhum ation (e.g. inversion-related anticlines) can also be 

detected, although the elevated uncertainty requires caution on their interpretations. O nce various 

artefacts (e.g. the presence of volcanics, seism ic processing residues) have been rem oved from  cal

culations, these estim ates from  the seism ic interpretation yield an exhum ation pattern over the basin 

that correlates well w ith the interpreted structures. These m easurem ents will be com pared w ith the 

ones derived from  the inversion routine in C hapter 6.
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Figure 3.1: Compilation o f representative longitudinal profiles o f exhumation estimates over the cen
tral and south Slyne sub-basins, derived from structural projections, corresponding to the seven cho
sen typical profiles described in Figure 2.29.
Pink horizons = Tertiary volcanics. See Figure 2.29 for detailed key.
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Figure 3.2: (a) Table showing the available interval velocity data for each selected CDP o f line nwi- 
91-02. The average interval velocity is calculated for each CDP and then for the whole line. For CDPs 
with limited amount o f  data points, no calculation was conducted, (b) Vertical interval velocity profile 
for each selected CDP. Pink lines correspond to the occurrence o f volcanics. Grey shade corresponds 
to the Jurassic layer on the seism ic section.
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Figure 3.3: Structural projections tested on line nw i-91-01.
Solid lines show seism ic interpretation, dashed lines the projected stratigraphy.
Key; Pink=volcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic uncon
form ity, light purple=Top Trias, D ark Purple=Top Perm ian, D ark R ed=V ariscan unconform ity. D if
ferential projection are displayed w ith a m argin o f  ±  5°. C orresponding (AE)  are indicated.
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Figure 3.4: Selection of AE calculation “zones”. Examples from two 3D lines: (a) ILN2803, (b) 
ILN2163. Basically the “zones” are identified by the “peaks” and “troughs” of the projected stratig
raphy trend over each line. Two “scales” are tested: a local scale taking into account each subtle 
“up” and “down” of the longitudinal projected stratigraphy trend; and a regional scale only focusing 
on the major dipping variation of the longitudinal trend and “averaging” the local features. Results 
show that the local approach is meaningless since the measured local variation in AE (0.1-0.5 km) is 
largely within the uncertainty margin of ±  0.4 km.
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Figure 3.5: Influence o f faults on the AE  “zones” selection and calculation. Faults linked to the 
formation o f the basin (e.g. antithetic/synthetic faulting on the eastern margin) preceded the first ex
humation event. So, the general projected trend is considered for calculation in these cases. Transfer 
faults have a profound impact on the sedimentary pattern o f the basin. Their relation to exhumation 
events is thought to be complex. Therefore, calculations are individually made on each side of these 
faults. Finally, AE  variations corresponding to local inversion anticlines are measured directly “in 
situ” .
(a) Calculations for line nwi-91-24; inversion anticline with measured AE  from its core to its crests 
on both sides; general trend over the area in between LTF and FH-CB lineament; and local syncline to 
the southeastern end. (b) On hne nwi-91-08, two domains are identified on both sides o f the LTF, On 
the eastern side, small throw faults are encompassed within the main regional trend o f the projected 
stratigraphy, (c) Identificadon o f faulted “blocks” separated by major faults for line nwi-91-04. AE  
is calculated individually for each “block” , (d) Calculations for 3D line ILN3123. The general trend 
o f the projected stratigraphy prevails over the localised effect o f the antithetic faulting (around CDP 
2046).
LTF = Leek Transfer Fault. FH-CB = Fair Head-Clew Bay lineament. Interpretation key: Pink = 
Eocene volcanics; Green = Cretaceous chalk; Yellow = Neogene unconformity; Blue = Base M iddle 
Jurassic unconformity; Light Purple = Top Triassic; Dark Purple = Base Triassic; Red = Variscan 
unconformity.
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Figure 3.6; D ifferential exhum ation estim ates (A £) derived from  structural projections for line 
ILN3123.
Solid lines show  seism ic interpretation, dashed lines the projected stratigraphy.
Key: Pink=V olcanic sill, Y ellow =N eogene unconform ity. L ight B lue^B ase M iddle Jurassic uncon
formity, light purple=Top Trias, D ark Purple=Top Perm ian, D ark Red=V ariscan unconform ity.

AE =  -0 .7  AE =  1 2

3D-ILN2803
- r —T--------- -̂--------- 1------ r — —̂ ““ 1--------- -̂----------1--------- '-------- 1— ^ ^  T“
600 920 1240 1560 1880 2200 2520 2840

CDP n u m b e r

Figure 3.7: D ifferential exhum ation estim ates (A £) derived from  structural projections for line 
ILN2803.
Solid lines show seism ic interpretation, dashed lines the projected stratigraphy.
Key: Pink=volcanic sill, Yellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic uncon
formity, light purple=Top Trias, D ark Purple=Top Perm ian, D ark Red=V ariscan unconform ity.
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Figure 3.8: D ifferential exhum ation estim ates (A £) derived from  structural projections for line 
ILN 2163.
Solid  lines show seism ic interpretation, dashed lines the projected stratigraphy.
Key: Pink=volcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic uncon
form ity, light purple=Top Trias, D ark Purple=Top Perm ian, D ark Red=V ariscan unconform ity.
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CDP number

Figure 3.9: D ifferential exhum ation estim ates (AE)  derived from structural projections for line nwi- 
91-14. Solid lines show seism ic interpretation, D ashed lines the projected stratigraphy.
Key: Pink=volcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic uncon
formity, light purple=Top Trias, D ark Purple=Top Perm ian, Dark Red=Variscan unconform ity.
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Figure 3.10: D ifferential exhum ation estim ates (A f)  derived from  structural projections for line nwi- 
91-10.
Solid lines show seism ic interpretation, dashed lines the projected stratigraphy.
Key: P ink=volcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic uncon
form ity, light purple=Top Trias, D ark Purple=Top Perm ian, D ark R ed=V ariscan unconform ity.
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CDP num ber

Figure 3.11: D ifferential exhum ation estim ates (A f)  derived from  structural projections for line nwi- 
91-02.
Solid lines show seism ic interpretation, dashed lines the projected stratigraphy.
Key: P ink=volcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic uncon
formity, light purple=Top Trias, Dark Purple=Top Perm ian, D ark Red=Variscan unconform ity.
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-̂ Oô  'S sg 'Oo^ '̂ <,̂  'Os^ %  <̂% <>% ^

CDP number

Figure 3.12: D ifferential exhum ation estim ates (A £) derived from  structural projections for line nw i- 
91-01.
Solid lines show seism ic interpretation, dashed lines the projected stratigraphy.
Key; Pink=volcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic uncon
formity, light purple=Top Trias, D ark Purple=Top Perm ian, D ark Red=V ariscan unconform ity.
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F igure  3.13: C om p ila tio n  o f  d iffe ren tia l ex h u m atio n  e s tim a tes  derived  from  the s tru c tu ra l p ro jec tio n s , 
(a) C o loured  c irc les show  ex h u m atio n  values ca lcu la ted  for every  se lec ted  s tru c tu ra l fea tu re , (b) 
C on tou rs p lo tted  by  find ing  the  m ean  ex h u m atio n  w ith in  0 .2  by 0 . 1 d eg re e  b in s  (ap p ro x im a te ly  10 by  

10 km ) and  in te rp o la tin g  the re su lt on to  a  0.01 degree  grid .
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Chapter 4

Inverting seismic velocities to constrain 
exhumation

4.1 Background

Seismic velocity is controlled by numerous factors such as mineralogy, porosity, density, pore fluid 

composition and properties, pressure and depth of the imaged succession (e.g. Sheriff and Geldart, 

1983). However, the porosity o f the medium is often the primary control on bulk seismic velocity 

because the seismic velocity o f pore lluid is three to four limes lower than that of sedimentary grains 

(e.g. Christensen, 1982; Mavko et a i ,  1998; Wyllie et ai,  1956). Therefore by measuring the seismic 

velocity o f a sedimentary rock, its porosity can be estimated. Similar methods are routinely used by 

the hydrocarbon industry, for example in inverting seismic amplitude to estimate the porosity of chalk 

reservoirs (Guilbot et a i ,  2002; Dvorkin and Alkhater, 2004).

As sediment is buried, it is subjected to higher pressure and higher temperature, and cementation 

begins. The processes of cementation and compaction reduce porosity. For clastic sediments, the 

decrease in porosity with depth of burial is largely irreversible. That is, if a sedimentary rock is 

subsequently uplifted, it will keep the signature of the porosity reached at the maximum depth of 

burial. Thus, by measuring the present-day porosity of a sedimentary rock, and knowing the porosity 

decay trend with depth of an unexhumed sedimentary column, the maximum depth o f burial of that 

sedimentary rock can be calculated. The difference between the present-day and the maximum depth 

attained indicates the magnitude of exhumation. The secondary effects o f cementation and diagenesis 

together with complications such as the presence of gas hydrates and hydrocarbons were ignored to 

avoid making the model too complex (Walford and White, 2005).

Sonic interval velocity logs from boreholes are often used to calculate exhumation (e.g. Hillis, 1995a,b; 

Menpes and Hillis, 1995; Ware and Turner, 2002). Changes in lithology cause very short wavelength 

variations, and it appears very difficult to build a simple model that can account for these short- 

wavelength features. In contrast, root-mean-square (RMS) velocity profiles (V„,s) derived from seis-
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mic reflection data are, by definition, smootii, since they are an integration o f interval velocities over 

two-way travel time (Yilmaz, 2001). The great advantage of this smoothness is that it averages these 

short wavelength variations due to lithological changes.

4.2 Previous studies

Walford and White (2005) developed an inverse model to determine the magnitude of exhumation 

that best fits measurements obtained from individual common depth point (CDP) gathers during 

seismic reflection processing. This inverse scheme is based on a forward model that calculates Vrms 
profiles for known values of exhumation. The forward model consists of three steps. I'irst, a porosity- 

depth curve is constructed using an empirical porosity model and a specified level o f exhumation. 

Secondly, a seismic interval velocity-depth curve is calculated from the porosity-depth curve. Finally, 

the interval velocity curve is converted to an RMS velocity curve. The inverse model works by 

automancally running multiple forward models, and systematically varying the value of exhumation 

until the difference between the observed and calculated RMS velocity curves is minimized.

4.2.1 Forward model 

Velocily-Porosity relationship

Walt'orJ and White (2005) compared several schemes for calculating seismic velocity given the poros

ity of s liciclastic sediments (e.g. Erickson and Jarrard, 1998; Castagna et ai ,  1985; Han et al., 1986; 

Raymer et ai ,  1980; Wyllie et al ,  1956) and found that the simple time-average equation from Wyllie 

et al. ( 956) provided the most consistent match to seismic stacking velocity data (other methods re

sulted :n poorer fits and much larger residual misfits). The fime-average equation states that the bulk 

seismic interval velocity, V, is the harmonic mean of the seismic velocifies of the pore fluid fraction 

and the solid grain fraction, i.e.

where Vji is flic seism ic velocity o f  the pore fluid and V* is the velocity of the sedimentary grains.

Porosity-depth relationship

The pcrosity-depth relationship, (j>(z). used is the well-known exponential decay curve, modified to 

take exhumation into account and referenced to sea-level, so that:
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(4.2)

where z is depth below sea level, WD is the water depth and E is exhumation (termed denudation by 

Walford and White (2005)). The porosity-depth relationship of most siliciclastic rock successions can 

be well matched by choosing appropriate values for the depositional porosity, 0o, and the compaction 

length scale, A.

Conversion to RMS velocity

The velocity-porosity equation stated above (equation 4.1) uses the seismic interval velocity which 

corresponds to the velocity at a given depth. However the velocities resulting from seismic reflection 

data processing are root-mean squared velocities from the sea-surface to a given depth. Therefore, it is 

essential to convert interval velocity to RMS velocity. To perform this conversion, the two-way-travel 

time, t, as a function of depth is required:

The interval velocity, V,,„, can then be expressed as a function of t rather than depth. Once V„„ (z) is 

found, the RMS velocity, Vrm.v(z) can be calculated, as a function o f t, from:

4.2.2 Inverse model

The inverse problem is solved using Powell’s algorithm (Press et a i ,  1992) to minimize the following 

misfit function (M):

(4.3)

(4.4)

(4.5)

where
Af| =  0

M\ = W\ (exp[—£] — 1)

for£ ' > 0  

for £  <  0

M2 =  V V 2 e x p [ W 3 ( 0 o - l ) ]
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and n is the number of data points and a  is the error in the observed Vrms- W i, W 2 and W 3 are 

weighting factors, typically equal to 10, 1, and 50, respectively (Walford and White, 2005).

'rhe first term o f this function measures the chi-squared (x^)  discrepancy between the modelled (V- ) 
and observed (V-') profiles. The second and third terms are addidonal weighdng functions de

signed to discourage negative values for exhumation (M |) and/or depositional porosities over 100% 
(M2 ). Each model V„„.v(z) profile therefore depends on four material property parameters: the com

paction parameters 0o and A; and the seismic velocity parameters V// and V .̂ Walford and White 
(2005) performed several tests, both on synthetic and real datasets, to find out which of these pa

rameters need to be fixed beforehand in order to get a well-constrained exhumation estimate from 
the inverse model. They found that it is not possible to uniquely determine all four parameters from 
seismic velocity data as well as being able to calculate the amount of exhumation. Therefore all of 

these parameters need to be fixed. It is particularly important to choose the deposifional porosity with 
care, since there is strong trade-off between exhumation and depositional porosity.

In the light of these results, both Walford and White (2005) and Mackay and White (2006) adopted 

the following strategy:

1. Fix Vfi and Vj for each region of interest.

2. For each seismic line, choose starting values of 0o and A, either by separate modelling of 
stacking velocities from a nearby region known to have undergone no exhumafion, or from 

published reports of local compaction parameters.

3. For each CDP, invert the Vrms profile using the starting and A values to get an initial estimate 
of exhumation.

4. If the misfit is much greater than 1, systematically vary first ^  and then A within physically 
reasonable bounds unfil the misfit is closest to 1 .

4.3 This study

As in the previous studies, the seismic stacking velocities determined from the original seismic pro

cessing flow were used, 'fhe 2D stacking velocifies were manually entered from tables printed on 

paper copies of the seismic sections. The 3D stacking velocity field was supplied in electronic for

mat.

4.3.1 Data uncertainty

The input data for the inverse model consist of t — Vrms pairs from CDPs obtained from seismic 
reflection profiles. Water depth at each CDP is also provided from the seismic reflection data. Error 

in t is assumed to be negligible (±  0 . 0 1  s) whereas the error in the picked Vrms increases wifli depth.
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Legacy data were used in this study, so there is not a direct control on the accuracy of the pici<ed ve

locities during seismic processing. In order to account for the uncertainty associated with this stage of 

the data processing, and following the strategy of Walford and White (2005), synthetic normal move- 

out (NMO) plots were created for the whole 2D NWI-91 survey. Information about the acquisition 

geometry was acquired from the headers of the survey. Overall, one to two data points per second 

were used. Random noise was added to make the synthetic data more realistic. Once the synthetic 

NMO was calculated the semblance plot was inspected. The half-width of the semblance peak would 

normally represent a trustworthy estimate o f the error in RMS velocity (a ) .  Since synthetic NMO 

plots were used, this estimate reflects here a minimum value for a .  So to account for the quality of 

the real data, the full width of the semblance peak was taken as an estimate for a . More than 1000 

error estim ates were gathered in the profile shown in Figure 4.1. The best fitting corresponding error 

profile was drawn after analysis o f the error distribution. Initially three domains were identified which 

were subsequently reduced to two.

For t <  ~  0.5 s, a  exhibits some elevated values (up to 270 m s^ ') . Velocity picks in shallow water

NMO plots o f the topmost sedimentary layers are subject to error since the first reflected arrivals

can be obscured by refraction effects and are often muted out. However, the RMS velocities used in 

the inversion scheme are by definifion smooth (Yilmaz, 2001) and the velocity at the seabed is the 

seawater velocity, so is tightly constrained (Vy; = 1.5 ±  0.02 km s^ ') .  These synthetic high values 

will not be taken into account as they are believed to be artefacts and the value from the second 

domain will be used for the first domain. Further down the section, the offset is sufficient enough 

to overcome these problems. For t <  ~  3.25 s, a  ranges between 60 and 80 m s ' .  The median 

and average were calculated, respectively at 70 and 75 m s ' .  The median value was preferred since 

outlier values (>  120 m s ')  are overweighted in the average calculation. For the third domain (t >  ~  

3.25 s) a linear regression was required to obtain the optimal match. I'he resulting best fit line yields 

a value of a  = 70 m s ' at 3308 ms (the intersection o f the two best-fit lines). The full error function 

implemented in the inversion code is then:

a  =  70 m s ' for r <  3308 ms

a  =  0 .0 5 6 5 /— 116.92 m s ' for r >  3308 ms

4.3.2 Multiple unconformities

The seismic interpretafion of the basin (see Chapter 2 section 2.3) revealed the presence of two major 

unconformities: the shallow Neogene composite unconformity and the deeper Variscan unconformity. 

A third minor unconformity (Base Middle Jurassic) is observed but is interpreted as a depositional 

discontinuity due to syn-sedimentary tectonics and/or typical fan-shaped delta deposit. The relative 

importance o f integrating both these unconformities into the inversion routine are discussed in Figure 

4.2.

The model in Figure 4.2 (a) only considers the Neogene unconformity. The maximum two-way 

time (TWT) o f inversion is set to 8 s (which corresponds to including the whole vertical seismic 

velocity data). The exhumation esfimate obtained is around 3 km. The model in Figure 4.2 (b) takes
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into account the deeper Variscan unconform ity by setting the m axim um  T W T o f  inversion to the 

TW T corresponding to the Variscan unconform ity. The exhum ation estim ate is reduced to 2.1 km. 

'I'he Variscan unconform ity exfiibits a significant angular d iscontinuity (see  Chapter 2 section  2 .3 .4  

and Figure 2 .23 ). Therefore the underlying com pacted rocks brought to shallow er depths during 

the Variscan exhum ation ep isod e  are expected  to rellect an elevated  R M S velocity  signature. W hen  

the Variscan unconform ity is ignored the m odel is forced to fit these elevated R M S velocities by 

increasing (and thus overestim ating) the amount o f  exhum ation at the N eogen e unconform ity.

In order to reach a robust estim ate o f  exhum ation at the N eogen e unconform ity the Variscan un

conform ity m ust be taken into account in the m odelling. To do so the .section above the Variscan 

unconform ity is first inverted to obtain an estim ate o f  exhum ation, E i, at the N eogen e unconform ity  

(this corresponds to Figure 4 .2  (b)). Then the m odel is re-run by incorporating a Ei value o f  exhum a

tion at the N eo g en e  unconform ity and inverting data deeper than the Variscan unconform ity. The 

exhum ation estim ate obtained, E 2 , is illustrated in Figure 4 .2  (c). The value is large (more than 4  km) 

and the m isfit important ( >  6). This could  be linked to the lack o f  know ledge regarding the overall 

m axim um  depth o f  burial o f  the sedim entary section  in the case o f  considering two levels o f  exhum a

tion. The m odel is based on a porosity decay with a depth profile that relates the sedim ent porosity to 

the m axim um  depth o f  burial (equation 4 .2 ). In the case o f  a sedim entary section with two unconfor

m ities (associated  w ith tw o ep isod es o f  exhum ation) (Figure 4 .3 ) the m axim um  depth o f  burial m ay  

have been reached before the first ep isod e o f  exhum ation (Figure 4 .3  (b)) or at som e interm ediate 

tim e betw een  the tw o exhum ation events (Figure 4 .3  (d)). In the latter case tfie first m axim um  depth  

o f  burial w ill have been ‘w iped  aw ay’ by the second ep isode o f  subsidence (Figure 4 .3). Therefore 

only  an upper bound o f  the m agnitude o f  the first exhum ation event, H2 , can be retrieved (Figure 4.3  

(c)). If the first m axim um  depth o f  burial was attained during the first ep isode o f  subsidence, E 2 can 

be estim ated (Figure 4 .3  (b)). W alford and W hite (2(X)5) d iscussed  the different p ossib le scenarios 

and how the corresponding value o f  E 2 could  be constrained (Figure 4 .3).

'I'he very large m isfit obtained m ight a lso  be attributed to the validity o f  the sim ple velocity-porosity  

m odel used (equation 4 .2 ) (W yllie et at. , 1956). Pre-Variscan rocks have suffered important c o m 

paction and their porosity may be pardcularly reduced (<  20 % or even <  10 %). In that case the 

W yllie m odel m ay not b e fully  valid and specific relationships d esigned  for porosities less than ~  30  

% (e.g. C astagna e t  al., 1985) may be preferred. W alford and W hite (2005) tested these alternative 

velocity-porosity  relationships and found that they generated larger residual m isfits than the W yllie  

m odel for little net im provem ent in the results. M ackay and W hite (2006) concluded that with the 

present inversion m odellin g  schem e, exhum ation estim ates for E2 could  not be satisfactorily co n 

strained and on ly  focu ssed  on E l .  In this project, legacy data o f  only average quality have been used  

(see Chapter 2 section  2 .3 .1 ). The stacking velocity  inform ation is derived from routine analysis per

form ed during se ism ic processing. T h ese picks were on ly  m ade to produce reasonable C D P stacks 

o f  adequate quality. The constraints on the deepest velocity  p icks (i.e. the ones corresponding to 

pre-Variscan layers) are very poor and the am ount o f  velocity  data very lim ited (one to two p icks). In 

these circum stances it d oes not seem  sufficiently robust to build a separate vclocity-porosity  m odel 

for the pre-Variscan data. For all these reasons this study w ill on ly focu s on estim ating the m agnitude 

o f  exhum ation at the N eogen e unconform ity. The chosen m odel is the one presented in Figure 4 .2  

(b).
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4.3.3 Constraining the seismic velocity parameters 

Rock matrix velocity

The stratigraphy of the Slyne basin is dominated by siHciclastic sediments (mainly sandstones and 

claystones) with locaHsed limestones and evaporites (see Chapter 2 section 2.2.3). Quartz is their 

primary constituent, so its P-wave velocity, 6.05 km s ' (Table 4.1, Christensen (1982); Mavko et al. 

(1998)), is believed to be the principal component of the average matrix velocity. Therefore a rock 

matrix velocity, V^, of 6 km s^ ' was chosen in the inversion models. Other minerals expected to be 

present in the sedimentary succession such as carbonates and evaporites exhibit velocities in the range 

3 .4-7 .4  km s^ ' (Table 4.1, Christensen (1982); Mavko et al. (1998)). In order to test the influence 

o f these velocities on the exhumation results, inversions were carried with a value varying within 

the range 4-6.5 km s^ ' (Figure 4.4). Within the range V.s = 5.5-6.5 km s ' (Figure 4.4 (a)-(c)) 

exhumation values (Ev^) can be retrieved with uncertainty of ±  250 m (this error is defined as half 

the difference between Ev, is much more important (1 km more than Ev,,, Figure 4.4 (d))

and the corresponding misfit is significantly larger while within the range = 5.5-6.5 km the misfit 

is reduced as is decreased. This combined effect o f a much larger exhumation result with a poorer 

model fit led to this Vs value being discarded. To confirm that decision, a test was made with set 

to 4 km s ' (an extreme value) (Figure 4.4 (e)). An unrealistic exhumation estimate is found (almost 

5 km) and the misfit is even more severely compromised.

Pore fluid velocity

I’he pore fluid velocity, V//, chosen was the velocity of sea water i.e. 1.5 km s ' (Christensen, 1982; 

Heck and Service, 1924). Pore fluid velocity varies with pressure and temperature. A 1 °C change in 

temperature produces a 4 m s ' variation in velocity while an increase in hydrostatic pressure (1 km 

of water) results in a velocity increase of 17 m s ’ . The deepest explorafion well in the central/south 

Slyne is well 27/13-1 reaches around 2.7 km in the Upper Triassic. By extrapolation to the deepest 

parts of the basin considered in the inversion (the Variscan unconformity along the basin-bounding 

fault in the region 5 of Figure 2.29) it is estimated that the maximum depth should be around 5 -6  km 

and so the maximum variation in V// should be around 100 m s ' . The minimum sea water velocity 

is 1.48 km s ' (e.g. Millero and Kubinski, 1975; Wilson, 1960). V/-; values in the range 1.48-1.58 

km s ' were tested (Figure 4.5). Exhumation estimates vary within a range of ~  250 m for V 1. 48- 

1.55 km s ' (Figure 4.5 (a)-(d)). For V //= 1.58 km s ' (Figure 4.5 (e)) the exhumation estimate gets 

significantly reduced while the misfit is significantly increased. This indicates that such a large value 

of V fi may be unrealistic and is therefore excluded from the test.

4.3.4 Constraining the porosity parameters

Following the Mackay and White (2006) regional survey of exhumation around Britain and Ireland, 

starting values of (po = 0.65 and A = 2 km were used. These values were determined by Sclater and
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Christie (1980) from compaction analyses from North Sea siliciclastic rocks. In order to constrain 

better these regional values for (po and A, modelling of stacking velocities was undertaken in areas 

with no exhumation. lb  perform this specific analysis, the inversion routine was slightly modified to 

invert for 0o with fixed values o f exhumation, Vj and A.

Slyne Basin Neogene

A first study was carried out exclusively on the Neogene layers from the Slyne Basin (all the strata 

above the Neogene unconformity) as seismic interpretation of the basin reveals the Neogene has 

undergone no previous exhumation episode. The exhumation parameter, E, was set to zero and 

was calculated for different values of and A (e.g. Table 4.2). Since little variation in was noticed 

for Vs and A in the range 4-7  km s“ ' and 1-3 km respectively, Vj and A were respectively set to 6 km 

s ' and 2 km for further investigation. The corresponding values of (/>o were gathered on a histogram 

(Figure 4.6). Two populations o f values can clearly be identified: a first one around 0.63 and a second 

more important population around 0.75. By plotting all the 0o estimates, a map of their distribution 

can be made across the Slyne Basin (Figure 4.7). h  appears that the low values of 0o, corresponding 

to the first group, overlap the areas covered by Tertiary volcanics. I'hese areas are characterised by 

anomalously high RMS velocity signal (the typical signature of volcanics). To match these elevated 

velocities the model reduces the amount of depositional porosity. Therefore this group was ignored 

and only the second group was considered. The value of used is 0.75. However, only a very thin 

sequence of the seismic section (maximum 200-250 ms TWT) associated with a relatively limited 

amount of velocity data (2 to 4 points) were used in this modelling. In order to confirm these results, 

the same study was undertaken on a selected area of the nearby Porcupine Basin.

