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%ﬁ i Abstract

ABSTRACT

The passive continental margins which surround the North Atlantic region have been subject
to widespread post-Triassic exhumation, the timing, magnitude and causes of which are
debated. Exhumation of up to 6km (but more generally <3km) has been shown to have
affected the Western UK Continental Shelf. This region contains a series of intra-plate
extensional basins which formed during Permian-Jurassic rifting. Using a combination of
palaeothermal (apatite fission-track analysis and vitrinite reflectance data) seismic and
compaction data, this study has revealed an exhumation history of far greater complexity than
previously suspected across the Southwest UK, with regional kilometre-scale exhumation
episodes beginning during the Upper Triassic-Lower Jurassic (215-195Ma), Lower
Cretaceous (140-120Ma), early Paleogene (75-55Ma), Eocene-Oligocene (35-20Ma) and
Neogene (20-10Ma). Upper Triassic-Lower Jurassic exhumation appears confined to the
footwalls of major basin bounding faults, suggesting footwall uplift was the principal cause of
this episode of exhumation. Lower Cretaceous exhumation corresponds with continental
breakup SW of Britain, suggesting a causative link. Early Paleogene exhumation was coeval
with the Laramide phase of Alpine orogeny suggesting a causative link and additionally,
marked heterogeneities in the pattern of this exhumation have been identified, casting doubt
on the previously invoked role of plume-related epeirogenesis. Eocene-Oligocene and
Neogene exhumation coincides temporally with the Pyrenean and Late Alpine compressional
episodes. Seismic data shows that early and late Cenozoic exhumation was probably caused
by compressional deformation related to Alpine orogenesis and/or Atlantic ridge-push. These
observations imply that events at plate margins have exerted the primary control upon intra-
plate exhumation in the Southwest UK onshore and offshore basin system with local faults

providing an important control on the distribution of this exhumation.
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@ Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1: INTRODUCTION

The aim of this Chapter is to provide a background to the work presented in this thesis and to
provide a full review of previous research. The Chapter outlines the main aims and objectives

of the thesis and also the data utilised to meet those objectives.

A multitude of geological, geophysical and geomorphological observations at both
constructive and destructive plate margins have been accounted for by application of plate
tectonic theory, however these models are less successful at explaining many similar
observations (e.g. topography and seismicity) of intra-plate regions (Allen & Allen, 2005). A
major uncertainty is the origins of anomalous vertical motions (i.e. subsidence/burial and
uplift/exhumation) within continental interiors and adjacent to passive margins (e.g. Cloetingh
et al. 1990; Japsen & Chalmers, 2000). Recently the increased use of thermochronological
tools such as Apatite Fission-Track Analysis (AFTA) across apparently stable intra-plate
regions across the world (e.g. NW Europe, SW Australia, Southern Africa) has repeatedly
revealed evidence for extensive phases of kilometre-scale exhumation with no obvious causal
mechanisms (Green et al. 2002). This exhumation clearly has major implications for the
interactions between Earth surface processes and geodynamic phenomena such as lithospheric
plate motions and mantle convection and elucidating the driving mechanisms is clearly a
problem of global tectonic significance (e.g. Cooper & Williams, 1989; Buchanan &

Buchanan, 1995; Dor¢ et al. 2002a).

Taking the south-western UKCS as its example, this thesis uses palaeothermal (AFTA and

Vitrinite Reflectance (VR) data) and compactional (e.g. porosities inferred from sonic and
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density logs) data to constrain the timing and magnitude of exhumation of a major intra-plate
basin system (the Celtic Sea) whose development was influenced by both Alpine orogenesis
and North Atlantic rifting. This exhumation can be achieved by a number of processes such
as post-orogenic unroofing, rift-flank uplift, hotspot activity, compressive tectonics, eustatic

sea-level change, glaciation and isostatic readjustment (Doré et al. 2002a).