Porcupine Basin

Modelling was applied to seismic data from the Porcupine Basin. It has suffered no major denuda

tional event since a Jurassic/Cretaceous uplift event (Shannon, 1991; Jones et al., 2001) and contains 

a thick Cainozoic succession (up to 2 s TWT). A number of Tertiary unconformities (CIO, C20, 

C30 and C40 of respectively Early (or Intra) Pliocene, latest Early Miocene or Base Neogene, latest 

Eocene-Early Oligocene and Palaeocene age) have been described in the Porcupine Basin (McDonnell 

and Shannon, 2001; Stoker et a l ,  2005a,c) (Figure 4.8) related to global compressional movements 

(Stoker et a l ,  2005b). Shannon (1991) stated that this compression was probably accommodated by 

wrench faulting along the north-south basin margin faults of the Porcupine Basin. Many of the un

conformities observed in the Tertiary strata of the Porcupine Basin grade into conformity in the basin 

centre (McDonnell and Shannon, 2001). Therefore, these unconformities seem to be more deposi

tional than erosional. McDonnell and Shannon (2001) related the C40 and C30 events to sea level 

falls. They remarked that Palaeocene regional uplift associated with the Iceland plume contributed 

very little to the Porcupine Basin sedimentary record. Shannon et al. (1999) argued that its effect 

were probably minor in the Porcupine Basin. The C30 event was probably linked to the onset of 

bottom current activity (Stoker, 1997) which caused reworking of the depositioning sediments. The
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C20 unconformity is also interpreted to be related to changing ocean current patterns (McDonnell 

and Shannon, 2001). The C 10 unconformity, which shows noticeable erosional truncations, may rep
resent the stratigraphic response to the latest Cainozoic exhumation of Britain and Ireland (Japsen, 

1997; McDonnell and Shannon, 2001). Altogether, these unconformities are not associated with large 
amount of eroded materials as demonstrated by the fairly complete sedimentary record of Cainozoic 

strata in the Porcupine Basin (Shannon, 1991; Jones et a i, 2001). Therefore the amount of erosion 
that happened in the Tertiary sequence of the Porcupine Basin is probably less important than the un

certainty on the inversion method (±  250-300 m, see sections 4.3.1, 4.3.2 and 4.3.3 and Walford and 

White (2005) and Mackay and White (2006)). Similarly to the Slyne Basin, Cainozoic strata from the 

Porcupine Basin are principally made of sand and clay (Moore and Shannon, 1992; Shannon, 1992; 
Shannon et a i, 1993).

Lines were selected from the spb97 survey in the Main Porcupine basin (e.g. Figure 4.8). The margins 

of the basin were excluded from the analysis since they show clear erosive contacts and are thought 
to have experienced significant uplift (McDonnell and Shannon, 2001). Care must be taken when 

interpreting the Cretaceous chalk as the simple velocity model based on the time-averaged equation 
is not valid for this lithology. As for the Neogene strata of the Slyne Basin, the model is run with 

the exhumation parameter, E, set to zero and starting values of Vj and A respectively of 6 km s ' 

and 2 km. Two depth configurations were tested. The first one incorporated into the model the data 
above the base Neogene unconformity only (Figure 4.9) to allow a qualitative comparison with the 
Slyne Basin Neogene analysis. I ’he model was then run down to the top Cretaceous chalk reflector in 
order to include more input velocity data points (Figure 4.10). The former modelling suggests a 
value of about 0.67 while the latter exhibits a distribution centred around 0.70. Both values are lower 

than the (j)[) obtained for the Neogene strata of the Slyne basin. The limited amount of velocity data 
points for the Slyne Basin (two to four input data points) compared with the Porcupine Basin (five 

to seven input data points) favours the results from the Porcupine Basin (the input velocity is much 
better constrained). Therefore the chosen value for the depositional porosity, (j>o, is 0.7.

The error on 0o and A was further tested in the inversion model (Figure 4.11). The results show 

significant variations which confirms that it is crucial to choose these parameters with care. With a 
0.6-0.8 range for exhumation estimates exhibits a 700 m variation. The error associated with a 0.5 

km change of the A parameter is also very large (500 m with <j)o=0.6 and 700 m for 0q=O.8).

4.3.5 A quality controlled automated routine

As discussed in Chapter 2 section 2.3.5, two quality control figures have been developed to assist in 

choosing the appropriate stacking velocity profiles. The first figure superimposes the RMS velocity 
field on the seismic reflection profiles (Figure 4.12 (b)), providing a helpful first-order comparison 

between the input velocity data and the geology of the area. I ’he second figure superimposes the 
interval velocity field (Figure 4.13 (b)) and proves very usefiil for detecting potential anomalous 
velocity contrasts such as spurious picks from local errors in the velocity model that do not correspond 
to geological features.
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In order to process the 3D stacking velocity data, a routine to autom atically and system atically invert 

large num bers o f  C D P gathers was developed. An alternative quality control can be used to check 

the velocity field on a selected 3D  line from extracting the velocity inform ation from  the 31^ grid o f 

velocity data and p lotting  it against a  longitudinal profile extracted from  the 3D volum e (F igure 4.14).

4.3.6 Seismic interpretation feedbacks

New stratigraphic in terpretations w ere made for each 2D seism ic section and for the entire 3D volume 

(see C hapter 2 .section 2.3). They w ere constrained and calibrated using all available well data from 

the Slyne Basin and the published sections of D ancer et al. ( 1999).

A long w ith the m any param eters that have been considered in the m odel inversion routine one im 

portant characteristic  o f the Slyne basin  needs particular attention. As discussed in section 4.3.2, it is 

critical to know  the depth to the Variscan basem ent from accurate m apping o f the Variscan unconfor

mity. If the Variscan exhum ation was greater than the exhum ation at the Jurassic-M iocene com posite 

unconform ity, as seem s likely, then Vrms picks beneath the Variscan unconform ity cannot be used to 

constrain exhum ation at the Jurassic-M iocene com posite unconformity. Thu.s, the Vari.scan uncon

form ity represents the m axim um  depth  (expressed as a function o f tw o-w ay travel tim e) incorporated 

into the inversion schem es.

All data from  the w estern m argin of the Slyne basin (Slyne Ridge and Slyne High) have been rem oved 

from  the analysis since no accurate seism ic interpretation can be conducted (all 2D and 3D lines from 

the central Slyne basin, see C hapter 2 e.g. Figures 2.9. 2.7, 2.10, 2.15). In addition it is possible that 

both the S lyne R idge and the Slyne High com prise crystalline rocks for which the m odel used in this 

study is not suitable. On the eastern  margin, some line exU'emities have been ignored as they exhibit 

several generations o f  m ultiples obscuring the signal and thus preventing a reliable interpretation 

(e.g. F igures 5.9 & 5 .1 1 discussed in the following Chapter 5). Highly faulted zones have also  been 

processed w ith care since the input velocity can experience substantial variations in their vicinity. 

This effect is particularly  pronounced near transfer faults (see C hapter 2 section 2.3.5).

Finally w ith  the help o f  the interval velocity field presented in the previous section som e anom alously 

high velocity  picks corresponding to intrusions o f  sills have been rem oved w here clearly identified 

(Figure 4.15). In m any areas covered by an extrusive volcanic layer the seism ic velocity signal did 

not show corresponding  specific peaks o f  velocity but rather a general perturbation o f  the m ajority o f  

the vertical profile (Figure 4.16). T herefore no adjustm ent o f  the data w as possible. C hapter 5 section 

5.2.2 w ill discuss in  detail the influence o f  such velocity perturbafions on the exhum ation estim ates.
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Error (nv's)

Figure 4.1: Crosses = Error (a )  in picked RMS velocity as a function of Two-Way Travel Time (t) 
estimated from synthetic semblance plots generated for CDPs of the 13 2D lines o f survey nw i91. 
Solid line = Error function implemented in modelling.
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Figure 4.2; Results from modelling with multiple unconformities, (a) Inversion over the whole depth 
range for the Neogene unconformity only, (b) Inversion for the Neogene unconformity down to the 
Variscan unconformity, (c) Inversion for the Variscan unconformity with results from (b) entered as 
the value o f exhumation associated w ith the Neogene unconformity.
Key: Dashed line = Neogene unconformity; Dotted line = Variscan unconformity; E = exhumation 
at given unconformity; E l = exhumation at Neogene unconformity; E2 = exhumation at Variscan 
unconform ity; m isfit = value from misfit function defined in equation 4.5; t„„( = two-way-time (TW T) 
o f selected unconformity; t„„„ = minimum TW T of inversion; t„,„f = maximum TW T o f inversion; V j 
= velocity o f solid matrix; (̂ q = deposifional porosity; X =  porosity decay length.
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Figure 4.3: (a) Cartoon showing simplified subsidence and exhumation history for the Slyne Basin 
(adapted from Walford and White (2005)). Key: S2 = pre-Variscan subsidence; E2 = Variscan ex
humation; Z 2 = remaining Variscan strata post-Variscan exhumation; S| = Permo-Jurassic subsidence; 
E] = composite Jurassic-Neogene episodes o f exhumation; Z | = remaining Permo-Jurassic strata post 
Jurassic-Neogene exhumation events; So = post-Neogene sedimentation (subsidence is assumed neg
lig ib le and So w ill be ignored from calculation for scenarios (b)-(d)).
(b )-(d ) Cartoon showing the relative importance o f the first exhumation event, E 2 , versus the sec
ond episode o f subsidence, Sj. (b) Maximum depth o f burial, reached during S2 . E 2 can be 
constrained and calculated from the given equation, (c) Upper lim it o f E2 = S| corresponding to a 
theorefical case o f an equivalent Z„,a^ for both S| and S2 . (d) Z „ „ „  attained at S|, i.e. in between E2 

and E]. The maximum depth of burial corresponding to S2 cannot be retrieved. E2 cannot be well 
constrained. Only an upper lim it o f E 2 = Si (see (c)) can be calculated.
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Figure 4.5: Effect o f varying the pore fluid velocity (V //)  on Neogene exhumation estimates, (a) 
Chosen model with V /;  = 1.5 km s^ ' .  (b)-(e) Respective V // value o f 1.48, 1.52, 1.55 and 1.58 km 
s~' .  Key: see Figure 4.2
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Figure 4.6: Histogram of the distribution of (j)o values for the Slyne Basin. Results from modelling 
with the exhumation parameter, E, set to 0 and Vs= 6 km s“ '.
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Figure 4.7: Map o f the distribution o f 0o values across the Slyne Basin. Results from modelling with 
the exhumation parameter, E, set to 0 and Vs= 6 km s“ ' . A = 2 km.
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Figure 4.8: Typical seismic profile across the Porcupine Basin (line spb97-103) showing a thick sediment accumulation in the centre o f the basin. Tertiary unconformities 
described by McDonnell and Shannon (2001); Stoker et al. (2005a,c) are represented. Since the Tertiary sedimentary record in the Porcupine Basin is fairly complete 
(Shannon, 1991; Jones et al., 2001), they are thought to have generated little erosion.
Vertical black RMS velocity profile for each CDP are superimposed on the display.
Key: Pale Yellow = C 10 = Early Pliocene unconformity (McDonnell and Shannon, 2001) or Intra Pliocene unconformity (Stoker et al., 2005a,c); Dark Yellow = C20 = 
latest Early Miocene unconformity (McDonnell and Shannon, 2001) or Base Neogene unconformity (Stoker et al., 2005a,c); Orange = C30 = late Eocene unconformity 
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Figure 4.9: Histogram of the distribution of 0o values for the Porcupine Basin. Results from modelling 
down to the Base Neogene unconformity with the exhumation parameter, E, set to 0 and V 6 km 
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Figure 4.12; Analysis of typical 2D seismic line, (a) Exhumation estimates, (b) Seismic reflection 
data (background) overlain with RMS velocity field (colour) and vertical RMS velocity profile for
each COP (black lines). The red line is the Neogene unconformity, (c) Seismic interpretation: yellow 
= Neogene unconformity; blue = Base Middle Jurassic unconformity; light purple = Top Triassic; 
dark purple = Base Triassic; red = Variscan unconformity.
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Figure 4.13: Analysis of typical 2D seismic line, (a) Exhumation estimates, (b) Seismic reflection
data (background) overlain with interval velocity field (colour) and vertical interval velocity profile for
each CDP (black lines). The red line is the Neogene unconformity, (c) Seismic interpretation: yellow
= Neogene unconformity; blue = Base Middle Jurassic unconformity; light purple = Top Triassic; dark purple = Base Triassic; red = Variscan unconformity.
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Figure 4.15: Section o f 2D seismic line showing clear identification o f volcanic sills from interval 
velocity field (a typical kink in interval velocity is observed at the level o f the sill).
Interval velocity field (colour) with individual interval velocity profiles for each CDP (black curves) 
on the left, seismic interpretation on the right. Key: pink = volcanics; yellow = Neogene unconfor
mity; blue = Base M iddle Jurassic unconformity; light purple = Top Triassic; dark purple = Base 
Triassic; red = Variscan unconformity.
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Figure 4.16: 2D seismic lines showing interval velocity perturbations (chaotic seismic and elevated 
interval velocity field through the whole vertical section) associated with the extrusion o f  volcanics. 
(a) Example from line nwi-91-08. (b) Example from line nwi-91-20.
Interval velocity field (colour) with individual interval velocity profiles for each CDP (black curves) 
on the left, seismic interpretation on the right. Key: pink = volcanics; yellow = Neogene unconfor
mity; blue = Base M iddle Jurassic unconformity; light purple = Top Triassic; dark purple = Base 
Triassic; red = Variscan unconformity.
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Mineral \ p  (km s ') Compiled by Original references
Anhydrite 5.64-6.01 Mavko et al. (1998) [01,02]

Biotite 5.26 Christensen (1982) [03]
- 4.35-6.17 Mavko et al. (1998) [03, 04]

Calcite 6.53 Christensen (1982) [05]
- 6.26-6.54 Mavko et al. (1998) [05, 06, 07, 08, 09]

Clays / Mixed Clays 3.40-3.81 Mavko etal. (1998) [10, 11, 12, 13]
Dolomite 6.93-7.34 Mavko etal. (1998) [14, 15, 16]

Halite 4.50-4.55 Mavko et al. (1998) [06, 17, 18, 19, 20]
Illite 4.32 Mavko etal. (1998) [21]

Kaolinite 1.44 Mavko et al. (1998) [22]
Muscovite 5.78 Christensen (1982) [03]

- 5.10-6.46 Mavko et al. (1998) [03, 04, 23]
Phlogopite 5.44-5.55 Christensen (1982) [03]

- 4.56-6.33 Mavko et al. (1998) [03, 04]
Plagioclase 6.07-6.70 Christensen (1982) [24, 25]

- 6.46 Mavko et al. (1998) [22]
Quartz 6.05 Christensen (1982) [26]

- 6.04-6.06 Mavko et al. (1998) [06, 09, 27, 28, 291
Quartz with Clay 5.59 Mavko etal. (1998) [11, 13]

Table 4.1: Seismic P-wave velocity, Vp, in some rock forming minerals.

Original references: [01] = Schwerdtner et al. (1965) ; [02] = Rafavich et at. (1984) ; [03] = Alek
sandrov and Ryzhova (196lb) ; [04] = Ellis et al. (1988) ; [05] = Dandekar (1968) ; [06] = Simmons 
(1965) ; [07] = Bhimasenachar (1945) ; [08] = Peselnick and Robie (1963) ; [09] = Anderson and 
Liebermann (1966) ; [ 10] = Tosaya (1982) ; [ 11 [ = Han et al. ( 1986) ; [ 12] = Castagna et al. (1985) 
; [13] = Blangy (1992) ; [14] = Schlumberger (1994) ; [15] = Humbert and Plicque (1972) ; [16] = 
Nurand Simmons (1969) ; [17] = Spangenburg and Haussuhl (1957) ; [18] = Lazarus (1949) ; [19] = 
Papadakis (1963); [20] = Birch (1966); [21] = Eastwood and Castagna (1987); [22] = Woeber et al. 
(1963) ; [23] = Aleksandrov and Ryzhova (1961a) ; [24] = Aleksandrov and Ryzhova (1962) ; [25] = 
Ryzhova (1964) ; [26] = McSkimin et al. (1965) ; [27] = Mason (1943) ; [28] = Koga et al. (1958) ; 
[29] = Carmichael (1989).

(km s ')
A (km)

4 5 6 7

1 0.700 0.737 0.758 0.770
1.5 0.684 0.722 0.742 0.755
2 0.677 0.714 0.734 0.747
2.5 0.672 0.709 0.729 0.742
3 0.669 0.706 0.726 0.739

Table 4.2: Compilation of the 0o calculations for the Neogene layer of the Slyne Basin with exhuma
tion set to 0 and varying values of and A. The chosen values for and A are highlighted in bold. 
Values are taken from modelling CDP1406 of 2D line nwi-91-14.
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Chapter 5

New exhumation estimates from 
inverting 2D and 3D seismic velocity data

5.1 Introduction

The inversion m odel was applied to the Slyne Basin, offshore NW  Ireland, to the selected  seism ic 

surveys detailed in C hapter 2 section 2.3.2. A grid o f 13 2D lines and a 3D volum e were tested. 

This is the first tim e that this m ethod has been applied to a 3D seism ic survey. I’he  results from  

the 2D and 3D seism ic data can be cross-correlated  and displayed as basin-w ide exhum ation m aps 

using various interpolation techniques. This offers a substantial im provem ent on the spatial coverage 

o f the exhum ation estim ates com pared to previous m ethods. The agreem ent betw een 2D and 3D 

seism ic-derived exhum ation estim ates will be discussed. Since the area o f  in terest is o f  relative sm all 

size, a thorough analysis o f  the results can be achieved, particularly  regarding the reliability  o f  the 

input RM S velocity, as well as a detailed com parison w ith the stratigraphy and structure of the basin 

developed in C hapter 2.

5.2 Exhumation estimates from 2D seismic data 

5.2.1 2D pseudo-map

Exhum ation estim ates derived from inverting the 2D seism ic stacking velocities for 13 lines o f the 

nwi-91 survey are presented as a m ap in Figure 5.1. C oloured circles show exhum ation estim ates 

calculated  for every available C D P along each 2D  line. The C D P step is 160 w hich represents a 

distance o f  2 km, w ith the exception o f  the CD Ps at the extrem ity o f each line. The m ain structural 

elem ents (see C hapter 2) o f  the area have been superim posed on the map.

Regional variations in exhum ation (E) can be seen over distances greater than 10 km (Figure 5.1(b)).
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W ith the exception o f  lines nw i-91-08 and 20 all lines show a general trend o f increasing exhum ation 

estim ates eastw ard  o f  about 1.2 km from  E = 1 ±  0.2 km at the syncline axis to E = 2.2 ±  0.2 km 

on the eastern m argin. Locally, high exhum ation estim ates deviate from this regional eastw ard trend, 

e.g. a region encom passed betw een the western basin-bounding fault o f  the basin and the offshore 

extension o f  the L eek Fault (w estern end o f  lines nw i-91-06, 04, 08 and 20) and the western end of 

line nw i-91-01. Both areas are affected  by the presence o f Tertiary volcanics. It is possible that high 

seism ic velocities, the characteristic  signature of igneous rocks, are causing these elevated exhum ation 

estim ates. The results from the northern part (north o f the 3D volum e) o f the line nw i-91-30 m ust be 

taken w ith caution for the sam e reason. A detailed analysis o f each seism ic profile will be conducted 

further to decide the validity o f  such results.

On a sm aller scale local scatter is observed and can be as significant as 1 km (e.g. intersection 

o f  lines nw i-91-08 and 22). Longitudinally  local variadons w ill be addressed while studying each 

profile. A thorough analysis o f  the exhum ation estim ates at the intersecfion o f  each 2D line w ill help 

define the local scatter m argin over the w hole survey. Seism ic interpretafion, potenfial local seism ic 

artefacts (unrem oved noise or muUiples) and input and output (m odelled) velocity inform ation will 

be considered.

In o rder to highlight the observed regional variation in exhumaUon a map o f exhum ation estim ates has 

been constructed  by calculafing the mean exhum ation within 0.2 by 0.1 degree bins (approxim ately 

10 by 10 km) and in terpolating the result onto a 0.01 degree grid (Figure 5 .1(c)). The contour spacing 

is 0.5 km. The original results (shown as coloured circles) are superim posed over the interpolated 

map. The regional trend o f  eastw ard increasing exhum ation estim ates is clearly visible. The axis of 

the central syncline overall m atches the lowest exhum ation esfim ates. From the central syncline an 

increase o f  5(X) m (south of the Fair Head - Clew Bay (aka FH -CB) lineam ent) to 1 km (north of 

the FH -C B  lineam ent) in exhum ation is observed tow ards the eastern flank. On the eastern flank to 

the im m ediate east o f a series o f  faults separating it from the centre o f the basin, higher exhum ation 

estim ates ranging from  2 .0 -2 .5  km, are displayed. Between the w estern basin-bounding fault and the 

Leek fault, the high exhum afion (2.7 ±  0.2 km) region previously described exhibits an exhum ation 

pattern probably linked to the presence o f  Tertiary volcanics. ITieir influence will be addressed fur

ther. N ote that w est o f the w estern basin-bounding fault no data have been inverted because accurate 

seism ic interpretation is im possible (see Chapter 2).

Figure 5.2 show s an alternate im age of the exhum ation estim ates using a different interpolation scale. 

The m ean exhum ation is calculated over a 0.1 by 0.05 degree bins (approxim ately 5 by 5 km) on (b) 

instead o f 0.2 by 0.1 as previously done (a). O verall the same regional observations can be made: (1) 

the axis o f  the central syncline is clearly visible, although south o f  the offshore extension o f the Leek 

Fault it becom es a narrow er and m ore elongated feature (2) the 0 .5-1 km ‘grad ien t’ o f exhum ation 

betw een  the central syncline and the eastern flank is detected, (3) the region w ith high exhum ation 

estim ates, betw een the basin-bounding fault and the offshore extension of the Leek fault, is present. 

But local variations are expressed m ore clearly on this map. For instance the elevated exhum ation 

estim ates at the w estern end  o f line nwi-91-01 result in a com plete different configuration. T he 

southw estern extrem ity  o f the study area is interpolated as a much higher exhum ation region (2.2 

±  0.2 km ), equivalent to the eastern m argin esfim ates. Again the presence o f Terfiary volcanics in
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the area requires caution when interpreting the results. A lso if  these h igher exhum ation estim ates 

correspond  to a real geological structure (and not only to a different lithology incom patib le w ith the 

tim e-average equation used in the m ethod) it is unlikely that it w ould account fo r such a large region 

o f  high exhum ation. In addition the structural elem ents o f  the basin show  that the southern m argin is 

cut by a SW -NE oriented basin-bounding fault w hich links the southern Slyne Basin w ith the northern 

Porcupine Basin, and that the southw estern lim it o f the study area lies w ithin the Slyne Basin and does 

not reach the southernm ost basin m argin as shown by 2D seism ic lines from  the survey nw i93.

5.2.2 Longitudinal profiles insights

In o rder to allow  for m ore detailed analyses o f the results and to assess the local scatter, the exhum a

tion estim ates are exam ined as sectional views. These sections will consider the regional and local 

variation o f  exhum ation estim ates along each longitudinal 2D seism ic profile. The results w ill be 

presented w ith regards to the seism ic interpretation o f  the corresponding seism ic line and the RM S 

velocity field interpolated from  each individual RM S velocity profile integrated from  the input veloc

ity data. Exhum ation estim ates from  intersecting 2D lines are also displayed. R esults are sm oothed 

around regional curves. Two m ethods are tested: a G aussian function (thin line) and a polynom ial 

model (thick curve). I'he form er applies a regional sm oothing o f  the data, defined by its full w idth  at 

ha lf am plitude m axim um , w hich varies from  one line to another but is generally  com prised betw een 

10-15 km . N ote that this range m atches the interpolation scale used to build the 2D pseudo-m ap o f 

exhum ation estim ates. Its advantage is to ignore the local scatter but it does apply too m uch sm ooth

ing in places. T he la tter tries lo fit a polynom ial model (o f n term s) to the data. Increasing the 

param eter n causes the function to search for shorter w avelength fits. D ifferent values m ust be tested 

to select the optim um  com prom ise betw een a better fit to real local variation in exhum afion and avoid 

giving loo m uch w eighting to artefacts resulting from  local scatter. The relative significance o f  the 

two m ethods will be discussed.

Figure 5.3 show s a sectional view o f  exhum ation estim ates for line nw i-91-01. B etw een C D Ps 1726 

and 1406, low values o f  RM S velocity ( ~  2.2 km  s ')  are related to the syncline in the centre o f  the 

Slyne Basin and are reflected by exhum ation values ranging betw een 1-1 .2  km. Tertiary volcanics 

occur beneath the N eogene unconform ity and are responsible for the h igher RM S velocities ( ^  3.5 

km s ')  observed betw een CD Ps 1726 and 2366 (note the substantial increase in RM S velocity o f  

(he profile for each o f  these C D Ps betw een 0 .5 -0 .75  s). This results in an increase in exhum ation 

values in the central syncline o f  up to 1.5 km, but this is an artefact due to the elevated velocities 

corresponding to the presence o f  the volcanics previously described. B etw een C D Ps 2366 and 2526 

the local developm ent o f an anticline associated with faulting and characterised  by high RM S velocity 

( ~  4 km  s ^ ' at Is TW T) correlates well with the local increase in exhum ation o f  up to 2 .3 -2 .5  

km. A lthough these h igh values are believed lo be  influenced by the presence o f volcanics, the 

RMS values correlate well with the interpreted structure. In contrast, the local rise in exhum ation 

values betw een C D Ps 1566 and 2046 does not relate to the seism ic interpretation. The elevated 

RM S velocities observed im age the intrusion o f  volcanic sills. The (rend in the exhum ation profile 

betw een C D Ps 2046 and 2686 is believed to be regionally  accurate as it can be correlated both with 

the seism ic velocity variation (Figure 5.3 (b)) and the structural in terpretation (Figure 5.3 (c). The
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opposite conclusion can be m ade fo r the western extrem ity of the line where the presence o f  igneous 

rocks is responsible for elevated RM S velocities (alm ost 3.5 km s ' at 1 s TW T) w hich result in 

high exhum ation estim ates (2 ±  0.1 km ) that do not correspond with the westw ard d ipping seismic 

reflectors. T he two curves w hich regionally  sm ooth the exhum ation estim ates present very sim ilar 

profiles. T he G aussian function seem s a slightly better option as it offers m ore sm oothing o f  extrem e 

exhum ation values (CDPs 2366 to 3192) linked w ith the occurrence o f volcanics.

Figure 5.4 show s a sectional view o f exhum ation estim ates for line nw i-91-02. A constant increase 

in exhum ation is observed betw een CD Ps 2686 and 3166 from ~  1.3 to 1.8 km. It correlates well 

w ith the interpreted structural geom etry, with the Early Jurassic and Triassic layers underlying the 

N eogene unconform ity, and the RM S velocity field exhibiting a gradual increase in velocity. In the 

centre of the line, betw een C D Ps 1886 and 2206, there is an area o f high exhum ation (1 .8 -2 .2  km) 

corresponding to the elevated RM S signal (up to 4.5 m s ' )  produced by the sub-N eogene volcanics 

and sills. B etw een C D Ps 1566 and 1086 a decrease in exhum ation from  1.2 to 0.5 km m irrors the 

deepening o f the sedim entary succession to the west. From CD P 926 dow nw ards, there is a small 

increase in exhum ation values directly  correlated w ith an increase in the RM S field (up to 3.5 km s ' 

betw een 1.0 and 2.0 s TW T). This is alm ost certainly linked to the com bined effect o f  the volcanics 

beneath the N eogene unconform ity and the junction  o f the offshore extension o f the Leek fault (CDP 

766) and the m aster-fault bounding the basin to the w est (CDP 286). Therefore the seism ic line shows 

a noisier signal in this area resulting in higher velocities. This feature is interpreted as an artefact 

and m ust be taken into account in the d iscussion o f regional exhum ation across the Slyne Basin. 

B oth regional sm oothing curves show a good fit to the results despite the exaggerated response in 

exhum ation observed betw een C D Ps 1886 and 2206, again linked to the presence of volcanics.

Figure 5.5 show s a sectional view of exhum ation estim ates for line nw i-91-04. On its w estern end 

(from  C D P 2846 to 3542) this line exhibits high values o f  exhum ation ( '^  2 km) with a local m axi

m um  at 2.5 km for C D Ps 2846 and 3006. These values are considered as artefacts as the geological 

configuration in this area is sim ilar to the w estern end o f  line n w i-9 1 -02 w ith volcanics underlying the 

N eogene unconform ity and the proxim ity of the offshore extension o f the Leek fault and the western 

basin-bounding fault. The rest o f  the line show s a cyclic several km long (4 -8  km) pattern o f  increas

ing exhum ation eastw ard (from  CD P 2686 to 2046, 1886 to 1566, 1406 to 1086 and 926 to 766). 

The exhum ation ‘g rad ien t’ is respectively 600 m, 500 m, 200 m and 200m  eastw ard. This pattern is 

a general m irror o f the interpreted stratigraphy, w ith each cycle corresponding to one fault-bounded 

unit. This repeated pattern is not well im aged by either regional sm oothing curve, p robably  because 

it does not account for large enough exhum ation differences with respect to the ±  200 m  confidence 

m argin on the results (see C hapter 4). In order to obtain a better fit to the data, a second polynom ial 

m odel, with a greater num ber o f  term s, was tested (see Figure 5.5) but this ‘forcing’ is responsible 

for a huge peak in the trend (at CD P 2846) w hich is thought to be largely unrealistic since this area is 

affected by volcanics.

Figure 5.6 shows a sectional view of exhum ation estim ates for line n w i-9 1-06. A gain the w estern 

end o f  the line (from  C D P 926 to 4) is m arked by very high exhum afion values (2 -3  km ) reflecting 

the occurrence of sub-N eogene volcanics producing a noisy seism ic region w hich resulted in a high 

RM S response ( ~  3.5 km s ' at 1.0 s T W T  and ~  4.5 km s ' at 2.0  s TW T). At C D P 1406 a
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small faulted anticline characterised by a local high in RMS velocity seems to be retrieved in the 

exhumation estimates with a local peak of 100-150 m magnitude. However, it falls within the ±  

200 m confidence margin on the results (see Chapter 4 and so it is difficult to be certain that this 

feature could be detected by the inversion as it could be influenced by local scatter. Further east a 

large-scale anticline structure (with its crest at CDP 2366) observed both on the interpreted profile 

(Figure 5.6(b)) and the RMS velocity (Figure 5.6(c)) field is imaged well by the inversion. A gradual 

increase of about 9(X) m in exhumation is recorded between CDPs 1566 and 2366 and CDPS 2366 

and 3166. Apart from the unconstrained eastern end (there is no reliable seismic interpretation from 

CDP 3(X)6 onward) and the western part of the line (CDPs 126 to 926), affected by the presence of 

volcanics, both smoothing techniques show a very good match with the results. The regional trend 

observed convincingly mirrors both the interpreted structure and the RMS velocity display. Local 

scatter seems insignificant for this line.

Figure 5.7 shows a sectional view of exhumation estimates for line nwi-91-08. The western part 

o f the profile exhibits anomalously high exhumafion estimates (ranging between 2.0-3.5 kin) and is 

again linked to the presence of volcanics underlying the Neogene unconformity. A substantial rise 

in RM S velocity can be seen on each vertical profile for C’DPs 3646-2206. It can also be noted that 

the seismic section beneath the volcanic layer is pardcularly noisy. This accounts for the very high 

RMS velocity field observed (3.8 km s^ ' at I s TW T and near 6 km s ' at 2.5 s). The eastern half of 

the line exhibits an exhumation ‘gradient’ of 1.0 km between CDPS 1886 and 446 which correlates 

well with the interpreted structure and matches the similar increase in the RMS velocity field over 

the same area. I'rom CDPs 606 to 126 a huge kink in the vertical RMS velocity profiles is recorded 

between the Neogene unconformity and ~  0.75-1 s TWT. This re.sults in very high exhumadon values 

(up to 3 km). The occurrence of sub-Neogene volcanics and a poorly constrained noisy region on the 

eastern extremity of the line cast doubt on the validity of such elevated exhumation. If the regional 

eastward increasing trend in exhumation appears plausible (it mirrors a similar rising trend on the 

interpreted geological reflectors) these very high values are certainly exaggerated. Over the region 

between CDPs 1886-766, the Gaussian function offers the most satisfying regional smoothing of the 

results while the polynomial model gives too much weight to local variations.

Figure 5.8 shows a sectional view of exhumafion esfimates for line nwi-91-10. A comparison of the 

longitudinal profile o f  exhumafion estimates with the interpreted structure reveals that the eastern 

margin of the basin has undergone about 1 km more exhumafion than the basin axis. Between CDPs 

1886 and 2526 the anticline related to basin inversion seems to have generated about 500 m more 

exhumafion at its crest (CDP 2206) than its flanks (CDPs 1886 and 2526). Between CDPs 1246 

and 1566 a local peak of exhumation values can be seen. It reflects a rise in RMS velocity which 

is linked to the intrusion of a volcanic sill. Sub-Neogene volcanics between CDPs 766 and 1086 

have the same effect on the exhumation estimates. On the eastern end of the line, between CDPs 

2846 and 3646, the influence o f volcanics underlying the Neogene unconformity on the exhumation 

values is difficult to assess as the eastward increasing exhumation trend observed is consistent with 

the interpreted structure. In addition these volcanics do not particularly alter the corresponding RMS 

velocity verfical profiles (no substantial rise is seen in contrast with e.g. the profiles from CDPs 

766 and 926). As a result the RMS field does not display exceptionally elevated velocities. I'hese 

volcanics may have been ignored during the velocity analysis stage of seismic processing. Apart
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from  the w estern extrem ity o f  tiie line, the polynom ial sm oothing function show s a better fit to the 

interpreted results than the G aussian  function. For instance the faulted inversion-related anticline is 

not ‘seen’ as well as the anticline associated with the sill intrusion to the west. This is due to the ful 

filter w idth o f  the G aussian function being larger than (he wavelength o f these structures. But, neithei 

a  sm aller full filter w idth does provide a satisfying fit (it basically jo ins each point o f  m easu rem en t 

giving too m uch credit to local scatter).

Figure 5.9 show s a sectional view o f exhum ation estim ates for line nwi-91-12. The seism ic in terp re

tation and the RM S velocity figures illustrate the characteristic half-graben shape o f  the Slyne B asir 

w hich divides it longitudinally  into three main parts. (1) From  C D P 2686 to 1566 the syncline in the 

centre o f  the basin is accurately m apped by the exhum ation results, w ith the flanks o f  the synclin t 

having undergone around 500 m m ore exhum ation than the trough. Exhum ation results from  C D P ' 

2366 to 2686 appear over estim ated by the com bined occurrence of volcanics underlying the N eo

gene unconform ity and the w estern basin-bounding fault and associated faults. The sills intruding 

betw een C D Ps 1886 and 2206 had a clear elevated velocity signature which was therefore rem oved 

A s expected they do not cause m uch local perturbation to the exhum ation results. In contrast, the silh 

intruding betw een CD Ps 1406 and 1246 have a strong velocity response (3 5 0 0 ^ 5 0 0  m s ' )  w hich is 

reflected in the exhum ation results by a m axim um  value o f  3.0 km above the central (deepest) graben 

To the east exhum ation increases gradually to reach 2.5 km at CD P 606. The difference in exhum a

tion w ith the central syncline is about 1.5 km. The G aussian curve exhibits a much m ore satisfying 

sm oothing o f the exhum ation results than the polynom ial model which does not m anage to cope with 

local scatter (e.g. C D Ps 2206, 2046, 1886) and artefacts (e.g. C D P 1246).

F igure 5.10 show s a sectional view o f exhum ation estim ates for line nw i-91-14. To the w est the 

very strong RM S velocity field corresponding to the Slyne High is not discussed as no in terpretatior 

w as possible there. Structural and straligrapbic interpretations and the RM S velocity field o f  line 

nw i-91-14 m irror that o f  line nw i-91-12 with the exception o f the central antithetic fault being less 

prom inent. Sills in truding betw een C D Ps 926 and 1566 do not yield a significantly strong response 

in RM S velocity and thus do not affect the exhum ation results since their associated velocity peaks 

w ere rem oved (see C hapter 4 section 4.3.6). A sim ilar observafion can be m ade for the volcanics 

underlying the N eogene unconform ity from C D Ps 2686 onwards. In that case no velocity data were 

rem oved since no clear velocity peak was determ ined as maybe the volcanic layer is so thin that it 

w as ignored during velocity analysis. The exhum ation profile shows that flie central syncline has 

undergone about 2 km  less exhum ation than the eastern margin. To the eastern extrem ity of the line, 

the offshore extension o f  the Leek transfer fault (CD P 3166) has shifted the basin m argin (C D P 3656i 

w estw ard (C D P 2846). A s a result the eastern end o f the line (between C D Ps 3166 to 3486) where 

a sm all-scale (3 km ) syncline has developed, shows lower exhum ation estim ates (about 500 m less) 

than the estim ates from  the m argin (CDPs 2846 and 3656). On this line, both the sills intruding 

betw een C D Ps 926 and 1566 and the volcanics underlying the Neogene unconform ity betw een CDPs 

2686 and 3656 do not seem  to have a significant im pact on the exhum afion estim ates. They do not 

clearly  correlate w ith the spikes in RM S velocities and the regional trend of exhum ation m irrors the 

interpreted structure, although it is possible that the esUmates from the eastern part are som ewhat 

exaggerated. H ow ever it is difficult to asses the relafive im portance o f  volcanics in this area since the 

m ost elevated esfim ates (2.5 km  o f exhum ation) coincides with the basin m argin with Triassic layers
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subcropping the Neogene unconformity (CDPs 2846 and 3006). Both regional smoothing curves 

offer a very satisfying fit for this line. Note that no significant local scatter occurs.

Figure 5.11 shows a sectional view of exhumation estimates for line nwi-91-20. From CDP 4446 

to 3006 elevated exhumation values (2-3  km) are observed. Individual RMS velocity profiles for 

the same CDPS show a large increase in the velocity gradient just below the Neogene unconformity 

(from 2 to 4 km s ^ ') .  This is the signature o f the volcanics underlying the Neogene unconformity. 

On the eastern part of the profile exhumation estimates exhibit a 1 km difference between the crest 

o f the anticline structure (CDP 2046) and its flanks (CDP 2846 and 1566). This difference mirrors 

ihe variation in RMS velocity field around the area. For instance, the velocity profile o f CDP 2046 

undergoes a ~  2 km s * rise in RMS velocity between 0.6 and 1.2 s TW T while CDP 1566 shows 

less than half (0.9 S TWT) this increase. The volcanics (CDPs 2206-1566) do not seem to yield 

a particularly strong signature in the RMS velocity field (e.g. as indicated by the smooth velocity 

profiles of CDPs 1726 and 1566) but could partly account for the very high exhumation values (up 

to 2.5 km) recorded at the crest where the RMS field shows the strongest response (CDPs 2046 and 

2206). In this area it is difficult to assess the relative inlluence of the volcanics versus the rise in 

velocity linked with the central anticlinal structure but the 1 km variation in exhumation associated 

with this small anficline seems disproportionate. To the eastern end of the line, from CDP 1406 to 606, 

a 500 m increase in exhumafion is noted. It correlates well with the gradual progression of elevated 

RMS velocities closer to the Neogene unconformity. In addition the kink in velocity exhibited by 

the individual RMS velocity profiles gets shallower (1 s TW I' for CDP 1406, 0.5 s for CDP 606). 

Both regional smoothing curves provide a safisfying fit to the results. However, this line is heavily 

influenced by the presence of volcanics and the observed trends are not believed to represent its real 

exhumation pattern.

Figure 5.12 shows a sectional view of exhumation estimates for line nwi-91-22. Between CDPs 4926 

and 3326 the exhumation profile correlates very well with the RMS velocity field. The large increase 

(1.5 km) in exhumation between CDPs 4126 and 4926 corresponds to a similar trend in RMS velocity 

(3.5 km s ' from 2 to I s TWT). At CDPs 4126 and 3966 low exhumation estimate values (~  700 

m) correspond to a zone of low RMS velocifies (<  3 km s ' down to 2s TWT) while at CDPs 3646 

and 3486 the inverse situation is observed with elevated exhumation ( ~  1.8 km) matching a zone of 

high RMS velocities (3.5 km s ' up to 1 s TW T). Most o f these local variations are not reflected 

on the interpreted structure. The presence of sub-Neogene volcanics renders the seismic very noisy 

in places. This could explain the chaotic response in the RMS velocity field as it does not correlate 

well with the interpreted structure. Towards the western margin the basin-bounding fault probably 

accounts for the large increase in both velocity and exhumation estimates. These latter estimates are 

thought to be anomalous for the reasons previously discussed. From CDP 3166 to 2366 exhumation 

estimates rise by 600 m mirroring the interpreted structure. Very high exhumation estimates (>  2 km) 

combined with a strong response in RMS velocity (almost 4.5 km s " ' at 1 s TWT) are the result of the 

intrusion of volcanic sills between CDPs 1886 and 1246. From CDP 1086 to 446 a 500 m increase 

in exhumation estimates correlates with the interpreted stratigraphy and the positive RMS velocity 

gradient (3.5 km s ' from 1.5 s TWT at CDP 1086 to 1 s TW T at CDP 446). As for line nwi-91-20, 

the chaotic trend followed by both regional smoothing curves largely results from the presence of 

volcanics (the western half of the line is thus ignored). Nevertheless, the Gaussian function seems
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to offer the best compromise since it images better the southward increase in exhumation than the 

polynomial model which is too much affected by extreme values.

Figure 5.13 shows a sectional view of exhumation estimates for line nwi-91-24. The line overall 

exhibits a south-eastward increasing trend in exhumation from ~  1 km in the deep basin (CDPs 126- 

606) to ~  2.2 km on the southeastern flanks (CDP 3 8 0 6 ^ 1 2 6 ) which reflects the regional interpreted 

structures and flie associated RMS velocity field. Between CDPs 1886 and 2846, the anticline related 

to basin inversion seems to have generated about 400 m more exhumation at its crest (CDP 2206 to 

2526) than its flanks (CDPs 1886 and 2846). Between C’DPs 606 and 1406, multiple intrusions o f 

volcanic sills, characterised by local peaks in RMS velocity (e.g. CDP 926 to 1246), have caused 

a local rise in exhumation to 1.5 km. The value from the intersecting line nwi-91-14, previously 

discussed, seems more realistic considering the stratigraphic architecture of the area. To the southeast 

of the offshore extension o f the Fair Head - Clew Bay lineament (CDP 4286), lower estimates (than 

the immediately preceding ones corresponding to the maximum rise of the geological reflectors) are 

recorded (~  1.5 km). They correspond to the development of a short-scale (~  6 km) syncline which 

is correlated with a lower RMS velocity gradient (CDPs 4446 to 4926). Both regional smoothing 

curves offer a very good fit to the results.

Figure 5.14 shows a sectional view of exhumation estimates for line nwi-91-26. Exhumation esti

mates exhibit a gradual rise from 1 km at CDP 3842 to 2 km at CDP 2206 which correlates well 

with flie interpreted reflectors and the increase in RMS velocity field. Between CT3Ps 2046 and 1246, 

exhumation estimates decrease slightly (around 1.8 km) which mirrors both the interpreted structure 

and the RMS velocity field which displays a lower velocity gradient. I'he volcanics underlying the 

Neogene unconformity do not have any effect on the RMS profiles, and no significant kinks were 

observed. They may have not been integrated during the velocity analysis stage of the seismic pro

cessing. Further east (between cdpS 766 and 286) no seismic interpretation can be achieved as m ul

tiples are obscuring the seismic signal and hence little can be said about the exhumation estimates. 

They show a constant value around 1.5-1.6 km while the RMS field displays a very small increase 

in velocity (the kink in velocity below the Neogene unconformity gets slightly shallower towards the 

east (from ~  0.5 s TW T at CDP 1086 to ~  0.4 s at CDP 286). Both regional smoothing curves exhibit 

a good fit to the results with insignificant local scatter.

Figure 5.15 shows a sectional view of exhumation esdmates for line nwi-91-30. This line must 

be divided into two parts: the southern part from CDP 13548 to CDP 4926 and the norfliem part 

from CDP 4766 to CDP 8. W hile the former allows a reliable seismic interpretation as much due 

to good quality than from all the possible correlations with 2D and 3D crossing seismic lines, the 

seismic data o f the latter is affected by both Tertiary volcanics and Cretaceous chalk underlying 

the Neogene unconformity. These typical high RMS velocity lithologies (see Chapter 4) strongly 

obscure the seismic signal. Seismic processing (from 1991) was not performed with the modem 

more advanced techniques (Dancer and Pillar, 2001) and therefore noise and multiples have not been 

satisfactorily removed. Data from flie Corrib wells and isolated 2D seismic intersecting lines from 

different available surveys have helped constrain the seismic interpretation but the uncertainty on the 

position of the seismic reflectors remains significant. The RMS velocity field over the entire northern 

part shows elevated gradients (e.g. 3-3.5 km s~ ' at 0.75 s TWT for CDPs 3966-3326 and at 1 s
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for CDPs 2206-926). Notably all CDPs between CDPs 4766-8 exhibit a significant kink in RMS 

velocity on tfieir vertical velocity profile just beneath the Neogene unconformity. This is the velocity 
signature of the combined effect of volcanics and chalk. The exhumation estimates for this northern 

part are about 1.3 ±  0.2 km. The regional variations observed do not correlate particularly well with 
the interpreted structure. The simple time-average equation used in the inversion routine is not valid 

for limestone and igneous lithologies. From the RMS velocity response there is no doubt that these 
lithologies have been integrated during the velocity analysis stage of seismic processing. Therefore 

no meaningful interpretation can be achieved for this area.

The southern part can in turn be separated into two sub-parts; the first one between CDF 12926 and 

9566 and the second one between CDP 9406 and 4926. The former exhibits significant regional 
variations in exhumation that correlate well with the interpreted stratigraphy, while the latter shows 

a succession of small regional changes in exhumation which barely exceed the i t  200 m confidence 
margin on the results. Between CDPs 12766 and 11646 there is a 800 m decrease in exhumation 

estimates which mirrors the interpreted stratigraphy and the associated RMS velocity field. Between 

CDPs 11486 and 10846 a 500 m rise in exhumation estimates is observed. It corresponds to a series 
of faulted units forming a local high in the stratigraphy. A similar decrease is seen between CDPs 

10686 and 10046 which correlates well with the lower RMS velocity gradients associated with the 

occurrence of the main reflectors of interest at depth. Again a similar increase is observed between 

C’DPs 10046 and 9566 which matches the moderately rising seismic reflectors. Between CDPs 9406 
and 7326 exhumation estimates are more or less constant at around 1.4 ±  0.1 km and do not reflect 
very well the variations in the interpreted stratigraphic. This could be explained by the intrusion 
of volcanic sills over the deepest part of this area (CDPs 8766-8446) which is responsible for the 

strong RMS velocity gradient whereas this area should have been characterised by lower gradients, 
similar to CDPs 10526-10046, which would have resulted in lower exhumation estimates. Between 
CDPs 7166 and 6846 a small decrease (200 m) in exhumation correlates with the sub-horizontal 

interpreted reflectors. A similar rise in exhumation values is observed between CDPs 6686 and 6366 
and corresponds also to the interpreted stratigraphy. The region affected by antithetic faulting between 

CDPs 6206 and 5886 exhibits a constant value of exhumation (1.2 ± 0 .1  km) which does not reflect 

neither the interpreted stratigraphy nor the moderate variations in RMS velocity gradient. Between 
CDPs 5726 and 5086 a 300 m decrease in exhumation estimates mirrors the interpreted stratigraphy 

but does not clearly match the inverse change in RMS velocity gradient ( l(X)-200 m s  '). These
last observations illustrate the resolution limits of the method. The moderate variations in RMS 

velocity (100-200 m s ' )  produce variations in exhumation estimates that fall within the ±  200 m 
confidence margin (see Chapter 4), and therefore no definite conclusions can be drawn from such 

minor variations. The results will be compared with previous exhumation estimates derived from 
different techniques at well 18/20-1 to verify that the magnitude of exhumation obtained lies within 

the same range (Chapter 6).

Regional smoothing of the exhumation estimates is questionable for such a long line (> 150 km). 

The polynomial model needs an important amount of terms (30 against 10-13 for the other lines) to 

offer a good fit. I’he Gaussian funcfion with a full filter width of 10 km fits so much the results that 
the same weight is given to real variations in exhumation than to local scatter. And increasing the 

full filter width (e.g. to 20 km, sec Figure 5.15) does not provide a better fit since the filter becomes
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greater than som e structures. A com bination of m ulti-scaled sm oothing from the greater scale to the 

sm aller w ill allow  a better understanding o f  these results (see Figure 6.14).

5.2.3 Local scatter

For a single line, the local scatter in exhum ation estim ates is usually less than ±  200 m from the 

sm oothed regional curve. The m ism atch betw een exhum ation estim ates at 2D line intersections can 

be as great as 1.5 km  but is m ore often less than 400 m. Both the ±  200 m confidence lim it for 

exhum ation along individual lines and the range o f m ism atches at line intersections are sim ilar to the 

values reported by M ackay and W hite (2006) for their much larger dataset covering the continental 

shelf surrounding Britain and Ireland. Local scatter m ight be attributed to

1. the error in picking the RM S velocity profiles from  sem blance plots,

2. real RM S velocity variations caused by local changes in solid grain velocities or com paction 

param eters,

3. real velocity variations caused by local variation in exhum ation.

By com bining the seism ic interpretation w ith a detailed analysis o f  the RM S profile at CT)Ps near 

seism ic line intersections, the m ism atches at line ties can be understood and constrained, and the con

tribution o f  picking errors assessed (Figure 5.21). Table 5.1 presents a com plete com parison o f ex 

hum ation estim ates at each single 2D line-tie and gives the difference betw een exhum ation estim ates 

for each intersection. For m ost intersections the exact position o f the corresponding 2D intersecting 

line lies in betw een two C D Ps. Therefore three or four C D Ps are often considered. In some cases the 

geom etry  o f the crossing (i.e. when the intersection angle is particularly  acute e.g. for intersections 

o f  lines nw i-91-30 and 20 (30x20), nw i-91-30 and 22 (30x22) and nw i-91-30 and 24 (30x24)) led to 

group the C D Ps near the intersection in two to three pairs depending on their relative proxim ity (a 

representative exam ple is the intersection 30x24 w hich is subdivided in three groups; (1) first ( ’D P for 

both  line to the im m ediate north o f  the intersection, (2) C D Ps at or very near the intersection, (3) first 

C D P for both line to the im m ediate south o f  the intersection). Table 5.1 presents both the m inim um  

and m axim um  difference in exhum ation estim ates for each intersection. A lthough m ost values are 

less than 400 m som e extrem ely  im portant differences (up to 1.4 km) are noted. These intersections 

w ill be inspected in great detail in order to assess the origins o f  such a significant m ism atch.

O ut o f  the 40 in tersections betw een the 13 n w i-9 1 2D lines, 35 are considered in this study, the rem ain

ing five being either located  to the w est o f  the basin-bounding fault on the Slyne High w here seism ic 

in terpretation could not be achieved (10x20, 14x22) or near the extrem ity o f a line w here sub-Variscan 

basem ent subcrops the N eogene unconform ity (30x20 tw ice, 04x26). The w orst m atches observed 

are concentrated  over areas covered by Tertiary volcanics (02x20, 08x22, 08x26) and affected by 

m ajor, basin-bounding (12x22) or transfer (02x22, 04x20) faulting (Figure 5.1). These features have 

an adverse effect on the exhum ation results as they are characterised by elevated seism ic velocity
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and often associated with processing issues (e.g. noise, multiples). Therefore it is not surprising to 

experience extreme line-tie mismatches where they occur.