As global oil and gas resources continue to deplete and ‘easy oil’ all but produced,
hydrocarbon exploration is becoming increasingly focused on ‘higher risk’ sedimentary
basins such as those in deeper water or those which have been affected by exhumation
(Macgregor, 1995; Doré et al. 2002b). It is well known that exhumation can have profound
effects, both positive and negative, on the hydrocarbon systems of sedimentary basins (e.g.
Doré & Jensen, 1996; Dor¢ et al. 2002a; Turner & Williams, 2004). For example, in inverted
basins the timing of oil generation in relation to that of trap formation is a crucial factor in
determining hydrocarbon prospectivity. It is therefore essential to reconstruct the thermal and
tectonic histories of inverted basins as accurately and precisely as possible, particularly the
time at which hydrocarbon generation effectively ceases (which can be taken to be
synchronous with the onset of cooling from maximum palaeotemperatures). The relationship
between this timing and episodes of uplift and erosion (e.g. due to inversion) is important in
determining whether potential trapping structures have been produced particularly where
multiple episodes may have occurred (Green et al. 1995). It is important to adopt a multi-
parameter approach since studies of inverted basins which are based only on the preserved
section using techniques such as back-stripping, structural analysis, section balancing etc.
provide only partial insight into the thermal and tectonic history of basin development,

although this approach is quite common (e.g. Chadwick, 1986; Karner ef al. 1987a). Aside
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from a scientific perspective therefore, establishing a better understanding of the causes and

effects of exhumation is also of significant economic importance.

1.2: AIMS AND OBJECTIVES

The principle aim of this thesis is to investigate the Mesozoic-Cenozoic thermal and to a
lesser extent structural evolution of the southwest UK primarily by the integrated analysis and
interpretation of palacothermal (i.e. AFTA and VR data) and compaction (i.e. sonic velocity
and formation density logs) based proxies of formerly deeper burial thereby contributing to
the understanding of the magnitude, timing and driving mechanisms of exhumation in intra-

plate regions. The main objectives are as follows:

Assess the timing of palaecothermal events and relate them to recognised tectonic

events in NW Europe.

e Assess and compare the magnitude of exhumation derived by separate (thermal and
mechanical) methods and thereby test the robustness of different methods for the

calculation of exhumation magnitudes in basin studies.

e Investigate the distribution of exhumation values across the SW UK and assess the

relative importance of nearby structural features on those values.

e Identify potential driving mechanisms for the observed distribution, timing and

magnitude of exhumation.

e Place the results in the wider regional context and discuss their impact on the
understanding of intra-plate exhumation and structural evolution of the North Atlantic

region.
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1.3: DATABASE

The majority of the palaeothermal data presented in this thesis comes from Geotrack open
report #GC429 on the Bristol Channel. The palacothermal database comprises 77 AFTA
samples collected (by Geotrack) from outcrops across the SW UK and an additional 27 VR
samples. There is also a set of 28 samples collected from across the Bristol Channel mainly
from BGS shallow boreholes. In order to fill in some of the data gaps present in the Geotrack
report the author undertook Summer Fieldwork in 2006 and collected a further 15 samples
from the central Devon area. Of these 15 samples only 5 were of high enough quality to yield
useful results for AFTA (other samples being affected by weathering or low uranium content).
A summary of the data used is provided in Table 1.1. A set of 2D digital seismic data shot by
Fugro was used for this study covering the NCSB and south-western SGCB. Well control in
the NCSB is provided by 3 wells (48/29-1, 48/30-1 and 48/30-2) and these were used to tie
the NCSB and SGCB lines together. The locations of the offshore wells are shown in Figure

1.1 whilst Figure 1.2 shows a location map for the seismic lines.
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Table 1.1 - Table showing the data available for each well or borehole used in this study.
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Figure 1.1 - Map showing the location of exploration wells used for evaluation of exhumation in the SW UK.

The main Mesozoic-Cenozoic depocentres are shaded with a stippled fill (based on Williams, 2002).
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Figure 1.2 - Location map showing the seismic surveys that were used to constrain the timing of unconformities
in the NCSB and SGCB. The approximate extents of the main sedimentary basins are shown as well as the
positions of major faults (Based on Petrie ef al. (1999)).