Figure 5.16 shows the interpreted structures (a) and the input RMS velocity profiles (b) for CDPs 

near the intersection o f lines nwi-91-02 and 20. Profiles from both lines look similar down to 0.75 

s TWT. Below 0.75 s TWT, line nwi-91-20 exhibits a much larger increase in velocity ( ~  4 km s^ ' 

at 1 s TW T against ~  3 km s ' for line nwi-91-02). Although volcanics do not form a recognisable 

horizon on this line, they can be seen at nearby CDPs as revealed on Figure 5.1, and this may affect 

the seismic signal. At ~  1 s TW T on CDPs 2366 and 2526, the seismic signal of line nwi-91-20 is 

very weak and random noise is evident, while for CDPs 926 and 1086 on line nw i-91-02, the seismic 

signal does not exhibit major perturbation. This could account for the larger rise in RMS velocity on 

the line nwi-91-20.

Figure 5.17 shows the interpreted structures (a) and the input RMS velocity profiles (b) for CDPs 

near the intersection of lines nwi-91-02 and 22. Volcanics are important, with sills present and a 

volcanic layer underneath the Neogene unconformity. On three o f the four RMS velocity profiles a 

considerable rise in velocity is observed from 0.4 s TWT. It can directly been linked to the presence 

o f the sills. CDP 1886 on line nwi-91-02 does not record this increase. It is possible that the near 45° 

geometry of the intruding sill, accompanied by its significant thinning impeded its recognition during 

the velocity analysis stage of seismic processing.

Figure 5.18 shows the interpreted structures (a) and the input RMS velocity profiles (b) for CDPs 

near the intersection o f lines nw i-91-08 and 22. RMS velocity profiles appear similar down to ~  1.2 s 

r w  r. Below the velocity profile of line nw i-91-08, it differs by ~  0.5 km s ' from the other profile. 

Volcanics lie beneath the Neogene unconformity and are responsible for a very noisy seismic signal 

below. It seems that this noise contributed to the different velocity model observed in this area. In 

addition the proximity of a fault on line mwi-91-08 certainly added even more perturbations to the 

signal.

Figure 5.19 shows the interpreted structures (a) and the input RMS velocity profiles (b) for CDPs near 

the intersection o f lines nw i-91-08 and 26. From 0.4 s TWT, the velocity profile for line nw i-91-08 

exhibits a larger increase (almost 1 km s ' difference from the value at 0.75 s TWT)- I'his significant 

increase in velocity coincides with the presence of volcanics beneath the Neogene unconformity ( ~  

0.4 s TWT). These volcanics do not have a visible impact on the RMS velocity signature of the line 

nw i-91-26 CDP. In fact the velocity profile follows the theoretical zero exhumation curve down to ~  

0.75 s TWT, where it quickly rises by ~  1 km s^ ' (approximately at the level of Permian evaporites). 

Evaporites and volcanics are not suitable lithologies to use the time-average equation employed in the 

inversion routine. Therefore the exhumation estimates derived from CDPs at the intersection o f lines 

nw i-91 -08 and 26 are not valid.

The last very large line-tie mismatch in exhumation estimates correspond to the intersection of lines 

nw i-91-12 and 22. Figure 5.20 shows the interpreted structures (a) and the input RMS velocity profiles 

(b) for CDPs near the intersection of lines nwi-91-12 and 22. Seismic interpretation reveals that this 

intersection happens within the vicinity o f faults associated with the western basin-bounding master
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fault while Tertiary volcanics do occur beneath the Neogene unconformity. In addition the velocity 

profiles are poorly constrained by the small amount of data.

Figure 5.21 presents comparative seismic and velocity profiles for the triple intersection of 2D seismic 

lines nwi-91-10, 24 and 30. The selected intersection coincides with well 27/13-1 where three 2D 

lines (lines nwi-91-10, 24 and 30) intersect which makes it a meaningful locality to perform this 

analysis. Five CDPs are considered. They correspond to the closest measurement points from the 

intersection. The five profiles are reasonably consistent at two way travel times (TWT) less than 2 s. 

Below 2 s TWT, the velocity profile from line nw i-91-24 differs by more than 1 km s ' from the other 

three profiles. Unless the seismic velocity field has strong azimuthal anisotropy, these differences are 

likely caused by poor quality velocity picks. Many of the picks at a given TWT, and particularly 

those >  2 s, differ by more than the picking errors estimated in Chapter 4 Section 4.3.1, which 

were used to plot the error bars in Figure 5.21 (b) and (c). Such relatively large discrepancies are 

probably because the error was defined as the best accuracy possible during semblance analysis and 

picking (Walford and White, 2005). However, stacking velocities from routine analysis performed 

during seismic processing are considered in this study. These picks were not made with the intention 

o f being used for further detailed analysis of the velocity field itself; they are not necessarily o f best 

possible quality, but only of adequate quality to produce reasonable CDP stacks.

5.2.4 Exhumation from 2D data - synthesis

The exhumation estimates derived from inverting the 2D seismic stacking velocities range between 

0 .5-3  km. The exhumation estimates are presented in map view and as longitudinal profiles across 

each seismic line. Both show regional variation over distances greater than 10 km and scatter at 

shorter distances. Local scatter was carefully inspected and anomalously high values were removed. 

These combined observaUons lead to the following conclusions:

• The eastern margin of the basin has undergone between 1-1.5 km more exhumation than the 

central syncline (see figure 5.1).

• The core o f the anticlines produced by local inversion (sec figure 5.3, figure 5.8 and figure 5.13) 

have experienced around 500 m more exhumation than the limbs.

• The areas covered by Tertiary volcanics and/or Cretaceous chalk should be ignored as the sim

ple velocity model based on the time-averaged equation is not valid and results in unreliable 

exhumation estimates.

• For a single line, the local scatter of exhumation estimates usually deviates less than ±  200 m 

from the smoothed regional curve and correlates well with the ±  200 confidence margin on the 

results developed in Chapter 4.
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5.3 Exhumation estimates from 3D seismic data

5.3.1 3D map

E xhum ation estim ates derived from  inverting the 3D seism ic stacking velocities are displayed in m ap 

view on Figure 5.22. Two displays are illustrated. Figure 5.22 (b) displays a com pilation o f  exhum a

tion estim ates over a 0.02 by 0.01 degree grid (approxim ately 1 by 1 km ) and Figure 5.22 (c) shows 

them  sm oothed w ith a cosine filter o f  full w idth 10 km. Structural and stratigraphic inform ation are 

superim posed on both m aps as well as estim ates from  adjacent and intersecting 2D lines. Exhum ation 

estim ates over distances o f  less than a few kilom etres (c. 1 arc m inute) do not resem ble any geological 

feature. They m ore likely result from  velocity picking errors than from  natural variations in model 

param eters such as solid grain and fluid velocities.

Exhum ation estim ates range betw een 0 .5 -1 .5  km. The syncline axis o f the basin corresponds to the 

lowest exhum ation estim ates (0.7 ±  0.1 km), w hich is expected as it corresponds to the low est RM S 

velocities. The eastern m argin exhibits the highest exhum ation estim ates (1.4 ±  0.1 km ) especially  

around well 27/5-1 and to the southeast o f  the 3D volum e. To the east, about 10 km north o f the sou th 

east corner o f  the 3D volum e, a region w ith significantly low er estim ates (1 ± 0 .1  km ) is observed 

(e.g. see Figure 5.26 and Figure 5.27 in section 5.3.2). Towards the west, along the basin-bounding 

fault, h igher estim ates are visible (1 .3 -1 .5  km ). They are regionally  related to the anficline/m onocline 

structures described in C hapter 2 (e.g. see F igure 5.24 and Figure 5.27 in section 5.3.2) and po ten

tially  to the local intrusion o f  volcanic sills (e.g. see F igure 5.28 in section 5.3.2). Volcanics are not as 

prom inent on the exhum ation m aps com pared to the 2D derived estim ates (section 5.2). It is difficult 

to assess their im pact as they m ainly intrude along the western basin-bounding fault and the central 

transfer fault, both features likely to produce anom alous RM S velocities and therefore anom alous 

exhum ation estim ates. However, the m ain sill located in the m iddle o f  the 3D volum e (about 15 km 

north o f  its southern m argin) does not have any significant im pact on the exhum ation estim ates (val

ues stay around the regional exhum adon value of 0.7 km ). D espite their suspected anom alously  high 

RM S velocities it seem s that the 3D processing has reduced their influence. The velocity  m odel de

veloped was certain ly  m ore accurate and constrained than the one defined for the 2D  seism ic data. As 

a result the local scatter in 3D exhum ation estim ates is less. In the m iddle of the 3D volum e (about 20 

km north o f  its southeastern com er) a linear increase in exhum ation (1 .0 -1 .4  km ) is observed across 

the basin (see F igure 5.25 in section 5.3.2). It follow s a m inor transfer fault w hich offsets the basin 

axis in a sinistral way. To the w est the intrusion o f volcanic sills along the transfer fault adds m ore 

potential perturbation  to the seism ic signal. In order to illustrate w ith m ore detail the lateral variation 

in exhum ation across the basin, cross-sections can be extracted from  the 3D grid (precise location 

o f each selected line is given in F igure 5.22(a)). The results will also be com pared to the estim ates 

obtained from  2D adjacent and in tersecting lines.
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5.3.2 3D cross-sections

Figure 5.23 show s a sectional view o f exhum ation estim ates for 3D line ILN 3123, which crosses the 

eastern flank at well 27/5-1. T he R M S velocity prolile at the N eogene unconform ity is also displayed. 

I'here is overall a very good correlation  betw een the RM S velocity profiles, the exhum ation estim ates 

profiles and the interpreted structure. T he central syncline experienced about 1.2 km exhum ation less 

than the eastern  flank and 500 m less than the faulted anticlinal structure w hich developed along the 

western basin-bounding fault.

Figure 5.24 show s a sectional view o f exhum ation estim ates for 3D line ILN 2803. It presents the 

same regional characteristics as line ILN 3123 with (1) an overall good correlation betw een the RMS 

and exhum ation profiles and the in terpreted  structures, and (2) a sim ilar distribution o f  exhum ation 

with low values in the central syncline ( ~  0.6 km) and m uch higher values for the eastern ( ~  1.6 

km) and w estern  ( ~  1.3 km) flanks. 'I'his latter feature is related  to the developm ent o f  a m onocline 

structure w hich onlaps onto the w estern basin-bounding fault.

Figure 5.25 show s a sectional view o f exhum ation estim ates for 3D line ILN 2363, which is sub- 

parallel to the m inor sinistral transfer fault affecting the centre o f  the 3D survey. As described in 

C hapter 2 this transfer zone is characterised by an extrem ely chaotic seism ic response: m ultiples, 

random  noise, h igh reflecfivity areas and blank zones conspire to render the seism ic interpretation 

extrem ely com plicated . As a result the RM S velocity response does not reflect the expected pattern 

over the Slyne half-graben described in the previous two lines and exhibits a rather constant value 

around 2 ±  0.2 km s ' w hich leads to a sim ilar behaviour in the exhum ation estim ates w ith a linear 

distribution around 1.2 ±  0.2 km.

Figure 5.26 show s a sectional view o f exhum ation estim ates for 3D line ILN 2163. It corresponds to 

a part o f  flie S lyne Basin w here the eastern flank is poorly developed. Exhum ation esfim ates m irror 

that local pattern with low estim ates around 0.7 ±  0.1 km. The western part of the line exhibits 

a m onocline structure w hich onlaps onto the basin-bounding fault (sim ilar to line ILN 2803) and 

corresponds to a higher velocity gradient (1.9 km  s ' against 1.7 km s ' in the central syncline) and 

higher exhum ation esfim ates (1.4 km). As revealed in the 3D exhum ation m ap previously discussed, 

the igneous sill in truding above the central syncline does not have any effect on the exhum ation 

pattern.

Figure 5.27 show s a sectional view o f exhum afion estim ates for 3D line ILN 1883. Again RM S veloc

ity and exhum ation profiles correlate very well and offer a m irror im age o f  the interpreted structure. 

T he ‘grad ien t’ o f  exhum ation betw een the central syncline and the poorly developed eastern flank 

is about 500 m w hile the m onocline structure onlapping onto the basin-bounding fault to the w est 

generates alm ost a 1 km  ‘g rad ien t’ o f exhum afion.

Figure 5.28 show s a sectional view o f exhum ation estim ates for 3D line ILN 1003. A gain there is 

good agreem ent betw een the interpreted structures and both the RM S velocity and exhum ation p ro 

files across flie basin. T h e  eastern flank has undergone about 1.2 km  m ore exhum ation than the 

central syncline, w hile the anticline w hich developed along the w estern basin-bounding fault gener-
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ated about 500 m m ore exhum ation than in the central syncline. These m agnitudes m irror the pattern 

o f  exhum ation observed in the northern end o f  the 3D volum e (see Figure 5.23)

5.3.3 3D versus 2D estimates

There is an overall good correlation betw een estim ates from  the 2D and 3D data. They show  the sam e 

trends w ith low exhum ation estim ates over the central syncline o f  the basin and a ‘grad ien t’ o f  about 

1 .5-2  km o f exhum ation tow ards the eastern flank. Locally  sm aller ‘g rad ien ts’ are recorded, e.g. to 

the south o f  the offshore extension o f  the Fair H ead - C lew  Bay lineam ent the ‘g rad ien t’ is about 500 

m; it is even sm aller in an area 10 km  north w ithin the 3D volum e and south o f  the transfer fault 

w hich transects it w ith values betw een 100-300 m. H ow ever several m ajor d ifferences betw een 3D- 

and 2D -derived estim ates can be noted:

1. T he 3D -derived estim ates appear significantly low er than the 2D -derived ones ( ±  150 m on 

average). This is due to the validity o f the input RM S velocity data. N ot only is the velocity 

analysis for the 3D data m uch m ore accurate and constrained than for 2D  data but in addition 

the 3D survey has been processed about 10 years after the 2D one. th e re fo re  it bcnefitted from 

m ore advanced processing techniques and pow erful com puters (e.g. D ancer and Pillar, 2001). 

For these reasons, the 3D -derived exhum ation estim ates are preferred to the 2D -derived ones.

2. As a direct consequence o f the previous conclusion, volcanics have a very lim ited effect on 

the 3D -derived exhum ation estim ates. U nlike the 2D -derived results they do not influence the 

regional distribution o f exhum ation across the basin.

3. Local scatter is also m uch less developed. The ability to integer 3D geom etries w hen processing 

the data notably helps reduce side effects.

5.4 Conclusions

The inversion o f  2D and 3D stacking velocities has been perform ed over the S lyne Basin. The d is

tribution o f  exhum ation across the basin has been studied laterally on both a regional and local scale. 

M aps o f  exhum ation have been constructed to highlight the pattern o f  exhum ation o f  the area. These 

maps o f exhum ation are com pared with results from  previous studies derived from  various m ore 

classic m ethods (C hapter 6) and correlated with exhum ation estim ates driven from  stratigraphic pro

jections (C hapter 3).

Results from  both the 2D  and 3D datasets can be com pared w ith respect to the seven typical profiles 

recognised w ithin the central and south  Slyne Basin (Figure 5.29). F or each typical profile there is an 

overall very good agreem ent betw een the exhum ation estim ates curve and the in terpreted  structure. 

W here deeper rocks have been brought close to the surface, the observed exhum ation values are large 

and vice versa. As previously d iscussed, the im pact o f faulting on the longitudinal distribution o f
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exhumation is important in the south Siyne Basin. The only areas where structure and exhumation 

do not correlate well are located mainly in the western South Slyne Basin where the extrusion of 

Tertiary volcanics has affected the velocity distribution or at least its interpretation (see Chapter 4 

section 4.3.6).

All typical profiles (with the exception of profile 3) show a similar eastward increasing trend in ex

humation (Figure 5.29). Murphy and Croker (1992) stated that the Slyne Basin is bounded east and 

west by uplifted Palaeozoic platforms. The potential origins and implications of such feature will be 

discussed in Chapter 7 section 7.1.2. Profile 3 does not present this characteristic certainly because 

of the presence of a transfer zone which counterbalanced the uplift so that the eastern margin of the 

basin does not display a prominent flank (see Figures 5.26 and 5.27). The western margin is marked 

by elevated values o f exhumation estimates for each profile. If the nearby Slyne Ridge associated 

with the main basin-bounding fault may have a side effect on the seismic velocity distribution and 

therefore influence the pattern of exhumation in its vicinity, this influence will be considered negli

gible in this discussion since the western extremity of aU W-E seismic lines have not been included 

in this study precisely to avoid such artefactual effect on the results. Unfortunately, for profiles 5 

to 7 from the southern Central Slyne sub-basin to the South Slyne sub-basin, the presence of near

surface volcanics is responsible for elevated seismic velocities which in turn cause the exhumation 

estimates to be over-exaggerated. In the Central Slyne sub-basin (profiles 1 to 4) elevated exhumation 

can be found along the western margin (particularly for profile 2). 'Fhese values seem to match the 

presence of monocline (locally anticline) structures that developed in the hanging wail of the main 

basin-bounding fault, probably as a result of extensional tectonics accommodated by listric faulting 

detaching onto the Zechstein equivalent evaporilic sequence (Dancer et a i ,  1999). As modelled by 

Dancer et al. (1999), these monocline persisted throughout the extensional phase with the Middle 

Jurassic onlapping and thinning onto them (see Chapter 2 section 2.3.4 and e.g. Figure 2.20). This 

indicates that the monocline structures were not inverted and that the elevated exhumation values 

might be attributed to movements initiated along the salt-detached extensional faults. However, local 

inversion structures can be observed in the basin (sec profile 5), for example the faulted anticline 

tested by well 27/13-1 and crossed by lines nwi-91-10, -24 and -30 (see Figures 5.8, 5.13 and 5.15 

respectively). It generated a modest but nevertheless real increase in exhumation above its crest.

To summari.se, the following conclusions have been gathered:

1. I'hc Slyne Basin has undergone about 1.5-2 km more exhumation on its eastern flank than on 

its central synchne. Locally flie absence of the eastern flank or flie stratigraphic and structural 

influence of a transfer fault leads to much smaller ‘gradients’ o f exhumation between the central 

syncline and the eastern flank (100-500m).

2. Locally the core of anticlines resulting from basin inversion have generated about 500 m more 

exhumation than their limbs.

3. Along the western basin-bounding fault, the local development of anticline and monocline 

structures, triggered by salt-detached extensional faults movements, is responsible for a ~  500 

m ‘gradient’ of exhumation from the central syncline.
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4. 3D-derived estimates are believed to be more accurate than 2D-derived ones because of the 

better constraints on the input RMS velocity. 2D-derived estimates are greater than 3D-derived 

ones by 150 m on average.

5. Local scatter on the exhumation estimates might be attributed to (1) error in picking the RMS 

velocity profiles from semblance plots, (2) real RMS velocity variations caused by local changes 

in solid grain velocities or compaction parameters, or (3) real velocity variations caused by lo

cal variation in exhumation. The proximity of the plane of the seismic sections to structures 

could also produce a significant scatter by decreasing the signal to noise ratio.

6. The contribution of picking errors was determined by comparing exhumation estimates at each 

2D line-tie. The most extreme values have been excluded as they do not reflect real geological 

variations in exhumation but are always associated with the effects of volcanics and faulting. 

The average local scatter found on 2D-derived exhumation estimates deviates ±  200 m from 

the smoothed regional curve.

7. Local scatter for the 3D estimates is reduced to local ‘blobbiness’ over distances o f less than a 

few kilometres (c. 0.1 arc minute) and does not resemble any geological feature. It is certainly 

the result of velocity picking errors more than natural variations in model parameters such as 

solid grain and fluid velocities. Local scatter in 3D estimates, although smaller than for the 2D 

ones, is maximised to the local scatter range of the 2D data i.e. ±  200 m. It falls within the ±  

200 m confidence margin on the results, which is a satisfying outcome.
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Figure 5.1: Compilation o f exhumation estimates from all 2D lines from inverse modelling of 
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every available stacking velocity profile, (b) Contours plotted by finding the mean exhumation within 
0.2 by 0.1 degree bins ( ~  10 by 10 km) and interpolating the result onto a 0.01 degree grid. Black 
crosses mark well locations. Structural information is superimposed on both maps for direct com par
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Figure 5.3: Analysis o f  exhumation estimates o f 2D seismic line nwi-91-01. (a) Longitudinal profile 
o f exhumation estimates. Regional interpolation using a ID  Gaussian function with a full filter width 
of 10 km (thin line) and a ID polynomial model with 10 terms (thick line), (b) Seismic interpretation. 
Key: yellow = Neogene unconformity; blue = Middle Jurassic unconformity; light purple = Top 
Triassic; dark purple = Base Trias; red = Variscan unconformity; pink = volcanics. (c) RMS stacking 
velocity field (colour) and individual RMS stacking velocity profiles (black lines) with scale displayed 
on the right-hand side. The white line is the Neogene unconformity.
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o f exhumation estimates. Regional interpolation using a ID  Gaussian function with a full filter width 
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Figure 5.5: Analysis o f exhumation estimates o f 2D seismic line nwi-91-04. (a) Longitudinal profile 
o f  exhumation estimates. Regional interpolation using a ID Gaussian function with a full filter width 
of 10 km (thin line) and a ID polynomial model with 10 terms (thick line) and 20 terms (dashed 
line), (b) Seismic interpretation. Key: yellow = Neogene unconformity; blue = Middle Jurassic 
unconformity; light purple = Top Triassic; dark purple = Base Trias; red = Variscan unconformity; 
pink = volcanics. (c) RM S stacking velocity field (colour) and individual RMS stacking velocity 
profiles (black lines) with scale displayed on the right-hand side. The white line is the Neogene 
unconformity.
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Figure 5.7: Analysis o f  exhumation estimates o f 2D seismic line nwi-91-08. (a) Longitudinal profile 
o f  exhumation estimates. Regional interpolation using a ID  Gaussian function with a full filter width 
of 10 km (thin line) and a ID polynomial model with 12 terms (thick line), (b) Seismic interpretation. 
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on the right-hand side. The white line is the Neogene unconformity.
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on the right-hand side. The white line is the Neogene unconformity.
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Figure 5.10: Analysis o f 2D seismic line nwi-91-14. (a) Longitudinal profile o f exhumation estimates. 
Regional interpolation using a ID Gaussian function with a full filter width o f 10 km (thin line) and a 
ID polynomial model with 12 terms (thick line), (b) Seismic interpretation. Key: yellow = Neogene 
unconformity; blue = Middle Jurassic unconformity; light purple = Top Triassic; dark purple = Base 
Trias; red = Variscan unconformity; pink = volcanics. (c) RMS stacking velocity field (colour) and 
individual RMS stacking velocity profiles (black lines) with scale displayed on the right-hand side. 
The white line is the Neogene unconformity.
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Figure 5.11; Analysis of exhumation estimates of 2D seismic line nwi-91-20. (a) Longitudinal profile 
o f exhumation estimates. Regional interpolation using a ID  Gaussian function with a full filter width 
of 10 km (thin line) and a ID polynomial model with 13 terms (thick line), (b) Seismic interpretation. 
Key: yellow = Neogene unconformity; blue = Middle Jurassic unconformity; light purple = Top 
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velocity field (colour) and individual RMS stacking velocity profiles (black lines) with scale displayed 
on the right-hand side. The white line is the Neogene unconformity.
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Figure 5.12: Analysis o f exhumation estimates of 2D seismic line nwi-91-22. (a) Longitudinal profile 
o f  exhumation estimates. Regional interpolation using a ID  Gaussian function with a full filter width 
of 10 km (thin line) and a ID polynomial model with 13 terms (thick line), (b) Seismic interpretation. 
Key: yellow = Neogene unconformity; blue = Middle Jurassic unconformity; light purple = Top 
Triassic; dark purple = Base Trias; red = Variscan unconformity; pink = volcanics. (c) RMS stacking 
velocity field (colour) and individual RMS stacking velocity profiles (black lines) with scale displayed 
on the right-hand side. The white line is the Neogene unconformity.
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Figure 5.13: Analysis of exhumation estimates of 2D seismic line nwi-91-24. (a) Longitudinal profile 
o f exhumation estimates. Regional interpolation using a 1D Gaussian function with a full filter width 
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velocity field (colour) and individual RMS stacking velocity profiles (black lines) with scale displayed 
on the right-hand side. The white line is the Neogene unconformity.
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Figure 5.14: Analysis o f exhumation estimates of 2D seismic line nwi-91-26, (a) Longitudinal profile 
o f exhumation estimates. Regional interpolation using a ID Gaussian function with a full filter width 
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velocity field (colour) and individual RMS stacking velocity profiles (black lines) with scale displayed 
on the right-hand side. The white line is the Neogene unconformity.
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Seismic Intersection Minimum AE (km)
04x30 0,002
08x24 0,003
30x24 0,011
04x20 0,016
06x20 0,020
06x30 0,022
14x30 0,040
10x22 0,043
02x24 0,051
06x24 0,058
02x30 0,065
06x22 0,066
01x22 0,074
10x26 0,091
01x30 0,092
08x30 0,100
30x22 0,108

10x24x30 0,122
04x24 0,133
02x22 0,147
14x26 0,168
12x24 0,175
06x26 0,198
12x30 0,226
04x22 0,253
30x22 0,322
12x26 0,334
08x20 0,359
30x24 0.362
01x20 0,415
14x24 0,430
12x22 0,721
08x26 0,753
08x22 0,916
02x20 0,996
04x26 -
10x20 -

14x22 -
307,20 -

30:20 -

Seismic Intersection Maximum AE (km)
08x24 0,003
30x24 0,011
02x24 0,051
06x30 0,052
06x24 0,058
02x30 0,065
06x22 0,066
06x20 0,078
08x30 0,100
30x22 0,110
14x30 0,161
01x22 0,163
06x26 0,198
10x26 0,205
04x24 0,243
04x22 0,253
01x30 0,296
04x30 0,302
30x22 0,322
30x24 0,362
12x24 0,386
14x26 0,397

10x24x30 0,399
10x22 0,405
01x20 0,415
12x26 0,459
08x20 0,472
14x24 0,532
12x30 0,547
12x22 0,721
08x26 0,753
08x22 0,916
02x22 1,018
04x20 1,035
02x20 1,413
04x26 -
10x20 -

14x22 -
30x20 -

30x20 -

Table 5.1: M irimum and maximum A£ values at 2D seismic line intersections. Key: axb = a crossing 
b, with a and I the corresponding seismic line numbers; - = intersection outside calculated range i.e. 
no Variscan data.
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Chapter 6

Comparative interpretations

6.1 Introduction

T h e exhum ation estim ates presented and discussed in C hapter 5 have been derived from  a recently  

published  new approach tested by W alford and W hite (2005) along the west A frican continental m ar

g in  and applied  by M ackay and W hite (2006) around the British Isles. Both W alford and W hite 

(2005) and M ackay and W hite (2006) em phasized the im portance o f  calibrating  the technique and 

com paring  the results w ith estim ates obtained from  previous or contem poraneous studies applied  to 

borehole  data. For this project two sets o f alternate exhum ation estim ates are available. E xhum a

tion estim ates derived from structural analyses have been gathered for the 2D  survey nwi91 and the 

3D  volum e ei3d00 (C hapter 3). They offer a direct geological control on the exhum ation estim ates 

derived from  the stacking velocities. Several techniques have been applied to w ells 27/13-1, 27/5/1 

and  several o f  the C orrib  wells. These results will be discussed and com pared with the ones obtained 

from  this study.

6.2 Comparison with ‘structural’ estimates

Exhum ation estim ates derived from  the structural projections o f  the seism ic interpretation clearly  

illustrate an eastw ard increase in exhum ation over the southern and central Slyne Basin (Figure 6.1). 

A difference o f  l-2 k m  is observed betw een ihe central syncline and the eastern flank. T here is 

agreem ent w ith exhum ation estim ates derived from inverting the stacking velocity data as the latter 

also exhibits a 1.5-2 km increase in exhum ation over the sam e region. Towards the w estern basin- 

bounding fault, relatively high exhum ation values are noticed in the northern central Slyne (typical 

profiles 1 to 4) w ith a 0 .4 -0 .7  km increase in exhum ation from the central syncline. A gain this show s a 

close correlation  w ith .stacking velocity estim ates w hich yield a ~  0.5 km increase in exhum ation over 

the sam e area. The m ajor difference betw een the results from  both techniques lies in the exhum ation 

estim ates in the region betw een the basin-bounding fault and the offshore extension o f  the Leek Fault.
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Elevated exhum ation values are found from inverting staci^ing velocities w hereas the stratigraphic 

analyses reveal that this area corresponds to the lowest values o f exhum ation. This discrepancy was 

expected  and is linked to the presence of volcanics in the area. A nom alously high values o f interval 

velocities corresponding to these volcanics have been ignored in the exhum ation estim ates calculated 

from  the structural projections. I'his significant difference confirm s the adverse effect o f  volcanics on 

the exhum ation pattern derived from  the stacking velocities.

Local variations in exhum ation associated  w ith the developm ent o f anticline structures linked to local 

inversion can also be m easured from  the projected stratigraphy but are not reliably retrieved on the 

m ap of structural exhum ation estim ates because their m agnitude is in the same range as the uncer

tain ty  on the calculation ( ~  0.4 km ). This yields a very sim ple pattern o f exhum ation observed on 

the map of structural estim ates (Figure 3.13). A lthough the pattern is not that clear on the m ap of 

stacking velocity exhum ation estim ates (Figure 5.1), the same conclusion can be drawn.

O verall both exhum ation estim ates derived from inverting the stacking velocity data and from  the 

structural projections o f the seism ic interpretation show close agreem ent. The sam e regional (over 

areas >  10 km ) variations are observed w hile local (over areas betw een 5 -1 0  km) variations are m ore 

difficult to detect on the regional m aps because they fall w ithin the range o f  the uncertainty values. 

This good correlation confirm s the observations m ade in C hapter 5 section 5.2.2 that the longitudinal 

exhum ation  profiles were, in the absencc o f  near-surface fast-velocity  lithologies (e.g. volcanics, 

chalk) a m irror im age o f the in terpreted  structures. Finally this geological ground-truthing is also a 

first step in validating the m ethod. In order to verify the accuracy o f  the m agnitude o f  exhum ation 

estim ates found in this project, the results w ill now be com pared with estim ates from  previous studies 

applied to borehole data.

6.3 Comparison with previous studies

A large variety o f techniques have been applied to the available borehole data in the Slyne basin  to 

constrain  the m agnitude and tim ing o f  exhum ation. Several different techniques w ere considered and 

thus w ill provide a fairly com plete com parison to the estim ates presented  in this study:

1. T herm al, such as apatite fission track analysis (AFTA) (G eotrack, 1991,1992, 1997; Scotchinan 

and T hom as, 1995), vitrin ite  reflectance (VR) (C orcoran and C layton, 2001; C orcoran and 

M ecklenburgh, 2005; G eotrack, 1991, 1997; Scotchm an and Thom as, 1995) and biom arker 

indices geochem ical m odelling (Scotchm an and Thom as, 1995).

2. C om pactional, such as sonic interval transit-tim e m odelling (Corcoran and M ecklenburgh, 

2005; Corcoran and Dore, 2005; Scotchm an and Thom as, 1995), and core porosity  m easure

m ents (Corcoran and Dore, 2005).

3. Stratigraphic (C orcoran and M ecklenburgh, 2005).
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In this study, the amount of exhumation was estimated at the regional Neogene unconformity which 

is a composite unconformity comprising three different exhumation events (see Chapter 2 section 

2.2.2). Nothing can be said about the timing of these events based on the stacking velocity-derived 

exhumation estimates and only the magnitude of exhumation will be compared and discussed with 

the various methods listed above.

6.3.1 Thermal history-based techniques: Apatite fission track analysis (AFTA), vitri- 
nite reflectance (VR) and biomarker analyses

Thermal history-based techniques rely on the assumption that sedimentary rocks are heated as they 

get buried and are cooled as they get exhumed. They provide information about the movement of 

rocks relative to a thermal frame o f reference. By estimating the palaeogeothermal gradient of a 

sedimentary succession (from interpreting the peak palaeotemperalure profile derived from the rel

evant palaeothermal indicator) and extrapolating it to an assumed palaeo-surface temperature, the 

magnitude of exhumation can be inferred (Corcoran and Dore, 2005). By combining both AFTA and 

VR methods a more coherent themial history framework can be established and a formal method of 

analysing palaeogeothermal gradients can be developed (Bray et a i ,  1992).

A patite fission track analysis

Fission track dating is a widely used technique for reconstructing the low-temperature thermal histo

ries of upper crustal rocks. It has been used to study the tectonic and thermal histories o f compres- 

sional and extensional margins, the stability o f continental interiors, the thermal histories o f sedim en

tary basins and landscape evolution studies. The method has been described and reviewed elsewhere 

(e.g. Gleadow, 19 8 1; Green, 1988; Gallagher er a/., 1998; Donelick e /a /., 2005) and this section only 

presents a brief overview o f the technique. F’ission track dating is based on the spontaneous fission 

decay of which produces linear defects, referred to as fission tracks, in the lattice o f uranium- 

bearing minerals (Fleischer et a i ,  1975; Price and Walker, 1963). Fission tracks are enlarged using 

a standardized chemical etching process so they can be observed under an optical microscope (Price 

and Walker, 1962). The technique is widely applied to apatite, zircon and titanite because they con

tain sufficient uranium (typically >  10 ppm) to generate a statistically useful quanfity o f spontaneous 

fission tracks over geological time. By comparing the density of fission tracks with the uranium  con

tent o f die mineral, an apparent fission track age can be calculated. A fission-track age provides an 

estimate of the time that has elapsed since the mineral cooled through a specific temperature window 

(the parfial annealing zone or PAZ). The apatite PAZ is estimated at 60-110 °C although this varies 

with apatite composition (Green et a i ,  1986; Carlson et a i ,  1999). At temperatures higher than the 

PAZ, fission tracks are completely annealed (or removed) via thermally activated diffusion o f the re

located ionic species in the lattice. At temperatures lower than the PAZ, there is insufficient energy 

to cause significant repair of fission tracks.
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Vitrinite reflectance

Vitrinite is one of the primary components of coals and most sedimentary kerogens. Vitrinite is a type 

of maceral. A maceral is an elementary microscopic constituent of coal that can be recognised by 

its shape, morphology, reflectance and fluorescence (Stopes, 1935). Broadly the term is equivalent to 

minerals in rocks. M orphology is the main factor determining the classification o f macerals. 'fhey can 

be differentiated based on their appearance in reflected light and can be subdivided into three main 

groups; vitrinite, inertinite and liptinite. Liptinite has flie lowest reflectance, vitrinite has intermediate 

reflectance and inertinite has the highest reflectance in incident light.

The vitrinite group, which consists of various individual vitrinite macerals, is the most common 

component o f coals (Stach et a i ,  1982). Vitrinite has a shiny appearance resembling glass (vitreous 

lustre). It is derived from the cell-wall material or woody tissue of the plants from which coal was 

formed. Chemically, it is composed of polymers, cellulose and lignin (Dow, 1977). It is abundant 

in kerogens that are derived from the same biogenic precursors as coals, e.g. land plants and humic 

peats. Vitrinite forms diagenetically by the thermal alteration of lignm and cellulose in plant cell walls 

(Taylor et a i ,  1998). It is therefore common in sedimentary rocks that are rich in organic matter, such 

as shales and marls with a terrigenous origin, or some terrigenous content. In contrast, carbonates, 

evaporites and well-sorted sandstones have very low vitrinite contents.

Vitrinite reflectance is sensitive to temperatures corresponding to those o f hydrocarbon generation 

(i.e. 60 to 120 °C) which means that, with a suitable calibration, vitrinite reflectance can be used 

as an indicator of maturity in hydrocarbon source rocks. This analytical method was developed to 

rank the maturity of coals and was standardised by the International Committee for Coal and Organic 

Petrology (I.C.C.R, 1971). It is now used in other rocks to determine whether they have hydrocarbon 

potential. The reflectivity o f at least 30 individual grains of vitrinite from a rock sample is measured 

under a microscope. The measurement is given in units of reflectance, % /?o, with typical values 

ranging from 0% Rq to 3% Ro, with values for gas-generating source rocks typically exceeding 1.5%. 

Strictly speaking, the plant material that forms vitrinite did not occur prior to Silurian time, although 

geochemists have established a scale o f equivalent vitrinite reflectance for rocks older than Silurian.

Well 27/13-1

Several thermal history studies have been undertaken on well 27/13-1 using both the AFTA and VR 

methods. The amount o f section removed by uplift and erosion has been discussed for each study.

Geotrack (1991) processed AFTA on three rock cuttings from the Jurassic section and combined the 

results with VR data using the distributed activation energy model, which describes the evolution 

o f VR with temperature and time, as defmed by Burnham and Sweeney (1989). They found fliat the 

AFTA data in the three samples show clear evidence of exposure to maximum temperatures at least 45 

°C higher than present-day values, and by combining AFTA and VR values, that the palaeogeothermal 

gradient should be close to the present-day value of ~  28 °C/km. These values are equivalent to a
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rem oval o f  ~  1800 m o f section by uplift and erosion.

G eotrack (1992) conducted AFTA on six sam ples from  the Jurassic section. They integrated it with 

the V R  data. The m agnitude o f  cooling show n by the individual sam ples is on the order o f ~  55 

°C  suggesting  that the palaegeotherm al gradient p rior to cooling from m axim um  palaeotem peratures 

w as sim ilar to the present-day value. For this degree o f  cooling and assum ing a constant surface 

tem perature  o f  8 °C through tim e as well as a linear palaeogeotherm al gradient, the am ount o f  section 

rem oved through uplift and erosion is estim ated to have been ~  2.0 km.

G eotrack (1997) com bined AFTA and VR to draw  a regional synthesis for the therm al history in 

the S lyne Basin (Figure 6.2 (a)). For w ell 27/13-1 the m ain palaeotem perature profile indicates that 

the M iddle Jurassic to Triassic sections reached m axim um  palaeotem peratures w hich were betw een 

3 3 -6 6  °C higher than the present-day tem peratures. AFTA reveals that cooling from these palaeotem - 

pcratures started  in the Eocene-H arly  O ligocene (5 0 -3 0  M a). F illing a line to the profile o f  AFTA 

and V R -derived m axim um  palaeotem peratures for the 5 0 -3 0  M a therm al episode gives a m.aximum 

likelihood estim ate o f  30.5 °C /km  and an allow ed range o f  palaeogeotherm al gradient from  24.0  to

37.0  °C /km  at 95 % confidence lim its (w hich, at the low er lim it, is com patib le w ith the present-day 

gradient o f  26.1 °C /km ) (Figure 6.2 (b )-(c)). These values correspond to a m axim um  likelihood es

tim ate o f  1700 m for the total am ount o f  section rem oved from  M iddle Jurassic unconform ity with 

low er and upper 95 %  confidence lim its o f  1150 and 26()0m, respectively, assum ing a palaeo-surface 

tem perature o f  8 °C (Figure 6.2 (d)-(e)).

I'he m axim um  palaeotem perature profile in this well is generally  well defined, and was not consid 

ered to have an alternative therm al history interpretation, because the anom alously low VR data in 

the Low er Jurassic is w idely accepted as being geochem ically  suppressed (Scotchm an and Thom as, 

1995), and m ost o f  the rem aining VR data are highly consistent with the AFTA results. As presented 

in the previous interpretation m odel, m axim um  Late Tertiary palaeotem peratures (reached som e tim e 

betw een 50 and 30 M a, as constrained by AFTA) are thought to be due to deeper burial on the top 

M iddle Jurassic unconform ity. The palaeogeotherm al gradient at this tim e is constrained at betw een

24.0 and 37.0 °C/km  (Figure 6.2 (b )-(c )), w hich at the low er lim it is com padble  with the present-day 

gradient o f  26.1 °C /km .

Scotchm an and Thom as (1995) gathered VR and AFTA data from  45 (G roup, 1992) and six sam ples 

(G eotrack, 1992, 1993), respectively. V R  data have a relatively steep gradient, increasing from  0.44 

to 0.74 % R q, over the studied 1800 m interval, g iving a palaeogeotherm al gradient o f 27.5 °C /km  

using the tem perature conversion m odel developed by B urnham  and Sw eeney (1989). Extrapolation 

o f  the VR data from  depth yields a surface intercept o f  0.2 % /?o,which gives a m agnitude o f uplift 

o f  1.9 km (Figure 6.3). AFTA data suggest a 1.6 km o f uplift, assum ing an 8 °C surface tem perature 

and a 27 °C /km  palaeogeotherm al gradient.

C orcoran and C layton (2001) reassessed Scotchm an and Thom as (1995) analyses and found from 

com bined m odelling  of the VR and AFTA data that the cooling to  present tem perature was accom pa

nied by ‘net exhum ation’ o f  1.9 km.
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Well 27/5-1

Geotrack (1997) conibined AFTA and VR data to produce a regional synthesis of the thermal history 
in the Slyne basin (Figure 6.4 (a)). For well 27/5-1, the main palaeotemperature profile indicates 

that the Middle Jurassic to Triassic sections reached maximum palaeotemperatures which were be
tween 25-60 °C higher than the present-day temperatures. AFTA reveals that cooling from these 

palaeotemperatures started in the liocene-Farly Oligocene (7 5 ^ 5  Ma). Fitting a line to the profile of 
AFTA and VR-derived maximum palaeotemperatures for the 7 5 ^ 5  Ma palaeothermal episode gives 

a maximum likelihood estimate of 31.5 °C/km and an allowed range of palaeogeothermal gradient 

from 20.5 to 42.0 °C'/km at 95 % confidence limits (which, at the lower limit, is compatible with 

the present-day gradient of 23.0 °C/km) (Figure 6.4 (b)-(c)). These values correspond to a maxi
mum likelihood estimate of 1700 m for the total amount of section removed from the top Middle 

Jurassic unconformity with lower and upper 95 % confidence limits of 1150 and 2600m, respectively, 

assuming a palaeo-surface temperature of 8 °C (Figure 6.4 (d)-(e)).

Geotrack (1997) suggested an alternative model (Figure 6.5 (a)) since there are some inconsistencies 
in some well sections between the AFTA and VR data. Anomalously low VR data in the Jurassic and 

the upper part of Triassic are not necessarily suppressed and could represent a ‘saw-tooth’ palaeotem- 
perature profile caused by differential heaung by hot fluids, I’he palaeogeothermal gradient for the 

7 5 ^ 5  Ma event is based on the palaeotemperature estimates from VR and the two deepest AFTA 
samples only. I’his ‘partial burial’ model is consistent with a linear profile. A line fitted to the data 

gives a maximum likelihood value of 47.5 °C/km and an allowed range of palaeogeothermal gradients 
for the Late Cretaceous to Early Tertiary from 41 to 53.5 °C7km at 95 % confidence limits (which is 
higher than the present-day gradient of 79.4 °C/km at the seabed to 23.0 °C/km at total depth (1910 
m)) (Figure 6.5 (b)-(c)). These values correspond to a maximum likelihood estimate of 750 m for the 
total amount of section removed from the top Middle Jurassic unconformity with lower and upper 95 
% confidence limits of 550 and 1000m, respectively assuming a palaeo-surface temperature of 8 °C 
(Figure 6.5 (d)-(e)).

Well 18/20-1

Geotrack (1997) combined AFTA and VR data to produce a regional synthesis of the thermal history 

in the Slyne Basin. For well 18/20-1, results from both AFTA and VR suggest a non-linear palaeotem

perature profile. I'herefore the palaegeothermal gradient could not be rigorously constrained (Figure 

6.6). An alternative scenario was proposed (Figure 6.7 (a)), assuming a deeper burial of the section 

and that the lower VR data in the Middle and Lower Jurassic were geochemically suppressed and 

may therefore be discarded. The main palaeotemperature profile indicates that the Middle Juras

sic to Triassic sections reached maximum palaeotemperatures which were between 25-60 °C higher 

than the present-day temperatures. AFTA reveals that cooling from these palaeotemperatures started 
in the Eocene-Larly Oligocene (7 5 ^ 5  Ma). Fitting a line to the profile of APIA and VR-derived 

maximum palaeotemperatures for the 7 5 ^ 5  Ma palaeothermal episode gives a maximum likelihood 
estimate of 31.5 °C/km and an allowed range of palaeogeothermal gradient from 20.5 to 42.0 °C/km
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at 95 % confidence limits (which, at the lower limit, is compatible with the present-day gradient o f 

26.1 °C/km (Figure 6.7 (b)-(c)). These values correspond to a maximum likelihood estimate o f 1000 

m for the total amount of section removed from the top Tertiary volcanics with lower and upper 95 

% confidence limits o f 700 and 1400m, respectively, assuming a palaeo-surface temperature of 8 °C 

(Figure 6.7 (d)-(e)).

Biomarker analyses

Scotchman and Thomas (1995) used hopane, sterane and triaromatic steranes (TAS) biomarker data, 

from the Portree Shale Formation (PTF) and the Pabba Shale Formation (PSF) —  the two Lower 

Jurassic source rock intervals of the Slyne Basin (see Chapter 2 section 2.2.3 and Figure 2.4) to 

determine the amount o f uplift at well 27/13-1 (Figure 6.8) assuming maturity/depth curves from the 

Upper Jurassic of the northern North Sea East Shetland Basin (Scotchman, 1994). The use o f these 

curves assumes that the Slyne and East Shetland basins experienced similar geothermal histories, 

which can be demonstrated by comparing the reactions of isomerisation and aromatization o f sterane 

as the relationship between these reactions is heating-rate dependent (MacKenzie, 1984). As the data 

from the F l'F  and PSF plot within the field o f the northern North Sea Kimmeridge Clay Formation 

(KCF) data of M acKenzie (1984), similar geothermal histories for the basins can be assumed. No 

measure of uplift can be carried out from the hopane data as the reaction has reached equilibrium 

(Figure 6.8 (a)), while the sterane data from the PTF and PSF lie above the KCF maturity depth 

curve, indicating a magnitude of 1.06km uplift (Figure 6.8 (b)). The TAS cracking ratio data are more 

problematic, owing to the probable organic facies effects on the PSF data with its apparent higher 

maturity. The PTF data suggest 0.7 km uplift and the PSF 1.02 km uplift respectively (Figure 6.8 (c)).

6.3.2 Compaction-based techniques: core porosity measurements and sonic log inter
val velocity modelling

Compaction-based techniques exploit the reduction of porosity with depth which occurs during burial 

(Hubbert and Rubey, 1959; Waples and Couples, 1998) and is the result of mechanical and ther

mochemical processes (Magara, 1976; Sclater and Christie, 1980; Bulat and Stroker, 1987). The 

exponential decay with depth o f porosity (Athy, 1930; Hedberg, 1936) is largely irreversible (espe

cially for siliciclastic sediments) as shown by many empirical measurements (Luo and Vasseur, 1995; 

Giles et a i ,  1998). This observation combined with the assumption that compaction occurred under 

hydrostatic conditions forms the basis o f compaction-based techniques for estimating the amount of 

exhumation (Corcoran and Dore, 2005).

The general methodology relies on the comparison of two plots o f porosity with depth generated at 

well location. The first plot is constructed from a well location exhibiting an exhumed section where 

rocks are at their maximum burial depth present-day (Giles et a i ,  1998). It requires a large number 

of porosity measurements distributed over the whole depth range. These can be obtained from direct 

porosity measurements on core plugs retrieved from a wellbore or from sonic measurements from
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w ireline logs, and this plot form s the reference curve. The second plot is generated from the selected 

well location o f the exhum ed study area. It is generally established using sonic transit tim e versus 

depth m easurem ents. S tratigraphic units that are shallow er than their m axim um  burial-depth w ill have 

anom alously  low porosity (high transit velocity) with respect to their present-day burial depths. The 

displacem ent (along the depth axis) o f  the observed porosity  values or the com paction (0-depth) trend 

from the unexhum ed trend yields an estim ate o f  “net exhum ation” for that well location (Corcoran 

and D ore (2005), Figure 6.9). If an erosional unconform ity lies at the seabed or present-day ground 

level “net exhum ation” will equal “gross exhum ation” . If post-exhum ational burial has occurred, 

“gross exhum ation” will be the sum of “net exhum ation” and post-exhum ational burial (M enpes and 

Hillis, 1995).

A variety o f  m ethods have been developed based on the com paction param eter studied, the approaches 

to the selection o f the norm al com paction reference curve for an area and the optim ization o f  the 

curve-fitting techniques (C orcoran and Dore, 2005). In this dissertation results from sandstone core 

porosity m easurem ents and sonic interval transit time m easurem ents conducted on well 27/5-1 and 

the C orrib wells (18/20-1, 18/20-2z, 18/20-3, 18/20-4 and 18/25-1) by C orcoran and M ecklenburgh 

(2005); C orcoran and Dore (2005) w ill be presented and discussed.

Sandstone core porosity

The m ost direct m ethod involves the plotting o f m easured core-porosity  from individual w ells versus 

depth for a particular lithostratigraphic (clastic reservoir) unit. C orcoran and Dore (2005) plotted 

core-porosity  m easurem ents o f  the Triassic Sherw ood Sandstones G roup against a reference curve 

constructed  from  a mixed em pirical (North Sea Tertiary reservoirs) and theoretical com paction curve 

(Sclater and C hristie, 1980) at w ells 27-5-1, 18/20-1 and 18/20-2z (Figure 6.10). The displacem ent 

o f the m easured porosity values indicate a “net exhum ation” o f 1.45 km for the well 27/5-1 and 1.6 

km for the C orrib wells.

Sonic interval velocity modelling

C orcoran and M ecklenburgh (2005) conducted a sonic transit time com paction study o f  Jurassic 

shales in the northern part o f the Slyne Basin (wells 18/20-1, 18/20-2z 18/20-3, 18/20-4, 18/25-1 o f 

the C orrib  Gas Field, F igure 6.11 (b )-(e)). Since it is im possible to define directly a baseline ‘norm al 

com paction’ curve from  wells in the Slyne Basin, as the lim ited preservation o f post-rift sedim ents 

indicates that this area was affected by regional exhum ation, they utilized actual m easured transit tim e 

data from  adjacent basins (the Rockall and Porcupine basins) to establish a norm al shale com paction 

reference curve for the assessm ent o f exhum ation in the Corrib  area. This reference curve was e s 

tablished by selecting five deep (c. 2750-5500 m below seabed) w ells (132/15-1, 43/13-1, 35/29-2, 

35/19-1 and 35/18-1) with extensive shale sections from  the R ockall and Porcupine basins. The d if

ference betw een the depth o f  the com puted norm al com paction reference trend and the depth o f  each 

m easured transit tim e point in the exhum ed w ells o f the C orrib area yielded a single estim ate o f  “net
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exhum ation” .

“N et exhum ation” in the range 954 -1 1 9 2  m was obtained for the selected C orrib  w ells (Figure 6.11 

(a)). S ince post-exhum ation re-burial occurred in the C orrib  area, the am ount o f post-exhum ation 

(i.e. post-Early C retaceous (Chapm an et a l ,  1999; D ancer et al., 2005; C orcoran and M ecklenburgh, 

2005)) deposidon was added to the “net exhum ation” estim ate in order to constrain the total exhum a

tion (equivalent to “gross exhum ation” ) o f  the area. They found a tight c luster o f  gross exhum ation 

estim ates ranging from  1277-1632 m (Figure 6.1 1 (a)).

6.3.3 Stratigraphic correlation-based techniques

The present-day outcrop distribution and geom etric stratigraphic relationship provides a snapshot 

o f  the tim e-integrated  depositional and denudadonal history o f an area (A llen et al., 2002). As a 

result, basic stratigraphic techniques such as unconform ity  identification, section correlation , ex trap

olation and restoration can help constrain the tim ing and m agnitude o f exhum ation. For offshore data, 

seism ic-stratigraphic interpretation offer additional inform ation with respect to exhum ation estim ates.