1.4: BASINS OF THE WESTERN APPROACHES-CELTIC SEA BASIN SYSTEM

The south-western UK region comprises a number of sedimentary basins mainly initiated
during the Permian-Triassic. Each of these basins has major differences in their structural and
stratigraphical characteristics particularly north and south of the ‘Variscan Front’ (Figure 1.3).
North of the Variscan front basins have a ‘Caledonide’ structural trend; thick Permian-
Triassic and Jurassic sequences are overlain with a marked unconformity by Cenozoic strata
and Cretaceous beds are generally absent (i.e. SGCB, CBB, CISB). South of the Variscan
front basins have a “Variscide’ structural trend; they are infilled by Permian-Triassic, Jurassic

and litho and chrono-stratigraphically variable Cretaceous sequences with only relatively thin
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Cenozoic strata (i.e. NCSB, SCSB, BCB) (Tappin ef al. 1994). The SGCB and BCB, together
with the North Celtic Sea Basin (NCSB), the South Celtic Sea Basin (SCSB), the Cardigan
Bay Basin (CBB) and the Central Irish Sea Basin (CISB), form a chain of Mesozoic and
Cenozoic depocentres (the Celtic Sea basin chain) stretching from 49°N to 54°N. The Celtic
Sea is itself located within a much larger polyphase rift complex incorporating the western
UKCS and part of the northwest Atlantic passive margin (Figure 1.3). This whole region is
an important area of study, because it is transitional between underplated Atlantic margin
basins such as the Rockall Trough and the inverted Wessex Basin-English Channel region.
The Western UKCS has been the focus of much investigative work by the oil industry, with a

considerable number of wells being drilled in the area.
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Figure 1.3 - Sedimentary basins of the UK and the NE Atlantic margin. Permian-Triassic and Jurassic basins are
hatched, whereas the main Cretaceous depocentres west of Ireland are highlighted with a cross-hatch fill. KEY:
WOB-West Orkney Basin; MB-Minch Basin; SHB-Sea of Hebrides Basin; SFB-Solway Firth Basin; EISB-East
Irish Sea Basin; UB-Ulster Basin; KBB-Kish Bank Basin; CB-Cheshire Basin; CBB-Cardigan Bay Basin; CISB-
Central Irish Sea Basin; SGCB-St. George’s Channel Basin; NCSB-North Celtic Sea Basin; SCSB-South Celtic
Sea Basin; SWAB-South Western Approaches Basin; CF-Codling Fault; VF-Variscan Front; SF-Sticklepath
Fault (based on Williams, 2002).
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1.4.1: NORTH CELTIC SEA BASIN (NCSB)

Lying astride the Variscan front thrust the basin is something of a structural hybrid it displays
the ‘Caledonide’ trend but has a fairly thick Cretaceous sequence. The NCSB has the form of
a rather symmetrical faulted downwarp lying for the most part in the hangingwall of the
Variscan front thrust. It is thought that extensional reactivation of the thrust played a part in
the structural evolution of the basin (Cheadle ef al. 1987), but relict Caledonian structures
were also significant in controlling basin morphology. A patchy cover of Cenozoic strata
unconformably overlies the chalk. In cross section the NCSB forms a broad fault-bounded
synclinal depression (Figure 1.4), with a Triassic fill up to 2000m thick (Tappin et al. 1994)
overlain by 3000m of Jurassic and Lower Cretaceous syn-rift sediment. In places, over 2000m
of Upper Cretaceous post-rift thermal subsidence deposits rest with pronounced unconformity
on a series of tilted and eroded fault blocks. The NCSB is transitional between the SGCB to
the north, which has a distinct Caledonian structural grain, and the SCSB and BCB in the
south, which formed above Variscan basement. The NCSB is a significant hydrocarbon
province, and a large number of exploration and production wells have been drilled in the

region (e.g. Kinsale Head and Ballycotton fields).

1.4.2: SOUTH CELTIC SEA BASIN (SCSB)

The SCSB is separated from the NCSB by a narrow basement ridge and the basin axis swings
from an ENE-WSW trend south of 51°N to a predominantly E-W trend as it passes into the
BCB (Figure 1.3). In the east the basin has the form of an elongated faulted trough with a
dominant east-north-east to west-south-west Variscide structural trend. Farther west an axial
normal fault with northerly down-throw becomes a prominent structural feature. This fault is
associated with a graben on the northern flank of the basin (Van Hoorn, 1987a). Subsequent

minor compression and basin inversion in mid Cenozoic times produced a mild upwarp of the
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basin depocentre with minor reversal of the faults on the southern margin of the basin. The
sediment fill comprises a Triassic to Lower Cretaceous syn-rift sequence which was uplifted
during the Early Cretaceous (Tappin et al. 1994), and the entire Mesozoic depocentre has
been folded into a broad dome during a Cenozoic inversion event.