I’he stratigraphic approach to the quantification o f  exhum ation at an unconform ity involves the iden

tification o f the m axim um  preserved section (or preferably the correlative conform able succession) 

beneath the unconform ity; this form s the reference section. A m inim um  estim ate o f  exhum ation (e ro 

sion) is then determ ined for a particular well location, by com paring the th ickness o f  the equivalent 

stratigraphic unit encountered in the well with the preserved isopach in the reference section (F ig 

ure 6 .12). Sim ilarly, w here seism ic data are available, and sub-unconform ity truncation  patterns are 

present, a m inim um  estim ate o f exhum adon across a particu lar structure can be obtained, subject to 

appropriate assum ptions w ith respect to rock velocities (C orcoran and D ore, 2005).

C orcoran and D ore (2005) integrated local seism ic in terpretation and regional stratigraphic analysis 

at the Corrib  wells 18/20-1 and 18/20-2z and found that the m ost likely in terpretation suggests a 

k ilom etre-scale (1330 m for well 18/20-1 and 830 m for well 18/20-2z) “gross exhum adon” phase 

during the Early C retaceous, with at least three subsequent, relatively minor, pulses o f  exhum ation 

during the Early C enom anian-M iddle Turonian, Late M aastrichdanL ate Palaeocene and Late E ocene- 

M iddle M iocene periods (Figure 6.13).

6.4 Discussion

Figure 6.14 show s a com prehensive collecdon o f  exhum ation estim ates derived from  all the m ethods 

discussed in the previous section (6.3) com pared with exhum ation estim ates derived from  inverting 

seism ic stacking velocides for the long N-S tie-line nw i-91-30. Exhum ation e.sdmates from each 

intersecting 2D line and along the 3D corresponding crossline (i.e. the N-S 3D lines) are also plotted.

Overall there is good agreem ent betw een the stacking velocity-derived estim ates and the estim ates
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obtained from  the various techniques applied to borehole data. M ost estim ates are com prised  within 

the ±  200 m confidence m argin on the stacking velocity-derived estim ates.

A t the C orrib  wells (18/20-1, 18/20-2z, 18/20-3, 18/20-4 and 18/25-1), sonic transit time com paction 

studies o f  Jurassic shales yielded a tight cluster of gross exhum ation esdm ates ranging from  1277- 

1632 m w hile in contrast, the estim ates from  therm al techniques (for the three w ells that have VR 

data) yield a w ider range (927-1705 m) (C orcoran and M ecklenburgh, 2005; C orcoran and Dore, 

2005). T he largest discrepancy betw een the sonic and V R  estim ates is observed in well 18/20-2z 

(estim ates o f 1498 m and 927 m respecdvely) w here the presence o f a 770 m halite d iap ir at the base 

o f  the Jurassic  section probably affected the palaeo-tem perature distributions. The seism ic stack

ing velocity inversion m ethod gives esdm ates o f  “net exhum ation” . “N et exhum ation” derived from 

sonic interval time m odelling ranges betw een 9 54-1192  m. Exhum ation estim ates derived from  seis

mic stacking velocity in the C orrib area are around 1600-1700 m but do not represent an accurate 

value since the input RM S velocities are increased by the presence o f  both near-surface volcanics and 

chalk. A ddidonal unconform ities lie beneath the regional N eogene unconform ity, w ith Early, M iddle 

and Late C retaceous unconform able relationships recognised (D ancer et al., 1999; D ancer and Pillar, 

2001; D ancer et a l ,  2005; Corcoran and M ecklenburgh, 2005). The m odelling o f stacking veloci

ties only accounted for the regional N eogene unconform ity since only a lim ited am ount o f  velocity 

picks (in m ost cases only one point) were available for the interval betw een the Late C retaceous and 

N eogene unconform ities. These fast-velocity lithologies generated an im portant am ount o f  seism ic 

noise and m ultiples that render seism ic processing and in terpretation  difficult. T he RM S velocity  field 

available is m arked by a high velocity grad ien t in the Jurassic section (see Figure 5.15 (c)). Therefore 

the inversion model increased the exhum ation estim ates by trying to fit tliese elevated velocities.

At well 27/5-1 the (“net”) exhum ation estim ates derived from  the 3D seism ic stacking velocity co r

relate very well with the “net exhum ation” estim ates derived from sandstone core-porosity  analysis. 

AFTA and V R-derived estim ates exhibit a m axim um  likelihood value substantially  h igher (about 400 

m m ore) but the low er and upper 95 % confidence lim its range o f  estim ates overlaps the o ther e sti

mates.

At well 27/13-1 the estim ates from therm al techniques are consistently higher by 200-1000 m than 

estim ates obtained from  other m ethods. These d iscrepancies m ay be at least partially  accounted for 

by ‘distortion* o f  the therm al reference fram e due to advective therm al fluxes in perm eable  M iddle 

Jurassic sandstones caused by dyke em placem ent during the Palaeogene (C orcoran and D ore, 2005). 

Sonic log m odelling and biom arker analyses exhibit significantly low er estim ates than the stacking 

velocity-derived estim ates. Well 27/13-1 w as drilled into a late inversion structure w hich is m arked by 

intensive faulting (see F igures 5.8 (b), 5.13 (b) & 5.15 (b)). This faulting may have been responsible 

for low er velocity gradients (see C hapter 2 section 2.3.5 and Figure 2.27) resulting in “anom alously” 

low exhum ation estim ates. Estim ates from  the intersecting line nw i-91-10 fit closely  the sonic log 

and biom arker-derived estim ates, while the estim ates from  line nw i-91-24 m atch the therm al history- 

derived estim ates and those from  line nw i-91-30 are som ew hat in the m iddle (see F igure 6.14). A 

thorough analysis o f the discrepancy observed betw een the intersecting stacking velocity  estim ates 

at this well location was conducted (see C hapter 5 section 5.2.3 and Figure 5.21) and revealed that 

the higher estim ates were linked with anom alously  elevated velocities related to poor quality  velocity
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picks. A new inversion was carried out without incorporating these spurious picks and the exhumation 

estimates were reduced significantly (to 1.1 ±  0.1 km), which fits closely with the sonic log and 

biomarker-derived estimates.

Exhumation results from the inversion of the seismic stacking velocities show an overall good agree

ment with exhumation estimates obtained from borehole data using a range of standard techniques. 

Although each technique is subject to significant inherent uncertainty, (he detailed analysis o f the 

results, particularly taking into account the frame of reference used by the method and the param e

ter measured (e.g. “net exhumation” versus “gross exhum ation”) allows a better understanding and 

provides valuable constraints on the exhumation estimates from a given area.

155



Chapter 6. C om parative interpretations

5 3 “

© Typical p ro file  
a n d  p ro file  n u m b e r

S tra t lg ra p h ic  a n d  s tru c tu ra l  
in fo rm a tio n s :  s e e  F ig u re  2 .28

B-BF -  B d s in -B o u n d in y  F au lt

C5TF =  C e n tra l S ly n e T ra n s fe r  Fault

LTF = Leek T ra n sfe r  F au h

FH-CB -  Fair H e a d  • C lew  Bay 
l i r ^ a m e n t

B-BFB-BF

5 km5 <m

i-

E

LTFB-BFB-BF

5 km5 Km

3-

FH-CBLTF

5 km

Figure 6.1; Compilation of representative longitudinal profiles of exhumation estimates over the cen
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and from structural projections (blue profiles), corresponding to the seven chosen typical profiles de
scribed in Figure 2.29.
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well 27/5-1, with fitted profile (solid line) and lines (da.shed) represenfing the 95% confidence limits on the palaeogeothermal gradient. Data are plotted against depth 
(TVDRKB) below the top Middle Jurassic unconformity (at 376m RKB).

(d) Maximum likelihood profile o f estimated section removed by uplift and erosion from the top Middle Jurassic unconformity (at 376m RKB) in well 27/5-1 during 
the 7 5 ^ 5  Ma cooling event. This is derived from the palaeogeothermal gradient and assumes a palaeo-surface temperature of 8 °C. The profile gives a maximum 
likelihood value o f 1850 metres with respective lower and upper 95% confidence limits of 1150 and 3250 metres, (e) M aximum palaeotemperature esfimates from all 
AFTA and VR samples (excluding suppressed and contact-heated VR samples) during the 7 5 ^ 5  Ma palaeothermal episode in 27/5-1, with fitted profile (solid line) and 
lines (dashed) representing the lower and upper 95% confidence limits, extrapolated lo an assumed palaeo-surface temperature o f 8 °C. From Geotrack (1997).
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Figure 6.5; (a) Palaeotemperature constraints derived from AFTA and VR in well 27/5-1, plotted against sample depth (TVDRKB). The estimated present-day temper
ature profile is shown in grey. The palaeotemperature profiles which are suggested represent the alternative thermal history interpretation for this well.

(b) In an alternative thermal history reconstruction, the anomalously low VR data in the Jurassic and Upper Triassic sections in well 27/5-1 are interpreted as represent
ing the effects o f deeper burial, while the higher palaeotemperatures in the five shallowest AFTA samples represent lithology-selective localised heating. Fitting a linear 
palaeogeothermal gradient to the maximum palaeotemperature estimates of samples which could have been affected by deeper burial, the profile gives a maximum 
likelihood value of 47.5 °C/km, with lower and upper 95% confidence limits of 41.0 and 53,5 °C/km, respectively, (c) Maximum palaeotemperature estimates from 
the two deepest AFTA samples and all the supplied VR data in 27/5-1, with fitted profile (solid line) and lines (da.shed) representing the 95% confidence limits o f the 
palaeogeothermal gradient. Data are plotted against depth (TVDRKB) below the top Middle Jurassic unconformity (at 376m RKB).

(d) In an alternative burial history reconstruction, the anomalously low VR data in the Jurassic and Upper Triassic sections in well 27/5-1 are interpreted as representing 
the effects o f deeper burial, while the higher palaeotemperatures in the five shallowest AF I'A samples represent lithology-selective localised heating. Based on the 
alternative esfimate of the palaeogeothermal gradient for this well, the maximum likelihood profile of section removed by uplift and erosion from the top Middle 
Jurassic unconformity (at 376m RKB) was estimated assuming a palaeo-surface temperature of 8 °C. The profile gives a maximum likelihood value o f 750 metres with 
respecfive lower and upper 95% confidence limits o f 550 and 1000 metres, (e) Maximum palaeotemperature esfimates from the two deepest AFTA samples and all the 
supplied VR data in 27/5-1, with fitted profile (solid line) and Ones (dashed) representing the 95% confidence limits o f the palaeogeothermal gradient. Data are plotted 
against depth (TVDm rkb) below the top Middle Jurassic unconformity (at 376m RKB). From Geotrack (1997).
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Figure 6.7: (a) Palaeotemperature constraints derived from AFTA and VK in well 18/20-1, plotted against sample depth ('I'VDRKB). The palaeotemperature profile 
which is suggested represents the alternative thermal history interpretation for this well.

(b) In an alternative thermal history reconstruction, all palaeothermal effects in well 18/20-1 may be solely due to the effects of deeper burial, and all the lower VR values 
in the Middle and Lower Jurassic sections may be regarded as geochemically suppressed. Fitting a linear palaeogeothermal gradient to the maximum palaeotemperature 
estimates from all AFTA and new VR samples gives a maximum likelihood value of 39.0 °C7km. with lower and upper 95 % confidence limits of 34.5 and 42.5 °C/km, 
respecfively. (c) Maximum palaeotemperature estimates from the four AFl'A samples and all new VR data in 18/20-1, with fitted profile (solid line) and lines (dashed) 
representing the 95 % confidence limits of the palaeogeothermal gradient. Data are plotted against depth (TVDRKB) below the unconformity at the top of the Terfiary 
volcanics (at 427 m RKB). Note that even the ‘selected’ data do not conform well with a linear profile.

(d) In an alternative thermal history reconstruction, all palaeothermal effects in well 18/20-1 may be solely due to the effects of deeper burial, and all the lower VR values 
in the Middle and Lower Jurassic sections may be regarded as geochemically suppressed. Based on the alternative estimate of the palaeogeothermal gradient for this 
well, the maximum likelihood profile of section removed by uplift and erosion from the unconformity at the top of the Terfiary volcanics (at 427 in rkb) was esfimated 
assuming a palaeo-surface temperature of 8 °C. The profile gives a maximum likelihood value of 1000 metres with respective lower and upper 95% confidence limits of 
700 and 1400 metres, (e) Maximum palaeotemperature esfiinates from the four A l’l’A samples and all the new VR data in well 18/20-1, with fitted profile (solid line) 
and lines (dashed) representing the 95% confidence limits of the palaeogeothermal gradient. Data are plotted against depth (TVDRKB) below the top Tertiary volcanics 
unconformity (at 427 m RKB). From Geotrack (1997)
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Figure 6 .8 : Biomarker maturity indices for the Portree and Pabba Shale Formation equivalents o f well 27/13-1, plotted against maturity / depth curves for the Upper 
Jurassic o f the northern North Sea (after Scotchman (1994)). (a) Hopane C31 22S/(22S + 22R) ratio. Equilibrium  has been attained, (b) Sterane C 29 20S/(20S + 
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Figure 6.9: Evolution o f porosity versus depth trends in exhumed sedimentary basins, (a) ‘Normal’ 
compaction (exponential decay o f porosity with burial depth, under hydrostatic conditions) in subsid
ing basin —  the reference curve, (b) Exhumation leads to anomalous porosity versus depth trend with 
vertical displacement from the reference curve yielding an estimate o f “ gross exhumation” , (c) 
Post-exhumation re-burial (B f)  reduces the vertical displacement between the anomalous curve and 
the reference curve to E/y the “ net exhumation”  at a given well location. From Corcoran and Dore 
(2005).
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Figure 6.10: Core porosity measurements for the Triassic Sherwood Sandstone reservoir, from two 
locations in the Slyne basin compared with: average porosity measurements for Triassic gas fields in 
the exhumed East Irish Sea Basin (EISB) and Southern North Sea (SNS) basin, average porosities for 
hydrocarbon-bearing shaly sandstone reservoirs in the Central North Sea (from Abbotts (1991)), and 
a theoretical ‘normal’ compaction curve constructed from Sclater and Christie (1980) parameters for 
a typical shaly sandstone in the Central North Sea basin —  where the porosity (j) at depth z is defined 
h y  (p =  00  with surface porosity <po =  0.56 and compaction coefficient c = 0.39 (km '). 
Estimates o f net exhumation at the two locations are as follows: Corrib Field area, 1600m; well 27/5- 
1, 1450 m.
Inset: Core porosity versus permeability plot for the Sherwood Sandstone reservoir in the Corrib 
Field, indicating the presence o f a good quality gas reservoir even though this reservoir was potentially 
buried to 4 .5-5 .0  km at maximum burial depth. Core data from Corrib Field wells 18/20-1, -2z, -3, -4, 
18/25-1, -3 and from wells 27/5-1 and 26/22-1. Modified from Corcoran and Mecklenburgh (2005).
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Figure 6.11: a) Exhumation measured relative to a ‘norm al’ equilibrium compaction reference curve 
established for M esozoic and Cainozoic shales in the Porcupine and Rockall basins. The standard 
deviation captures the variability in the exhumation estimates for each well and the 95% confidence 
interval (Cl) indicates that there is 95% confidence that the population mean will occur within the 
specified range either side o f the sample mean. Maximum burial depth for the Bajocian Limestone is 
the present-day burial depth plus the “net exhumation” . Note that the exhumation event is assumed 
to have occurred during the Early Cretaceous.

(b to e) Sonic transit-time versus depth for Jurassic shales compared with the reference curve, together 
with “net exhum ation” histograms and standard descriptive statistics for four Corrib wells from the 
Slyne Basin: (b) well 18/20-1; (c) well 18/20-0; (d) well 18/25-1; (e) well 18/20-4. From Corcoran 
and M ecklenburgh (2005).
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Figure 6.12: Principle of strati graphic framework for the assessment o f exhumation. Basic techniques 
o f unconformity identification, correlation, extrapolation, facies and palaeogeographic analysis and 
restoration can be used to develop estimates of the magnitude and timing of exhumation. In this 
example, extrapolation of the isopach of sub-unconformity (sequence X) from Well A to Well B and 
Well C can be used to develop minimum estimates for “gross exhumation” (missing section) at wells 
B and C. Dating of the oldest sediments above the unconformity and the youngest sediments beneath 
the unconformity can offer precise constraints on the timing of exhumation. From Corcoran and Dore 
(2005).
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Figure 6.13: Exhumation constraints from the integration o f seismic interpretation and regional strati- 
graphic data. Schematic burial history diagrams (not decompacted) for the Bajocian Limestone 
Marker Bed in Corrib wells 18/20-1 (a) and 18/20-2z (b). Case A  for each well is considered to 
represent the most like ly scenario for the principal phase o f exhumation (Early Cretaceous event) and 
shows broad agreement w ith the exhumation occurred during the Early Cenomanian-Middle Turo- 
nian. Late Maastrichtian-Late Palaeocene and Late Eocene-Middle Miocene periods. Although the 
onshore stratigraphic record indicates that exhumation events occurred during the Late Eocene-Early 
Oligocene and Early-M idd le  Miocene these events are not resolved stratigraphically at Corrib due to 
the merging o f the M iddle and Late Tertiary unconformity surfaces. From Corcoran and Mecklen- 
burgh (2005).
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Chapter 7

Discussion, Conclusions, Future work & 
Perspectives

7.1 Discussion

7.1.1 A powerful method for generating exhumation estimates

Inverse m odelling o f stacking velocities from  seism ic data is a pow erful technique for ob tain ing  spa

tially  resolved exhum ation estim ates. Large am ounts o f data can be processed rapidly through au 

tom ated  routines. I’he developm ent o f  a  specific routine to system atically  and au tom atically  invert 

for the large num ber o f C D P gathers from  a 3D seism ic volum e is believed to open new perspectives 

(see section 7.4) for the application o f this m ethod. A priori know ledge about the lithology and the 

geology o f  the study area is needed for calibrating  the m odel. In particular the initial porosity, 0o, 

needs to be chosen w ith care since there is a strong trade-off betw een 0o and exhum ation in the m odel 

(W alford and W hite, 2005). Independent m odelling can be conducted on unexhum ed areas nearby 

to help  constrain (^ . D irect m easurem ents m ade at nearby borehole locations can also be used when 

available. Q uality control displays have been developed to assist in validating the input RM S velocity 

field and to com pare it w ith the seism ic interpretadon o f  the area.

7.1.2 Exhumation magnitude, distribution and history of the Slyne Basin

W hile velocity data proved very useful to estim ate the m agnitude and distribution o f  exhum ation over 

the S lyne Basin, they do not provide direct constraints on the tim ing o f  the exhum ation episodes. In 

addition the technique was applied in the Slyne Basin to the regional N eogene unconform ity  w hich 

is a com posite unconform ity related to three distinct episodes o f  exhum afion. In order to p lace co n 

strain ts on the tim ing o f  a multi-pha.se exhum ation history, A M A  can be used as num ber o f  fission 

tracks and distribution o f  track lengths can give inform ation on m axim um  palaeotem perature and the
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absolute timing of cooling necessary to resolve multiple exhumation episodes (Green et a i ,  2002).

The exhumation pattern o f the Slyne Basin was defined. Overall the 2D- and 3D-derived results ex

hibit a heterogeneous pattern of exhumation with a general trend of increasing estimates from the 

central syncline to the eastern flank (a gradient o f  1.5-2.0 km is observed). The local development 

of monocHne/anticline structures along the basin-bounding fault has produced elevated exhumation 

values resulting from movements initiated along the salt-detached extensional faults. Areas covered 

by Tertiary volcanics exhibit elevated exhumation values that are interpreted as artefacts since the 

simple velocity-porosity model used in this study is not valid for such a lithology. The central syn

cline of the Slyne Basin has undergone between 0.5-1 km exhumation. The heterogeneous pattern 

of exhumation encountered in the Slyne basin seems due to a combination of regional exhumation 

(wavelengths of 10-50 km) and local, short-wavelength, extensional fault movements. Although it 

appears clear from the seismic stratigraphic interpretation that locally the exhumation was driven by 

fault reactivation due to local inversion (e.g. inversion-related anticline structures and syn-exhumation 

fault movements) the absence of macro-scale basin inversion evidence suggests that long-wavelength, 

epeirogenic exhumation was the primary contributor to the present-day pattern observed. Argent et al. 

(2002) proposed a similar model to explain the heterogeneous pattern of Cainozoic exhumation in the 

Moray Firth. I’his interpretation agrees with the study of exhumation conducted on the t'o rrib  field 

by Corcoran and Mecklenburgh (2005). It is also consistent with the interpretation of Mackay and 

White (2006) on the denudation history of the Irish Sea basins. Both proposed an exhumation history 

resulting from a combination of magmatic underplaling, associated with the Iceland Plume, followed 

by localised basin inversion. This evolution model is in agreement with the conclusions of Holford 

et al. (2005a) who reconstructed the exhumation history of the Irish Sea Basin from apatite fission 

track analysis and vitrinite reflectance data.

EarlyM id-Cretaceous major rifting in the Rockall Basin (Knott et a i ,  1993; Musgrove and Mitchener, 

1996) is coincident with major uplift and exhumafion in the Slyne Basin. Therefore the latter probably 

happened as a response to the former. Large scale (> 2  km) rift shoulder uplift has been documented 

along margins of the north Slyne and Erris basins (Chapman et a i ,  1999), which is consistent with 

the magnitude of lithospheric extension estimated for the Rockall Basin (England and Hobbs, 1997). 

This uplift probably led to significant exhumation o f the Jurassic section during the Early Cretaceous. 

Corcoran and Mecklenburgh (2005) concluded that it was the principal exhumation event in the Slyne 

Basin. The Palaeocene-Eocene exhumation episode was accompanied by extrusion of a large volume 

of basaltic volcanics forming the so-called North Atlantic Igneous Province (see (Morton and Parson, 

1988)). This concurrence leans towards a thermally-induced uplift in the Palaeocene-Eocene caused 

by direct heating of a mantle plume or underplating, both in association with the developing Iceland 

hot spot. The elevated exhumation observed on the eastern margin of the Slyne Basin is certainly 

the results o f several processes. The eastern Slyne Basin margin is heavily faulted, especially in 

the southern Slyne sub-basins where transfer faults. Compressional reactivation and/or generation of 

faults on the eastern margin of the basin could be linked with the emplacement of a NW-SE orientated 

stress field due to either Eocene-Recent Atlantic ridge-push or Miocene-Recent Alpine convergence 

or both.
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7.1.3 Comparison with alternative techniques

There is significant uncertainty associated with each technique developed for the estimation of ex
humation. It is important to calibrate the stacking velocity-derived exhumation to estimates derived 
from standard methods applied to borehole data (e.g. AFTA, VR, sonic modelling). In this study 

exhumation estimates derived from a plethora of techniques, applied to wells 27/13-1, 27/5-1, 18/20- 

1, 18-20-2, 18-20-3, 18-20-4 and 18-25-1 were available: thermal-based (AFTA, VR, geochemical 

analyses on biomarkers indices), compaction-based (sonic interval transit time modelling and core 

porosity measurements) and stratigraphic analyses. In addition structural projections were carried out 
from which first-order differential exhumation esfi mates were calculated. Despite some noteworthy 

differences mainly linked with the inherent uncertainties associated with each technique, the results 
show overall good agreement for kilometre-scale (0.7-1.9 km) phases of exhumation. Structural 

projection-derived estimates broadly agree with stacking velocity-derived estimates as they exhibit 
the same regional trend (a positive gradient of 1-2 km of exhumation from the central syncline to 

(he eastern margin) and local features (inversion-related anticlines/monoclines, significant gradients 
along transfer faults). I'he western part of the basin, where Tertiary volcanics strongly influence Uie 
input velocity data, does not present a good correlation because velocity picks corresponding to the 
presence of volcanics were not integrated in the structural projection-derived exhumation calculations.

7.2 Conclusions

• Inverting seismic velocity data proves to be a powerful method for constraining the magni
tude and spatial distribution of exhumation. The method allows for superior spatial coverage 

compared to other techniques for estimating exhumation which typically require borehole data.

• The method relies on the assumption that porosity decays exponentially with depth and uses 

a standard velocity-porosity relafionship in order to compute a synthetic RMS velocity profile 
that is compared to the RMS velocity profile of the real data; the difference theoretically cor
responding to an estimate of exhumation. Cautious assessment of the input parameters (rock 

matrix velocity, pore fluid velocity, initial porosity and porosity decay length) from lithological 
information and/or separate independent modelling is essential to constrain the model.

• Successful modelling is particularly dependent upon confident esfimafion of the initial porosity 
parameter, ((^), since a strong trade-off occurs between 0o and exhumation, whether it is con

strained from independent direct information or modelling of boreholes data or estimated from 
modelling of ((>o carried out on unexhumed sections of the seismic data and/or data from nearby 

areas which did not undergo significant exhumaUon episodes.

• Input velocities are the primary control factor on the exhumation estimates. Therefore their 

validity is essential to the method and the velocity analysis performed during seismic processing 
of the data is critical. In the case of legacy data and/or data of only adequate seismic and 

velocity resolution, two quality control displays have been developed: (1) a RMS velocity field 

provides a helpful first-order comparison between the input velocity data and the geology of the
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area, (2) an interval velocity field proves very useful for detecting potential anom alous contrasts 

in velocity.

• Since a priori inform ation on the geology of the studied area are needed (such as the accurate 

positions o f  unconform ities and/or the occurrence/m apping of volcanics and crystalline base

m ent) seism ic interpretation is key to the m ethod. If possible reprocessing o f the relatively old 

seism ic data is encouraged.

• R egional exhum ation patterns w ith a confidence m argin o f  ±  200 m have been derived over the 

Slyne Basin from inverting 2D and 3D seism ic data.

• 'I'he S lyne Basin has undergone about 1 .5-2 km  m ore exhum ation on its eastern flank than on 

its central syncline. Locally the absence o f the eastern flank o r the influence o f transfer faults 

leads to much sm aller gradients o f  exhum ation betw een the central syncline and the eastern 

flank (10(K 500m ).