501031
60/03-2

NCSB SCSB

Figure 1.4 — Seismic cross-section through the NCSB AND SCSB (along the SWAT 4 seismic line (BIRPS &
ECORS, 1986)) showing the general basin form. The red line represents the main basin bounding fault, the blue
lines show the base of the Permian-Triassic and the yellow line represents the extent of preserved Cenozoic
sediments.

1.4.3: BRISTOL CHANNEL BASIN (BCB)

The SCSB is juxtaposed with the BCB along the Sticklepath-Lustleigh fault zone, a strike-slip
lineament which forms an accommodation zone between two adjacent Variscan thrust sheets.
The fault complex has a long history of reactivation and shows around Skm of net dextral
offset (Holloway & Chadwick, 1986). The WNW-ENE trending BCB deforms Mesozoic

strata and is situated between two Variscan zones (Franke & Engel, 1982), the South Wales

10
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Coalfield to the north and the Culm fold and thrust-sheet to the south (Gayer & Jones, 1989),
of differing sedimentary facies, stratigraphy, structure and metamorphic grade. It is a
markedly elongate east-west ‘Variscide’ basin which continues eastwards into the
Glastonbury Trough and Wessex Basin. In the east it has the form of a northerly deepening
asymmetric graben that is bounded to the north by the east-west trending Central Bristol
Channel normal fault zone. This important structural feature has a length of more than 190km
and is thought to have formed by extensional reactivation of an underlying Variscan thrust
(Brooks et al. 1988). The basin structure is complicated by a set of north-westerly trending
wrench faults that are probably reactivated Variscan structures. Towards its western end the
basin has a more symmetrical cross section as it passes en-échelon into the SCSB (Kamerling,
1979). The main depocentre formed in the hanging wall block of a Variscan thrust fault
(Brooks et al. 1988) and it comprises up to 3000 m of Triassic to Lower Cretaceous syn-rift
sediment covered by a thin layer of Upper Cretaceous post rift. Recently work by Miliorizos
et al. (2004), has shown that the Bristol Channel and Gravel Margin thrusts can be linked at
depth with the Cannington Park thrust as syn-genetic structures formed immediately before,
or at the same time as the Variscan root of the Watchet Fault (Figure 1.5) (Miliorizos et al.

2004).

11
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Figure 1.5 — Structural section across the inner Bristol Channel from North Devon to South Wales, west of the
Watchet-Cothelstone-Hatch Fault, showing the positions and geometries of the main Variscan structures: NDCT-
North Devon Coastal Thrust; BCT-Bristol Channel Thrust; GMT-Gravel Margin Thrust; NLR-North Ledge
Reflector (after Miliorizos et al. 2004).

1.4.4: ST. GEORGE’S CHANNEL BASIN (SGCB)

The SGCB is a NE-SW trending Mesozoic half graben down faulted against the Palacozoic
rocks of Wales and is essentially contiguous with the NCSB (Figure 1.3). The basin is
approximately 100km long, 50km wide and 12km deep and today forms a narrow trough,
flanked on either side by the shallow shelves of the Irish and Welsh platforms (Figure 3.1).
The south-eastern margin of the basin is marked by a major NE-SW trending fault zone
comprising the Bala Fault and the en-échelon St George’s Fault, which are probably
reactivated Caledonian structures (Tappin et al. 1994; Williams et al. 2005). The north-
western margin of the basin is marked by the similarly NW-SE trending Northwest Flank
Fault, which serves to separate the SGCB from the CISB (Welch & Turner, 2000; Williams et
al. 2005). The Triassic and Jurassic evolution of the SGCB has been described by Dobson &
Whittington (1987), Barr et al. (1981), Tappin et al. (1994) and Welch & Turner (2000) and
recently Holford (2006) presented a more comprehensive study of the Mesozoic to Cenozoic

history of this basin.

12
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1.4.5: SOUTH WALES COALFIELD AND PRE-MESOZOIC BASIN EVOLUTION

The South Wales Coalfield is a complex WNW-ENE trending and inwardly plunging
synformal structure (Burgess & Gayer, 2000). The structure is asymmetric; the southern limb
dips steeply north and the northern limb gently south. The coalfield represents an erosional
remnant of the South Wales coal basin preserved within the Variscan fold belt. Variscan
deformation is dominated by WNW-ESE striking thrusts and folds which produced
approximately 30% shortening in the east of the coalfield (Jones, 1991) locally rising to 50-
60% in the west (Frodsham & Gayer, 1997). Structures verge to the north in the northern
limb but an important south-verging back-thrust zone occurs in the southern limb.
Regionally, the thrusts propagate to the north in a piggyback sequence but locally break-back
thrusts are dominant (Frodsham & Gayer, 1997). Various subsidence mechanisms have been
proposed for British Late Carboniferous basins ranging from thermal subsidence following
Early Carboniferous rifting (Leeder & McMahon, 1988), through active extension associated
with transtension (Waters et al. 1994), to flexural subsidence in response to thrust-sheet
loading (e.g. Gayer et al. 1993). Maynard et al. (1997) reviewed the Carboniferous of
Western Europe and concluded that no single mechanism could explain all the Late
Carboniferous basins in Britain, but that greater subsidence during the Namurian and
Westphalian in the southern basins supported a flexural mechanism. Kelling (1988) first
proposed a foreland basin model for the South Wales Coalfield. He cited as evidence high
subsidence rates increasing with time, a northward migration of the basin depocentre towards
the foreland and major immature clastic input sourced from the orogenic hinterland to the
south. Later studies (Gayer & Jones, 1989; Gayer ef al. 1993; Burgess & Gayer, 2000) have
supported the flexural model for basin subsidence documenting propagation of the Variscan
thrust deformation through the basin fill towards the foreland. However, variation in

subsidence across major E-W fold structures (Jones, 1989) and across some of the NW-SE

13
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trending cross-faults (Hartley, 1993b) suggests that subsidence was also influenced by intra-
basinal inhomogeneity. Coward (1990) disputed the flexural model arguing that no adequate
Variscan thrust-sheet load can be identified in SW England and that the presence of small

basins and documented strike-slip structures favours a transpressive basin mechanism.

1.5: BACKGROUND TO RESEARCH AND PREVIOUS WORK

There is a substantial body of published work relating to the tectono-stratigraphic evolution of
basins on the western UKCS, with the majority of these studies focusing on the NCSB, SCSB
and East Irish Sea basins; little attention has been paid to the SGCB and the BCB. Specific
studies of the SGCB have been published by Barr et al. (1981), Dimitropoulos & Donato
(1983), Dobson & Whittington (1987), Tappin et al. (1994), Turner (1996, 1997) and Welch
& Turner (2000). With the exception of Turner (1997) these have generally focused on the
Mesozoic evolution of the basin and Cretaceous and Cenozoic tectonic events remain poorly
constrained. Similarly, the geological evolution of the BCB-SCSB complex has been
described by Tappin et al. (1994), Kamerling (1979) and Bulnes & McClay (1998), while Van
Hoorn (1987b) presents evidence for Early Cretaceous and Cenozoic basin inversion. Related
publications by Brooks et al. (1988) and Holloway & Chadwick (1986) have focused on
basement fault reactivation, while Nemcok et al. (1995) and Dart et al. (1995) described the
kinematics of reactivated faults along the exposed margins of the basin. At the regional scale,
BIRPS & ECORS (1986), Dyment et al. (1990), Dyment & Bano (1991) and Ford et al.

(1992) have all described the deep structure of the Celtic Sea basins, while other authors have
focused on regional tectonics (Gardiner & Sheridan, 1981; Beach, 1987; Hillis, 1992),
Mesozoic basin formation (Evans, 1990; Naylor et al. 1993; Tappin et al. 1994; McCann &
Shannon, 1994; Rowell, 1995; Jackson et al. 1995; Maingarm et al. 1999; Hillis & Chapman,

1992) and hydrocarbon habitat (Jenner, 1981; Maddox et al. 1995; Shannon & Naylor, 1998).

14
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Although it has long been recognised that the British Isles have been subjected to varying
degrees of uplift and exhumation during Mesozoic and Cenozoic times (e.g. Davis, 1895;
Geikie, 1901; Jones, 1936) it is only within the past few decades that concerted efforts have
been made to elucidate the amount, timing and causes of exhumation. These efforts have been
facilitated by both an abundance of information provided by hydrocarbon exploration (i.e.
data from seismic surveys and exploration wells) and the development of new techniques such
as AFTA which allow the former burial depths of rock sequences to be reconstructed.
Subsequently, numerous attempts have been made to quantify the magnitude of exhumation
and patterns of vertical motions across the sedimentary basins of the western UK and their

onshore margins (Table 1.2).