• Locally the core of anticlines resulting from basin inversion have experienced about 500 m 

m ore exhum ation than their limbs.

• A long the w estern basin-bounding fault, the local developm ent of anticline and m onocline 

structures is responsible for a ~  500 m gradient o f exhum ation from the central syncline.

• 3D -derived estim ates are believed to be m ore accurately defm ed than 2D -derived ones because 

o f the better constraints on the input RM S velocity. The difference betw een the 3D- and 2D - 

derived estim ates is about 150 m on average.

• Local scatter on the exhum ation estim ates m ight be attributed to (1) error in picking the RM S 

velocity profiles from  sem blance plots, (2) real RM S velocity variations caused by local changes 

in solid grain velocities or com paction param eters, or (3) real velocity variations caused by lo

cal variations in exhum ation. The proxim ity o f the plane of the seism ic sections to structures 

could also produce a significant scatter by decreasing the signal to noise ratio.

• The contribution o f picking errors was determ ined by com paring exhum ation estim ates at each 

2D line-tie. The m ost extrem e values have been excluded as they do not reflect real geological 

variations in exhum ation but are alw ays associated with the effects o f volcanics and faulting. 

The average local scatter found on 2D -derived exhum ation estim ates deviates ±  200 m from  

the sm oothed regional curve.

• Local scatter for the 3D estim ates is reduced to local ‘b lobbiness’ over distances o f less than a 

few kilom etres (c. 0.1 arc m inute) and does not resem ble any geological feature. It is alm ost 

certainly the result of velocity p icking errors m ore than natural variations in m odel param eters 

such as solid grain and fluid velocities. Local scatter in 3D estim ates, although sm aller than for 

the 2D ones, is m axim ised to the local scatter range o f the 2D data i.e. ±  200 m. It falls w ithin 

the ±  200 m  confidence m argin on the results, w hich is a satisfactory outcom e.

• There is overall good agreem ent betw een the exhum ation results from the inversion o f seism ic 

stacking velocities and exhum ation estim ates obtained from borehole data using a range o f 

standard techniques, such as m odelling o f  sonic velocity log, vitrinite reflectance and apatite 

fission track datasets. A lthough each technique is subject to significant uncertainty, all the 

estim ates gathered over the Slyne Basin fall w ithin their respective uncertainty m argins.

174



Chapter 7. Discussion, Conclusions, Future work & Perspectives

• As long as (1) the input parameters are well constrained and their potential limitations to the 

method understood, and (2) alternative exhumation estimates have been or can be obtained 

from other techniques to allow qualitative comparison, reasonable exhumation estimates can 

be rapidly achieved by simply inverting available stacking velocities datasets. The method 

is believed to open new perspectives as much for both hydrocarbon industry and for basin 

research.

7.3 Future work

In order to improve the resolution of the exhumation estimates acquired over the Slyne Basin, mod

elling o f more recent datasets could be achieved. Seismic velocities will have to be requested from 

the appropriate companies. The method could also be applied to the north Slyne Basin using recently 

acquired 3D seismic volumes which notably helped understanding the geological configuration of 

the Corrib field (C’orcoran and Mecklenburgh, 2005; Dancer et a i ,  2005). Older seismic lines may 

be reprocessed using modern routines and seismic processing flows, for instance Dancer and Pillar 

(2001) suggested a more judicious parameterization of more than one pass of Radon demultiple.

Using surveys with velocity data that is better defined vertically (i.e. dramatically increasing the 

amount of velocity picks with steps of 100-200 ms), the model could use different velocity-porosity 

relationships with the aim of integrating the shale fraction of the sedimentary succession. In this 

study the velocity data were too scattered with respect to depth to perform such detailed analysis with 

confidence and the simplest model (Wyllie et a i ,  1956) was preferred. Velocity-porosity equations 

developed by Castagna et al. (e.g. 1985); Han et al. (e.g. 1986) or Erickson and Jarrard (1998) could 

be tested.

In terms o f modelling strategies, the present inversion routine may be improved to constrain better 

multiple exhumation events (in the case of the Slyne Basin, E l, the Neogene composite exhumation 

episode and, E2, the Variscan exhumation event). To resolve exhumation estimates at a deeper un

conformity, the present scheme first inverts for E l,  then holds it fixed whilst inverting for E2. 'I’he 

present results are not convincing since they are associated with large misfits. One critical issue with 

regards to modelling deep unconformities (>  5 -6  s TWT) lies in the validity o f the input velocity 

data derived from routine semblance analysis during seismic processing. Generally these deep ve

locity points are only of adequate quality to provide velocity information at depth within reasonable 

physical bounds (usually within the range 5 -7  km s ' for an extensional sedimentary basin). In the 

Slyne Basin the poor constraints on the estimates for the E2 exhumation episode may be hnked with 

the lack of constraints on the deep velocity data. The technique could also be adapted to invert for the 

two exhumation events simultaneously by searching for the best combination o f E l and E2 estimates 

that minimise the misfit between the model and the data.
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7.4 Perspectives

7.4.1 Petroleum prospectivity

Exhumation events have a profound influence on the evolution o f sedimentary basins and the hydro

carbon systems they may contain. Exhumation leads to cooling and lithostatic pressure decrease. It is 

usually accompanied by significant erosion and a decrease o f both burial temperatures and fluid pres

sures. It also often generates decrease in geothermal gradient. As a consequence, the petroleum ex

ploration is complexified in exhumed basins. Dore et al. (2002b) remarked that, in terms of petroleum 

exploration, an “ideal” basin would be a continuously subsiding basin with abundant reservoirs and 

rich source rocks where hydrocarbons are being generated at the present day, replenishing those that 

leak to the surface (e.g. the northern North Sea, the Gulf of Mexico and the South Caspian Basin). 

In the case o f exhumed basins, that is to say basins that have undergone uplift and erosion, the sed

imentary rocks that constitute the hydrocarbon system (source, reservoir and seal) are significantly 

shallower than they would be in a continuously subsiding basin and therefore the rock properties and 

the hydrocarbon system characteristics will be fundamentally different (Dore et al., 2002b).

The impact of exhumation on hydrocarbon exploration used to be neglected. This led to many dis

illusions in terms of commercial exploitation of expected hydrocarbon resources, for instance in the 

western Barents Sea, offshore Norway, where the effects of uplift, previously not integrated, quickly 

proved to be apparent and resulted in a radical revision of the commercial expectations (e.g. Ny- 

land et a i ,  1992; Dore, 1995). Following this unsuccessful experience, the effects of exhumation 

were considered in the petroleum exploration schemes. Several papers addressed the implications 

of exhumation processes on the hydrocarbon systems and distinguished their positive and negative 

contributions (e.g. Dore and Jensen, 1996; Corcoran and Dore, 2005; Dore et al., 2002a; Price, 2002). 

They can be summarised as follows:

Negative effects of exhumation comprise;

• Interruption of source rock maturation due to cooling which reduces the hydrocarbon budget 

available (e.g. Dore et a i ,  2002b).

• Increase of reservoir diagenesis which can impact its net-to-gross ratio, porosity, water satura

tion and recovery factor (e.g. Walderhaug, 1992; Parnell, 2002).

• Partial or total removal of top-seal (except for highly ductile seals) as a result of brittleness, 

stress-induced fracturing and hydrofracturing (e.g. Corcoran and Dore, 2002; Parnell, 2002).

• Transformation of the oil in gas due to the liberation of methane from temperature increase, 

and production of formation waters and coal due to pressure release (e.g. Price, 1979; Cramer 

et al., 1999, 2002; Dore et al., 2002b).

• Reactivation of faults serving as conduits for hydrocarbon leakage to the surface (e.g. Dore 

et a i ,  2002b; Parnell, 2002).
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Potential positive effects include:

• Local re-deposition of erosional materials which may trigger an isolated working hydrocarbon 

kitchen (e.g. Corcoran and Dore, 2005).

• Development of fracture permeability and porosity linked to a modification of the stress regime 
(e.g. Aguilera, 1980; Parnell, 2002).

• Introduction of a light oil budget linked with the migration of hydrocarbons to shallower reser
voir (e.g. Skjervoy and Sylta, 1993; Goodchild et at., 1999; Parnell et a i ,  1999; Corcoran and 

Dore, 2002; Parnell, 2002).

• Exsolution of methane from formation waters due to decreasing solubility associated with re

duction of pressure and temperature during uplift. This offers an alternative mechanism for 
charging gas accumulations (e.g. Dore and Jensen, 1996; Cramer et a i ,  1999, 2002).

This review of the consequences of exhumation on petroHferous sedimentary basins highlights the 
importance of its study. In effect, understanding of the exhumational history of a basin can be used to 
help constrain the potential hydrocarbon system it contains. Since the generation, maturation, migra

tion and trapping of hydrocarbons occurred within a framework modified by subsequent exhumation 
and not within the present structural framework of the basin, the quantification of the magnitude of 
exhumation can be used to better predict source rock maturity, to better detennine the basin diagene

sis history, to belter locale polenlial fluid flow and the associated fracturing, and to reconstruct basin 
morphology at the time of hydrocarbon migration and hence elucidate pre-exhumation migration 
pathways.

In the Slyne Basin, petroleum prospection was only successful in the Corrib Field gas discovery 

which is now under development (Dancer et a i ,  2005). The resources are trapped in a relatively sim
ple faulted anticlinal structure with complex faulted overburden structurally detaching into Triassic 

Mercia halite top-seal. I'he area was subjected to significant exhumation (Corcoran and Mecklen- 
burgh, 2005) that probably triggered the oil to gas transformation. Spencer et al. (1999) considered 

that a Jurassic petroleum system was proven in the Slyne Basin by the presence of several palaeo-oil 

accumulations. In effect wells 27/13-1, 27/5-1 and 18/20-1 encountered oil in Middle Jurassic reser
voirs from a Lower Jurassic source, but they were biodegraded, residuals oil-shows. These residual 

columns are consistent with breaching of traps and/or freshwater flushing during uplift to shallow 
levels (Dore et a i ,  2002b). Recently, oil was discovered in the Bandon Prospect in well 27/4-1 by 

Serica Energy. The area is still under evaluation.

7.4.2 Basin development

In this study, an automated method to systematically invert for exhumation from seismic stacking 
velocity allowed the producfion of maps of the distribution of exhumation over the southern and 

central Slyne sub-basins (see Chapter 5). Although only accounfing for an incomplete part of the
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Slyne Basin (and most notably over an area excluding the Corrib gas Field), these results, successfully 

correlated with previous estimates from various more “classical” methods of measuring exhumation 

(see Chapter 6), can be fed into an attempt to reconstruct the exhumational history of the basin both 

in terms of petroleum exploration and basin development. A precise study of the relative timing and 

importance of each regional exhumation episodes, described in Chapter 2 section 2.2.2, is impossible 

with the present exhumation results only since the unconformity they referred to is, in the Slyne Basin, 

a composite of the three major exhumation events (Chapter 2 section 2.2.2). Exhumation results from 

the various methods described in Chapter 6 can be used to reconstruct the exhumation history of the 

region. The Slyne Basin experienced a multi-phase rifting and exhumation history. The present-day 

morphology of the basin is principally due to the Mid-Late Jurassic rifting (Dancer et a i ,  1999). 

The central and south Slyne sub-basins are characterised by the complete absence of late syn-rift and 

post-rift materials (from Late Jurassic to Palaeogene). A thin Neogene layer unconformably rests on 

the main syn-rift sediments of Late Bajocian to Bathonian age (Dancer et a i ,  1999). In the northern 

Slyne sub-basin. Upper Cretaceous chalk and Eocene volcanics are widespread. M ultiple phases of 

exhumation and local inversion affected the region among which a Late Jurassic-Early Cretaceous 

rift-related footwall uplift event, a regional uplift in Palaeocene time probably associated with the 

opening of the North Atlantic, and inversion-related uplift in Oligo-Miocene time. The maximum 

exhumation found is around 2 .5-3 .0  km on the eastern margin of the Slyne Basin. It certainly results 

from the cumulative effect of these three main exhumation events. Regional scale exhumation in the 

Palaeocene-Eocene was associated with extrusion of the basaltic volcanic rocks found in the northern 

Slyne sub-basin which probably protected the Cretaceous strata from erosion. Local compressional 

reactivation of faults can be seen affecting the Early Neogene sequences, particularly on the eastern 

margin, which means that local inversion accompanied the Oligo-Miocene exhumation episode.
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Appendix A

Structural projections

This appendix contains:

• The average interval velocity calculations for each 2D seism ic line from  the survey nw i9I (see 

section A. 1).

• The structural projections and associated estim ates o f  differential exhum ation for each 2D seis

m ic line o f  the survey nw i9 l (see section A.2).
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Figure A. 1: (a) Table showing the available interval velocity data for each selected CDP of line nwi- 
91-01. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount o f data points, no calculation was conducted, (b) Vertical interval velocity 
profile for each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.
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Figure A .2: (a) Table showing the available interval velocity data for each selected CDP of line nwi- 
91-02. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount o f data points, no calculation was conducted, (b) Vertical interval velocity 
profile for each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.



a)
350
400
4S0
600

3326
CDP number

3166 3006 2846 2686 2S26 2366 2206 2046 1886 1726 1666 1406 1246 1086 926

1856 1861 i 2035 1974 1891
1917

1879 1
2198

1808 1788 ; 1969 2002
2572

650
600
660
700
750
800
8U
90_0
950

1000
10U
1100
1160
1200
1250
1300
1360
1400
1450
1606
^660
I'eoo
1660

2022 2411 2198 2076
2381

; 2349 2497 2579 :
2348

2574 2448 ; 2 6 ^  4224 : 2897

2608
3362

3239 !

4606
3812 i

2099 2999
2071 2247 2153 3298 .

2869 2979 i 2317 i 2951

3178

5213 3793
2832

4222 4330

5202

3372 4590

4862
3205  ̂ 3722

5747 5569

5739
i 1700 
i 1760' 

1800 
1860 
1900 
1960 
2000 
^50 
2100 
2160 
2200 
2260 
2300 
2360 
2400 
2460 
2600 
2660 
2600_ 
26M 
2700

5661

: 6156

6156

5993

2750

aver^ 3702

5699

4154

4966

3634 , 3780 t  3800 I 3107 t  3320 " 3140 * 32491  2953 * 2932 i N/A N/A : NM N/A N/A N/A

b)
CDP number

3374

1 .0 -

>  2 .0 -

K  3 .0 -

nwi-91 -04
4.0

Interval v d o c lty  
(k m .s ')

Figure A .3: (a) Table showing the available interval velocity data for each selected CDP of line nwi- 
91-04. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount of data points, no calculation was conducted, (b) Vertical interval velocity 
profile for each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.



a)
446 e06 76S 32S

C D P  n u m b e r

1086 1246 1406 1566 1726 1886 2046 2206 2366 2626 2686 2846 3006
360
400:
460'

600
660

2947; 2094^ 1995
2602 ' 2504 ; 2400 2111

2110
2481

2111

3139
2252

1707

1671

600
660
700
760
8^0
860
9 ^
960

1000
1060

; 3450'
T

2359 2231 ! 2182 3367 2944 2137
3524 2312

4652;
2875

3431 2662
3516

3934! 3760

 ̂ 4810^4399 3114 2612 3379

-1-

1100
1160
1200
1260

4683
3281

3878
i  43391 4454

1300
1360 
1400 
1460 

_  1600 
|j1 6 6 0
d  1600 

1660 
1700 

' 1JM 
' 1800 

1860 
1900 
1960

i 3714

—  (
5857

4934 i

2277 2530
2742 3386 3681

2495 3165
3171 4168

2950

3218

3179
4186

3528
3602

J61?i . i 4103

5079
: 5033

2000
2060
2100

4903

21M
2200
22M
2300
2 l^
2400
2460
2600
2660
2600
2660
2700

5270

2760

3000*
■ ^r

5490

T
33001 i

a v t r a y '  - j - f j i  4 C 4 3 :  3 9 2 4 1  3 9 3 6 150J ~ s m 1233 3155 3243 3 1 2 2  N / A N / A  L _ N / A  1 N / A n ;a

b) CDP number b
3263

>. 2 .0 -

I -  3 .0 -

nwi-91-062 k m
4.0

If^terval v e lo c ity
(k m .s  ’)

Figure A .4: (a) Table showing the available interval velocity data for each selected CDP o f line nwi- 
91-06. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount o f  data points, no calculation was conducted, (b) Vertical interval velocity  
profile for each selected CDP. Pink lines corresponds to the occurrence o f  volcanics. Grey shade 
corresponds to the Jurassic layer on the seism ic section.
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Figure A .5: (a) Table showing the available interval velocity data fo r each selected CDP of line nw i- 
91-08. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs w ith lim ited amount o f data points, no calculation was conducted, (b) Vertical interval velocity 
profile fo r each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.
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Figure A.6: (a) Table showing the available interval velocity data for each selected CDP of line nwi- 
91-10. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount o f data points, no calculation was conducted, (b) Vertical interval velocity 
profile for each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.
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Figure A.7: (a) Table showing the available interval velocity data for each selected CDP of line nwi- 
91-12. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount of data points, no calculation was conducted, (b) Vertical interval velocity 
profile for each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.
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Figure A .8: (a) Table showing the available interval velocity data fo r each selected CDP o f line nw i- 
91-14. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs w ith lim ited amount o f data points, no calculation was conducted, (b) Vertical interval velocity 
profile for each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.
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Figure A .9: (a) Table showing the available interval velocity data for each selected CDP of line nwi- 
91-20. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount of data points, no calculation was conducted, (b) Vertical interval velocity 
profile for each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.
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Figure A. 10: (a) Table showing the available interval velocity data for each selected CDP of hne 
nwi-91-22. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount o f data points, no calculation was conducted, (b) Vertical interval velocity 
profile for each selected CDP. Pink lines corresponds to the occurrence o f volcanics. Grey shade 
corresponds to the Jurassic layer on the seismic section.
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Figure A. 12; (a) Table showing the available interval velocity data for each selected CDP o f line 
nw i-91 -26. The average interval velocity is calculated for each CDP and then for the whole line. For 
CDPs with limited amount o f data points, no calculation was conducted, (b) Vertical interval velocity 
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Figure A. 13: (a) Table showing the available interval velocity data for CDPs 12286 to 9566 o f line 
nwi-91-30. The average interval velocity is calculated for each CDP and then for the whole line (see 
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volcanics. Grey shade corresponds to the Jurassic layer on the seismic section.
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Figure A. 14: (a) Table showing the available interval velocity data for CDPs 9406 to 6686 o f line 
nw i-91-30. The average interval velocity is calculated for each CDP and then for the whole line (see 
Figure A. 16). For CDPs with limited amount o f  data points, no calculation was conducted (N/A). (b) 
Vertical interval velocity profile for each selected CDP. Pink lines corresponds to the occurrence o f  
volcanics. Grey shade corresponds to the Jurassic layer on the seism ic section.
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Figure A. 15: (a) Table showing the available interval velocity data for CDPs 6526 to 3806 o f line 
nw i-91-30. The average interval velocity is calculated for each CDP and then for the whole line (see 
Figure A. 16). For CDPs with limited amount o f data points, no calculation was conducted (N/A). (b) 
Vertical interval velocity profile for each selected CDP. Pink lines corresponds to the occurrence o f  
volcanics. Grey shade corresponds to the Jurassic layer on the seism ic section.
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Figure A. 16; (a) Table showing the available interval velocity data for CDPs 3646 to 926 o f  line 
nw i-91-30. The average interval velocity is calculated for each CDP and then for the whole line 
(this Figure). For CDPs with limited amount o f  data points, no calculation was conducted (N /A ). (b) 
Vertical interval velocity profile for each selected CDP. Pink lines corresponds to the occurrence o f  
volcanics. Grey shade corresponds to the Jurassic layer on the seism ic section.
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Figure A .17: D ifferential exhum ation estim ates (A £) derived from  structural projections for line 
nw i-91-01. Solid lines show seism ic interpretation, D ashed lines the projected stratigraphy. Key: 
Pink=V olcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic unconform ity, 
light purple=Top Trias, Dark Purple=Top Perm ian, D ark Red=Variscan unconform ity.
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Figure A. 18: D ifferential exhum ation estim ates (AE)  derived from  structural projections for line 
nw i-91-02. Solid lines show seism ic interpretation, D ashed lines the projected stratigraphy. Key: 
P ink=V olcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic unconform ity, 
light purple=Top Trias, Dark Purple=Top Perm ian, D ark Red=V ariscan unconform ity.
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Figure A. 19: D ifferential exhum ation estim ates (A £) derived from  structural projections for line 
nw i-91-04. Solid lines show seism ic interpretation, D ashed lines the projected stratigraphy. Key: 
Pink=Volcanic sill, Yellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic unconform ity, 
light purple=Top Trias, D ark Purple=Top Perm ian, Dark Red=V ariscan unconform ity.
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Figure A.20: Differential exhumation estimates (AE)  derived from structural projections for line 
nwi-91-06. Sohd lines show seismic interpretation, Dashed lines the projected stratigraphy. Key: 
Pink=Volcanic sill, Yellow=Neogene unconformity. Light Blue=Base Middle Jurassic unconformity, 
light purple=Top Trias, Dark Purple=Top Permian, Dark Red=Variscan unconformity.
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Figure A.21; Differential exhumation estimates (AE)  derived from structural projections for line 
nwi-91-08. Solid lines show seismic interpretation, Dashed lines the projected stratigraphy. Key: 
Pink=Volcanic sill, Yellow=Ncogene unconformity. Light Blue=Base Middle Jurassic unconformity, 
light purple=Top Trias, Dark Purple=Top Permian, Dark Red=Variscan unconformity.
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Figure A.22: D ifferential exhum ation estim ates (A £) derived from  structural projections fo r line 
nw i-91-10. Solid lines show seism ic interpretation. D ashed lines the projected stratigraphy. Key: 
P ink=V olcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic unconform ity, 
light purple=Top Trias, Dark Purple=Top Perm ian, Dark Red=V ariscan unconform ity.
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Figure A .23: Differential exhumation estimates (A£) derived from structural projections for line 
nwi-91-12. Solid lines show seismic interpretation, Dashed lines the projected stratigraphy. Key: 
Pink=Volcanic sill, Yellow=Neogene unconformity. Light Blue^Base Middle Jurassic unconformity, 
light purple=Top Trias, Dark Purple=Top Permian, Dark Red=Variscan unconformity.
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Figure A .24: D ifferential exhum ation estim ates (A £) derived from  structural projections for line 
nw i-91-14. Solid lines show seism ic interpretation, D ashed lines the projected stratigraphy. Key: 
Pink=V olcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic unconform ity, 
light purple=Top Trias, Dark Purple=Top Perm ian, D ark Red=V ariscan unconform ity.
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Figure A.25: Differential exhumation estimates {AE) derived from structural projections for line nwi-91-20. Solid lines show seismic interpretation, Dashed lines 
the projected stratigraphy. Key: Pink=Volcanic sill, Yellow=Neogene unconformity. Light Blue=Base Middle Jurassic unconformity, light purple=Top Trias, Dark 
Purple=Top Permian, Dark Red=Variscan unconformity.
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Figure A.26: D ifferential exhum ation estim ates (A £) derived from structural projections for line nw i-91-22. Solid lines show seism ic interpretation, D ashed lines 
the projected stratigraphy. Key: Pink=Volcanic sill, Yellow=Neogene unconform ity. Light B lue=B ase M iddle Jurassic unconform ity, light purple=Top Trias, Dark 
Purple=Top Perm ian, D ark Red=Variscan unconform ity.
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Figure A.27: D ifferential exhum ation estim ates (A £) derived from structural projections for line nwi-91-24. Solid lines show seism ic interpretation, D ashed lines 
the projected stratigraphy. Key: Pink=Volcanic sill, Yellow=Neogene unconform ity. Light Blue=Base M iddle Jurassic unconform ity, light purple=Top Trias, Dark 
Purple=Top Perm ian, D ark Red=Variscan unconform ity.
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Figure A .28: D ifferential exhum ation estim ates (A £) derived from  structural projections for line 
nw i-91-26. Solid lines show seism ic interpretation, Dashed lines the projected stratigraphy. Key: 
Pink=V olcanic sill, Y ellow =N eogene unconform ity. L ight B lue=B ase M iddle Jurassic unconform ity, 
light purple=Top Trias, Dark Purple=Top Perm ian, Dark Red=Variscan unconform ity.
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Figure A.29: Differential exhumation estimates (AE)  derived from structural projections for line nwi-91-30. Solid lines show seismic interpretation, Dashed lines 
the projected stratigraphy. Key: Pink=Volcanic sill, Yellow=Neogene unconformity. Light Blue=Base Middle Jurassic unconformity, light purple=Top Trias, Dark 
Purple=Top Permian, Dark Red=Variscan unconformity.
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B.l Abstract

Exhumation describes vertical displacements of rocks from maximum depth of burial that results from 

the removal o f overburden material. In this study we invert seismic velocity profiles from 2D and 3D 

seismic reflection datasets to constrain the distribution and the magnitude o f exhumation within the 

Slyne Basin, offshore NW Ireland. The method has already been successfully applied to 2D datasets 

offshore Britain and Africa; this study is the first attempt to extract exhumation estimates from 3D 

seismic data. Inversion of 3D seismic velocity data yields a continuous map of exhumation across the 

entire 3D footprint. Exhumation estimates from 2D seismic sections agree with estimates from co

located 3D data. However, there is greater scatter in the 2D-derived exhumation estimates, most easily 

seen at line ties. This scatter in the 2D measurements arises because 2D seismic stacking velocities 

are less well constrained than 3D velocities. Together, the 2D and 3D seismic stacking velocity 

profiles can be used to estimate exhumation patterns on spatial scales >  10 km to an accuracy of ±  

200 m. Many estimated changes in exhumation are associated with geological structures, suggesting 

confidence in the results. The margins of Slyne Basin have undergone about 1 km more erosion 

than the basin centre to form the Jurassic-M iocene composite unconformity. Inversion anticlines in 

the centre of the basin have undergone a few hundred metres more erosion at their crests than at 

their flanks. There is good agreement between 3D seismic-derived exhumation estimates and existing 

exhumation estimates using traditional techniques applied to borehole data. Overall, our results show 

that regional exhumation can be mapped in hitherto unprecedented detail using good quality seismic 

stacking velocity data.