A variety of techniques have been used in these investigations: thermally-based approaches
have utilised purely AFTA (e.g. Green, 1986, 1989, 2002; Lewis et al. 1992; Thomson et al.
1999a; Allen et al. 2002), VR data (Cornford, 1986; Roberts, 1989; Hardman et al. 1993;
Rowley & White, 1998; Corcoran & Clayton, 1999, 2001; Pearson & Russell, 2000) or a
combination of both (e.g. Green et al. 1997, 1999, 2000, 2001a, b; Bray et al. 1998; Duncan
et al. 1998). Less commonly, techniques like clay mineralogy indices have also been used to
determine deeper burial (e.g. Kemp et al. 2005). Compaction-based techniques such as sonic
velocity analyses have been employed extensively across this region and other parts of the
British Isles (e.g. Hillis, 1991, 1995a, b; Chadwick et al. 1994; Menpes & Hillis, 1995;
Murdoch et al. 1995; Thomson & Hillis, 1995; Japsen, 1997, 1998, 2000; Ware, 1999; Ware
& Turner, 2002; Williams, 2002). Some studies have employed tectonic-based approaches
i.e. subsidence modelling (e.g. McMahon & Underhill, 1995; McMahon & Turner, 1998;
Rowley & White, 1998; Clift & Turner, 1998; Clift, 1999). Some workers have used seismic

reflection data to infer magnitudes of erosion (e.g. Tucker & Arter, 1987; Van Hoorn, 1987a;
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Bulnes & McClay, 1998). A small number of studies have combined data from different
techniques in order to place tighter constraints on the burial and exhumation histories of
individual basins (e.g. Corcoran & Mecklenburgh, 2005; Williams et al. 2005; Holford et al.
2005a, b; Holford, 2006). A compilation of exhumation estimates for the Western UK region

is provided in Table 1.2.

The rationale behind this type of research was initiated following the early application of
AFTA to rocks from Northern England and the EISB (e.g. Green 1986; Lewis et al. 1992;
Green ef al. 1993). These studies revealed that samples presently at outcrop or close to the sea
bed had resided at palaeotemperatures between 80- 110°C or higher prior to cooling to which
began at c. 60Ma. Because no samples from vertical sections (i.e. over a range of depths from
an elevation profile or exploration well) were analysed in these studies, no constraints on
palaeogeothermal gradients or the causes of heating were available. Assuming a
palaeogeothermal gradient equivalent to the present-day value of c¢. 30°C/km and a
palaeosurface temperature of 20°C, Lewis et al. (1992), estimated that this region had been
buried by an additional 3km of section in early Cenozoic times. The requirement of a
kilometre-scale Mesozoic cover over this region conflicted with palaeogeographic
reconstructions which depicted this region as largely emergent throughout the Mesozoic (e.g.
Ziegler 1990; Cope et al. 1992) and thus was met with criticism by some workers who