B.2 Introduction

E xhum ation  describes vertical displacem ents o f rocks from  m axim um  depth o f  burial that results 

from  the rem oval o f  overburden m aterial. Exhum ation can influence petroleum  system s in several 

w ays. H igher exhum ation m eans low er reservoir rock porosity at a given depth. H igher exhum ation 

also  m eans h igher source rock m aturity at a given depth. On a regional scale, rock eroded from  

regions o f high exhum ation m ust have been deposited in coeval depocentres. If  the tim ing and degree 

o f  exhum ation are known, then the presence o f good quality resevoirs in adjacent basins can be 

predicted . Finally, regional m aps o f  exhum ation can be used to investigate the cause o f  uplift that 

drove the exhum ation. For exam ple, was uplift related to localized fault inversion, or was it regional 

in ex ten t? Q uantify ing exhum ation is therefore an im portant task in both petroleum  exploration and 

geological research.

In this study we estim ate the spatial pattern o f  exhum ation from  seism ic stacking velocities. The 

m ethod was developed by W alford and W hite (2005) and applied to the continental shelf round Britain 

and Ireland by M ackay and W hite (2006). O ne advantage o f this new m ethod is that the input veloc

ity field is a standard by-product o f  seism ic processing, so the resulting exhum ation estim ates require 

little additional cost. A nother advantage is that m ost o ther com m on m ethods o f m easuring exhum a

tion, such as apatite  fission track, vitrinite reflectance and sonic velocity m odelling, are restricted to 

borehole locations. Since the m odelled boreholes are usually sparsely distributed across a region, it 

can be difficult to tell w hether this scatter indicates uncertainties in the analysis technique or spatial 

variations in exhum ation. In contrast, the large am ounts o f  seism ic stacking velocity inform ation 

available from typical seism ic surveys allow detailed m aps o f  exhum ation to be constructed. M ackay 

and W hite (2006) m apped exhum ation across the continental shelf surrounding Britain and Ireland, 

and show ed that the spatial exhum ation pattern o f  estim ated exhum ation could usually be correlated 

w ell with the pattern expected from  the geology.

H ere we concentrate on a much sm aller region 50 by 100 km. We estim ate exhum ation from  a 2D 

seism ic survey covering a 50 by 100 km footprint, and a 3D seism ic survey w ith a 27 by 33 km 

footprint. I'his is the first tim e that the m ethod has been applied to a 3D seism ic survey. T he results 

from  the 2D  and 3D seism ic data are com pared and shown to agree well. Since we are w orking w ithin 

a sm all area, a detailed com parison can be m ade with the stratigraphy and structure o f  the basin.

B.3 The Slyne Basin

The Slyne Basin is a N N E -SSW  trending ha lf graben that lies about 60 km  off the northw est coast o f 

Ireland (Scotchm an and Thom as, 1995; D ancer and Pillar, 2001; Figure B. 1). It is part o f  a m osaic o f 

M esozoic extensional basins on the northw estern European m argin. The Slyne Basin links the N-S 

trending Porcupine basin in the south with the N E-SW  trending Rockall Trough in the north. The 

polarity  o f  the Slyne Basin half graben changes along strike. In the south the main bounding fault lies 

on the w estern basin m argin, while in the north the basin-bounding fault lies on the eastern margin.



The basin is cut by several transfer faults. The northern part o f the basin contains the Corrib gas 

discovery, now under developm ent.

B.3.1 Exhumation history

Rifting began during the Perm o-Triassic and continued interm ittently until present. Three main un

conform ities exist, associated w ith three periods o f uplift and exhum ation during the Early C reta

ceous, Paleocene-Eocene and O ligocene-M iocene periods (Figure B.2). A lthough these uplift phases 

caused considerable exhum ation in S lyne B asin, m ore com plete sedim entary records in adjacent 

deeper basins allows a fairly com plete regional history o f regional vertiacal m otions to be com piled.

The m ain sedim ent accum ulation in Slyne Basin is the Jurassic, which reaches over 2.5 km in the cen

tre o f the half graben. Regional uplift that began close to the Jurassic-C retaceous boundary generated 

the first m ajor unconform ity. 'I'he age o f  onset o f  this uplift is known from  the correlative conform ity 

observed in the Porcupine Basin to the south (Jones et al., 2001). Sedim entation was continuous in 

the Porcupine Basin, which was subsiding m ore rapidly that the Slyne Basin, and uplift was mjirked 

by a shallow ing o f depositional w ater depth. T his regional uplift event, som etim es known as the Late 

C im m erian event, also lead to erosion in the U lster basin to the east, and the Celtic Sea and w est

ern W essex Basins to the southeast (M cM ahon and U nderhill, 1995; M cM ahon and Turner, 1998, 

Jones and Lovell, 2009). In the Slyne Basin half graben, the regional uplift was associated with local 

inversion and faulting.

N o Low er C retaceous rock is preserved in the Slyne Basin. Early C retaceous shallow m arine condi

tions in Porcupine Basin and continental W ealden-type deposition in the Celtic Sea suggest that the 

Late C im m erian uplift persisted throughout the Early C retaceous (M cM ahon and Turner, 1998; Jones 

et al., 2001). Therefore the Low er C retaceous is probably absent through non-deposition in the Slyne 

Basin. Sedim ent accum ulation resum ed during the Late C retaceous in the northern part o f the Slyne 

Basin. The second m ajor period o f  uplift and erosion began during Late Paleocene time. O nce again, 

the tim ing o f  this uplift is known from  correlative conform ities associated with rapid shallow ing o f 

depositional w ater depths in the Porcupine Basin to the south and the Earoe-Shetland Basin to the 

north (Jones et al., 2001; Shaw -C ham pion et al., 2008). This uplift event was preceded and accom 

panied by extrusion o f  basaltic volcanic rock in the northern Slyne Basin, part o f the N orth A tlantic 

large igneous province (M orton and Parson, 1988; D ancer et al., 2001). In the northern Slyne Basin, 

U pper Cretaceous rocks were protected from  erosion by these lavas.

N o rocks older than the M iocene age are preserved above the Paleocene-Eocene lavas in Slyne Basin. 

The tectonic subsidence histories of Porcupine Basin and Rockall Trough show that the Paleocene- 

E ocene regional uplift had substantially decayed by the Late Eocene (Jones et al., 2001; Praeg et al., 

2005). It is therefore possible that latest E ocene to O ligocene sedim ents did accum ulate in Slyne 

Basin but were later rem oved by erosion. This third m ajor period o f regional uplift and erosion 

occurred during the Late O ligocene to Early M iocene (Roberts, 1989; H olford et al., 2005a, 2005b).



B.3.2 Study area

A 50 by 100 km  patch o f  the southern and central Slyne Basin was selected for detailed study, based 

on availability o f seism ic and well data. The 2D data consists o f  a grid of 13 lines covering the 

southern part o f  the basin. The 3D seism ic survey has a 27 by 33 km footprint and lies to the north o f 

the 2D survey. A long 2D tie line shot along the basin axis crosses the entire 3D survey. The northern 

ends o f several o ther 2D lines intersect the southern edge o f  the 3D survey.

The study area contains one unconform ity, w hich is a com posite o f  the three m ain unconform ities 

described above (Figure B.2). The aim  o f  this paper is to estim ate the regional variation in exhum a

tion at this unconform ity. The stratigraphy o f the study area com prises siliciclastic rocks, su itable for 

applying the seism ic stacking velocity m odel described below  to calculate exhum ation. The C arbon if

erous basem ent is m ade o f silstones and claystones w ith com m on thin coals and sandstones intervals. 

A Perm ian evaporitic sequence (interpreted equivalent to the Zechstein group) overlies the Variscan 

unconform ity. The T riassic is separated in two characteristic layers: the U pper T riassic M ercia M ud

stone G roup overlying the Low er Triassic Sherw ood Sandstone G roup. The L ow er Jurassic is m ainly 

com posed o f shales and contains the oil source rock o f the region. A base M iddle Jurassic uncon

form ity divides the Jurassic succession. This unconform ity is thought to represent little exhum ation 

in com parison with the three unconform ities described above. The M iddle Jurassic  dom inates the 

sedim entary  record in the Slyne Basin and consists o f  a thick package o f  fluvio-deltaic interbedded 

sandstones. A thin layer o f  U pper M iocene sands and clays are discordant upon the Jurassic suc

cession, defining the com posite unconform ity (hat is the subject o f  the follow ing analysis. A lthough 

this unconform ity is som etim es term ed the O ligo-M iocene unconfonnity , it is actually  a com posite 

unconform ity  that spans C retaceous. The high sedim ent accum ulation rates in the preserved Jurassic 

sequence suggest that a thick M iddle and U pper Jurassic sequence w ould have accum ulated , so that 

the deepest depth o f burial w ould have occurred in Late Jurassic tim e. The stratigraphy o f the north

ern Slyne Basin suggests that m ost o f the exhum ation at the com posite unconform ity occurred during 

the Early C retaceous.

B.4 Method 

B.4.1 Background

Seism ic velocity is controlled by num erous factors such as m ineralogy, porosity, density, pore fluid 

com position and properties, pressure and depth o f the im aged succession (e.g. Sheriff and G eldart, 

1983). However, the porosity  o f  the m edium  is often the prim ary control on bulk seism ic velocity 

because the seism ic velocity o f  pore fluid is 3 to 4  tim es low er than that o f  solid sediinents grains (e.g. 

C hristensen, 1982; W yllie e /a / . ,  1956). T herefore by m easuring the sesim ic velocity o f  a sedim entary 

rock, we can evaluate its porosity. S im ilar m ethods are routinely used by the hydrocarbon industry, 

for exam ple in inverting seism ic am plitude to estim ate the porosity o f  chalk reservoirs (G uilbot et al., 

2002; D vorkin and A lkhater, 2004).



As sedim ent is buried, it is subjected to higher pressure, higher tem perature and cem entation begins. 

The processes o f  cem entation and com paction reduce porosity. For clastic sedim ents, the decrease 

in porosity  w ith depth of burial is largely irreversible. That is, if a sedim entary rock is subsequently 

uplifted, it w ill keep the signature o f the porosity reached at the m axim um  depth o f burial. Thus, by 

m easuring the present-day porosity  o f  a sedim entary rock, and knowing the porosity  decay trend with 

depth o f  an unexhum ed sedim entary colum n, we can calculate the m axim um  depth o f burial o f that 

sedim entary rock. The difference betw een present-day and m axim um  depth indicates the m agnitude 

o f  exhum ation. Here we are ignoring the secondary effects o f cem entation and diagenesis together 

w ith com plications such as the presence of gas hydrates and hydrocarbons (W alford and W hite, 2005).

Sonic interval velocity logs from  boreholes are often used to calculate exhum ation (e.g. H illis, 1995; 

W are and Turner, 2002). C hanges in lithology cause very short w avelength variations, and it ap 

pears very difficult to build a sim ple m odel that can account for these short-w avelength features. In 

contrast, root-m ean-square (RM S) velocity profiles \n n s  derived from  seism ic reflection data are, by 

definition, sm ooth, since they are an integration o f  interval velocities over tw o-w ay travel tim e (Yil- 

m az, 2001). The great advantage o f  this sm oothness is to average these short w avelength variations 

due to lithological changes.

B.4.2 Previous studies

W alford and W hite (2005) developed an inverse model to determ ine the m agnitude o f exhum ation 

that best fits Vrms m easurem ents obtained from individual com m on depth point (CD P) gathers during 

seism ic reflection processing. I'he inverse schem e is based on a forw ard m odel that calculates Vnm  

profiles for know n values o f  exhum ation. The forw ard m odel consists o f  three steps. First, a porosity- 

depth  curve is constructed using an em pirical porosity model and a specified level o f  exhumaUon. 

Secondly, a sei.smic interval velocity-depth curve is calculated from the porosity-depth curve. Finally, 

the interval velocity curve is converted to an RM S velocity curve. The inverse model works by 

autom afically  running m ultiple forward m odels, and system atically varying the value o f exhum ation 

until the difference betw een observed and calculated RM S velocity curves is m inim ized.

The porosity-depth  relationship, (^(z), used is the w ell-know n exponential decay curve, m odified to 

take exhum ation into account and referenced to sea-level, so that

, i z - W D  +  E) ,
0 =  (^oexp[----------------------- ] (B .l)

w here z is depth below sea level, W D  is the w ater depth and E is exhum ation (term ed denudation  by 

W alford and W hite, 2005). The porosity-depth relafionship o f m ost siliciclastic rock successions can 

be w ell m atched by choosing appropriate values for the depositional porosity, <po, and the com paction 

length scale, A. W alford and W hite (2005) com pared several schem es for calculafing seism ic velocity 

given the porosity  o f  siHciclastic sedim ents and found that the sim ple tim e-average equation (W yllie 

er a i ,  1956) provided the m ost consistent m atch to seism ic stacking velocity data. The tim e-average 

equation states that the bulk seism ic interval velocity, V, is the harm onic m ean o f the seism ic velocities



of the pore fluid fraction and the sohd grain fraction, i.e.

1 (b ( 1 - 0 )
-  =  — +  -----11 (B.2)
V Vfi K-

where V ft is the seismic velocity of the pore fluid and is the velocity of the soHd sediment grains.

The two-way travel time of the seabed and the unconformity are also required, and these are taken 

from the interpreted seismic section. The inverse problem is solved using Powell’s algorithm (see 

Press et al., 1992) to minimize a misfit function. This function contains a term that measures the 

chi-squared discrepancy between the modelled and observed Vrms profiles, and an additional 

weighting function designed to discourage negative values for exhumation or depositional porosities 
over 100 %.

Each modelled Vr,„j(z) profile therefore depends on 4 material property parameters; the compaction 
parameters (po and A; and the seismic velocity parameters V/-; and V^. Walford and White (2005) 

performed several tests to find out which of these parameters need to be fixed beforehand in order to 
get a well-constrained exhumation estimate from the inverse model. They found that it is not possible 

to uniquely determine all 4 parameters from seismic velocity data as well as exhumation. Therefore 

all of these parameters need to be fixed. It is particularly important to choose the depositional porosity 
with care, since there is strong trade off between exhumation and depositional porosity. In the light 
of these results, both Walford and White (2005) and Mackay and White (2006) adopted the following 
strategy. (1) Fix V // and V, for each region of interest. (2) For each seismic line, choose starting 
values of 0o iind A, either by separate modelling of stacking velocities from a nearby region known to 

have suffered no exhumation, or from published reports of local compaction parameters. (3) For each 
CDP, invert the y  rms profile using the starfing (j)Q and A values to get an initial estimate of exhumation. 
(4) If the misfit is much greater than 1, systematically vary first 0o and then A within physically 
rea.sonable bounds until the misfit is closest to 1.

B.4.3 This study

As for the previous studies, we used the seismic stacking velocities determined from the original 

seismic processing flow. The 2D stacking velocifies were typed in from tables printed above paper 
copies of the sections. I'he 3D stacking velocity field was supplied in electronic format.

New stratigraphic interpretafions were made for each 2D seismic section and for the entire 3D volume. 
All well data in the Slyne Basin were incorporated, and we used published sections by Dancer et al. 

(1999) as a guide, although our interpretation differs in detail. This stratigraphic interpretation was 

used for several purposes. The two-way travel times of the seabed and the composite unconformity 

at each CDP were extracted and input to the inverse modelling. It is also helpful to know the depth to 

Variscan basement. If Variscan exhumation was greater than the exhumation at the Jurassic-Miocene 

composite unconformity, as seems likely, then Vrms picks beneath the Variscan unconformity cannot 
be used to constrain exhumation at the composite unconformity.

We also developed two quality control displays to assist in deciding which stacking velocity profiles



are reliable. The first display superimposes the RMS velocity field on seismic rellecfion profiles 

(Figure B.3b) and the second superimposes the interval velocity field. I'he latter method is very useful 

for detecting velocity contrasts such as spurious picks from typing or local errors in the velocity model 

that do not correspond to geological boundaries.

For inverse modelling, we set V/-/ = 1.5 km/s, corresponding to brine, and V̂ . = 6.0 km/s, which cor

responds to the P-wave velocity of quartz. Following Mackay and W hite’s regional survey (2(X)6) of 

exhumation around Britain and Ireland, we used starting values of (j)o = 0.65 and A = 2 km determined 

by Sclater and Christie (1980) from analysis o f compaction of North Sea siliciclastic rocks. In order 

to process the 3D stacking velocity data, a routine to automatically and systematically invert large 

numbers of CDP gather was developed.

Alternative quality control can be used to check the velocity field on a selected 3D line. Figure B.4 

shows comparative profiles of RMS velocity at the Oligo-M iocene unconformity and exhuination 

results obtained. Their general trend looks similar (although the last velocity point seems arlefactly 

out of range) confirming that where RMS velocity underwent a significant increase, deeper rocks have 

been substantially exhumed.

B.5 Discussion 

B.5.1 2D and 3D results

Exhumation esfimates along from the 2D lines are shown in map view in Figure B.5 and in sectional 

view in Figures B.3 and B.6. Both views show regional variafion over distances greater than 10 

km and scatter at shorter distances. For a single line, the local scatter of exhumafion estimates is 

usually less than i t  200 m from the smoothed regional curve (Figure B.6). The mismatch between 

exhumation estimates at 2D line crossings can be as great as 1 km but is more often less than 500 m. 

Both the 200 m confidence limit for exhumafion along individual lines and the range o f misinatches 

at line intersections are similar to the values reported by Mackay and White (2006) for their much 

larger dataset covering the continental shelf surrounding Britain and Ireland.

Local scatter might be attributed to (1) error in picking the RMS velocity profiles from semblance 

plots, (2) real RMS velocity variations caused by local changes in solid grain velocities or compaction 

parameters, or (3) real velocity variations caused by local variation in exhumation. The contribution 

of picking error can be assessed from Figure B.7, which shows the 6 CDPs nearest to the intersection 

o f 2D lines 10, 24 and 30 (see locafion on Figure B .lb). The 6 profiles are reasonably consistent at 

two way travel times ( I'WTT) less than 2s. Below 2s T W IT , the two velocity profiles from line 24 

differ by more than 1 km/s from the other four profiles. Unless the seismic velocity field has strong 

azimuthal anisotropy, these differences are likely caused by poor quality velocity picks. Many of 

the picks at a given TWTT, and particularly those below 2s, differ by more than the picking errors 

estimated by Walford and W hite (2005), which have been used to plot the error bars in Figure B.7. 

Such relauvely large discrepancies are probably because Walford and W hite (2005) defined the error



as the best accuracy possible during sem blance analysis and picking. However, we are dealing  here 

w ith stacking velocities from  routine analysis perform ed during seism ic processing. These picks w ere 

not m ade w ith the intention o f  being used for further detailed analysis o f  the velocity  field itself; they 

are not necessarily  o f  best possible quality, but only o f adequate quality to produce reasonable C D P 

stacks.

Local scatter in 3D exhum ation estim ates at spatial scales o f <  10 km  has a sim ilar range to the scatter 

in 2D  estim ates, i.e. m ostly w ithin ±  200 m from  the sm oothed regional trend (Figure B.6). In plan 

view, the blobbiness over distances o f less than a few kilom eters (c. 0.1 arc m inute) does not resem ble 

any geological feature (Figure B.8a). We interpret that it is m ore likely to result from  velocity picking 

e rro r than from  natural variations in model param eters such as solid grain and fluid velocities. Several 

linear features m any kilom eters to 10s o f  kilom eters long are visible on F igure B.8a. Som e o f these 

m ay represent real variations in exhum ation controlled by underlying structures.

B.5.2 Geological meaning

C^imparison o f the strafigraphic interpretation and the RM S velocity field suggests that m any o f  the 

regional trends in 2D exhum ation esfim ates are real (F igure B.3). A lthough RM S velocity profiles 

are sm ooth by definition, most o f  the profiles on Figure B .3b show an inflection at or just below  the 

Jurassic-M iocene unconform ity, with lower velocity gradient above and h igher gradient below, as 

expected. Fhe deeper parts o f the velocity field also correspond well w ith the stratigraphic interpre- 

tafion. High RM S velocities at the w estern end of L ine 10 (betw een CD Ps 0 and 800) correspond to 

the footw all o f  the m aster-fault bounding the Slyne Trough half graben. H igh velocities also occur 

at the eastern side o f the half graben (CDPs >  2600), w here the Perm o-T riassic and older rocks are 

though to rise to TW TT o f Is. W ithin the ha lf graben, betw een C D Ps 2000 and 2500, a patch o f  high 

velocity corresponds to the core o f  a faulted anticline. However, som e features o f  the velocity field, 

w hilst geologically  real, have an adverse effect on the results. For instance, the high velocity region 

deeper than Is betw een CD Ps 1000 and 1500 corresponds to an igneous sill.

If the footw all o f  the w estern half-graben bounding fault is com posed o f silici-clastic  sedim entary 

rock like the hanging wall in F igure B.3c, then we can interpret that the footw all suffered 1 to 1.5 

km greater exhum afion than the hanging wall from Figure B.3a. S im ilar results are seen all along the 

western m argin (Figure B.5). However, if  the footw all is interpreted to consist o f  crystalline basem ent 

rock, then the exhum ation estim ates have no m eaning because the sim ple velocity m odel based on 

the tim e-average equation is not valid. Follow ing the sam e reasoning, the eastern m argin o f  the basin 

has undergone about 1 km m ore exhum ation than the basin axis based on F igure B.3, and betw een 

1 and 1.5 km based on Figure B.5. This interpretation is m ore secure than the interpretafion o f  the 

w estern m argin exhum ation estim ates, because the seism ic interpretation show s that siliciclastic rock 

is present to TW TT o f at least Is. The inversion anticline betw een C D Ps 2000 and 2500 on Figure 

B.3 appears to have generated  about 500 m m ore exhum ation at its crest than at its flank. It seem s 

geologically  reasonable that this structure generates a sm aller difference in exhum ation than the >  1 

km difference interpreted across the basing m argins. The sill betw een C D Ps 1000 and 1500 on F igure 

B.3 is associated with a local peak o f  about 1 km in the exhum ation estim ates. This exhum ation



estim ate is probably  anom alous, since the exhum ation m ost likely occurred in Early Cretaceous tim e 

but the sill w as intruded during the Paleocene-Eocene time.

In the light o f  these interpretations, it seem s that many o f the d iscrepancies betw een exhum ation e s ti

m ates at 2D line intersections arise from  a com bination o f picking error and analysis o f inappropriate 

geological features, such as sills or crystalline basem ent. As a sim ple way to test this idea. F igure B.5 

show s a com parison betw een exhum ation estim ates from  inverting the stacking velocity profiles over 

the full range o f  T W IT , and estim ates from  inverting the profiles dow n to 2s only. A lthough the size 

o f the stacking velocity dataset used to m ake Figure B.5(b) is sm aller than that used to m ake F igure 

B.5a, a greater proportion o f these data are relevant to constrain exhum ation at the Jurassic-O ligocene 

unconform ity. In general, agreem ent betw een exhum ation estim ates at line intersections is better for 

Figure 8 .5 (b ) than for Figure B.5(a). It therefore seem s likely that the line-intersection d iscrepancies 

and som e o f the localized exhum ation scatter can be reduced further by deleting all the velocity picks 

observed to lie beneath sills or beneath the Variscan unconform ity. This m ore detailed analysis is now 

underway.

B.5.3 Comparison with estimates from different methods

Figure B.6 shows that the exhum ation results from  seism ic stacking velocities are in good agreem ent 

with exhum ation estim ated by applying standard techniques to borehole data. The largest range o f 

standard techniques has been applied to well 27/13-1. The seism ic slacking velocity analysis e sti

m ates slightly higher exhum ation than sonic logs and sterane analysis o f biom arkers. The uncertainty 

in the latter is sim ilar to the scatter o f  ±  200 m in exhum ation estim ates along a single seism ic line. 

Seism ic stacking velocity analysis estim ates slightly low er denudation than the m ost likely estim ate 

from  vitrinite retlectance and apatite fission track m odelling. However, the uncertainty range in the 

latter estim ates is considerably larger than, and overlaps, the uncertainty range in the estim ates from  

seism ic stacking velocities. O verall, the exhum ation estim ates from seism ic stacking velocity is close 

to the mean of the best esfim ates from  the four of the m ethods applied to 27/13-1. The discrepancy 

betw een the stacking velocity exhum ation estim ate and the o ther exhum ation estim ates is no greater 

than the scatter associated with intersecting 2D seism ic lines. S im ilar resuUs are seen for well 18/20- 

I. W ell 27/5-1 does not lie on the 2D line 30 (Figure B.6), but the exhum ation estim ated from  the 3D 

seism ic stacking velocities is w ithin the uncertainty range o f  the exhum ation estim ated from apatite 

fission track analysis at tfie w ell (Figure B.8).

B.6 Conclusions

Seism ic stacking velocity  profiles can  be used to esfim ate regional exhum afion patterns to an accuracy 

o f ±  200 m. 2D and 3D seism ic data can both be used, and give com parable results. M any esUmated 

changes in exhum ation over horizontal scales o f  >  10 km can be d irectly  linked w ith geological 

structures suggesfing confidence in the results. In the Slyne Basin, the basin m argins have undergone 

about 1 km m ore erosion than the basin centre to form  the Jurassic-M iocene com posite unconform ity.



Inversion anticlines in the centre of the basin have undergone a few hundred metres more erosion 

at their crests than at their flanks. Exhumation results from inversion o f seismic stacking velocities 

agree well with exhumation estimates obtained from borehole data using a range of standard tech

niques, such as modeling o f sonic velocity log, vitrinite reflectance and apatite fission track datasets. 

Reasonable eshumation esimates can be achieved by simply inverting all of the stacking velocities 

from routine semblance analysis during seismic processing. Such estimates can be obtained rapidly. 

I'he accuracy of the exhumation estimates can be improved by removing velocity picks thought influ

enced by crystalline basement or igneous sills, using a seismic interpretation. However, this analysis 

requires more time and effort.
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Figure B.7: Relationship between RMS stacking velocity data and estimated exhumation (E). (a) 
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