considered a figure of 3km to be an overestimate by at least 1km (e.g. Holliday 1993, 1999).
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Basin | Exhumation event
. Authors Method Late-Cretaceous- | Late Paleogene-
Region Early Cretaceous
Paleogene Neogene
Bushell, 1936 Basin modelling c. Tkm c. 1km
Chadwick et &/ 1994 Sonic & AFTA, =2 2km
Colter, 1978 Sonic c. 2km
Cowan et &/ 1999 Basin modelling c. Tkm
Green ef af 1997 AFTA & YR 1.5-2.0km
East Iris] Hardman et &l 1993 Basin modelling <0.3km 0.3-3.0km
ast Irish
Sea Basin Holford et af 2005b AFTA &R =k <1 Ekm o 1km
Holliday, 1993 AFTA 0.7-1.7km
Knipe et 2l 1993 Dipmeter/seismic c. 2km
Lewis et al 19592 AFTA <3km
Rowley & White, 1998 |77 ¢ 3km
Subsidence analysis 0.4-2 Tkm
Ware & Turner, 2002 Sonic 062 1km
Corcoran & Clayton, 1999 [WR 0.35-1.8km
Floodpage et 2/ 2001 AFTA c. Zkm c. 0.7km
Central Irish
Sea Basin Green et af, 2001 AFTA & WR c. 3km c. 2km c. Tkm
Maddox et g 1995 AFTA, WR & Sonic 1.0-2.5km
Williams et & 2005 Sanic & seismic c. 225km c. Tk
Barr et &l 1981 WR c. Tkm
St. George's Green et af 2001 AFTA & VR 1.5km Tkm
Channel / |Holford et af 2005a AFTA, WH & Sonic <2 Bkm ? <1.8km
BC"":HU"?“ Tucker & Arer, 1957 Seismic c Tkm
WhANE veich & Tumer, 2000 [vR 0.6-1.8km
Williams et 2l 2005 VR, seismic & sonic c. Tkm c. Tkm
Geotrack, 1995 AFTA & VR 2-3km Tkrn
Kish Bank Jenner, 1981 WH 3km
ish Ban
Basin Maylar et af 1993 YR 1.3km
Rowley & White, 1993 Subsidence analysis 0.9-1.5km
Ware, 1999 Sonic 0.5-0.8km
North Celti Menpes & Hillis, 1995 Sonic 0.4-1.2km
orth Celtic
Sea Basin Murdoch et & 1995 Sonic & seismic <1 1km
Tucker & Arter, 1987 Seismic 0.6-2.8km
South Celtic|Bulnes & McClay, 19958 Seismic =1km . Tkm
Sea Basin a0 Hoom, 1987 Seismic <3.3km

Table 1.2 - Compilation of published exhumation estimates for the Irish and Celtic Sea basin systems.

Potential mechanisms driving Cenozoic uplift of the UKCS and the NE Atlantic margin have
been the subject of considerable debate. A number of authors have presented structural
evidence attesting to Cenozoic compression in basins throughout the region (e.g. Lake &
Karner, 1987; Tucker & Arter, 1987; Roberts, 1989; Hillis, 1992, 1995; Menpes & Hillis,
1995; Doré & Lundin, 1996; Boldreel & Andersen, 1998; Vagnes et al. 1998; Lundin & Dor¢,
2002), the origin of these structures being variously attributed to intra-plate stresses associated

with North Atlantic ridge-push and the Alpine orogeny. The mechanics of intra-plate
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compression have been summarised by Cloetingh (1988) and Ziegler et al. (1998), while
Ziegler (1989b), Knott et al. (1993) and Doré et al. (1999) have presented a series of plate
reconstructions showing the geo-dynamic setting for Late Cretaceous and Cenozoic intra-
plate deformations in NW Europe. Other workers (notably Brown, 1991; Brodie & White,
1994, 1995; Clift & Turner, 1998) have argued in favour of plume activity and magmatic
underplating associated with the contemporaneous initiation of the Iceland mantle plume and
thermal uplift connected with localised hot-spot activity (Cope, 1994), as the main cause of
early Cenozoic exhumation. Brodie & White (1995) have discussed the link between
sedimentary basin inversion and igneous underplating, and there is a substantial body of
literature pertaining to the thermal and mechanical effects of plumes on the lithosphere. The
reader is referred to White & McKenzie (1989), Courtney & White (1986) and Nadin et al.
(1995), for a discussion of the role of transient thermal and dynamic uplift in modifying
subsidence patterns in the vicinity of a plume head. White & McKenzie also presented a
hotspot track for the Iceland Plume, which was subsequently modified by Lawver & Muller

(1994).

Studies of the geology of the Celtic Sea-Bristol Channel basin system and the onshore
Wessex Basin of southern England, where the Mesozoic and Cenozoic stratigraphic record is
more complete, have identified multiple phases of exhumation with discrete events during the
early Cretaceous (e.g. Kamerling, 1979; Van Hoorn, 1987a; Ruffell, 1992; McMahon &
Turner, 1998), late Cretaceous-early Paleogene (e.g. Tucker & Arter 1987; Hillis 1992, 1995)
and late Paleogene-Neogene (e.g. Chadwick 1993). Similarly timed erosional events have
been reported from elsewhere in the British Isles, including regions as far afield as the
northern North Sea during the early Cretaceous (e.g. Rawson & Riley, 1982; Kyrkjebg et al.

2004), the Moray Firth during the early Paleogene (e.g. Thomson & Underhill, 1993; Argent
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et al. 2002) and the southern North Sea during Neogene times (e.g. Japsen, 1997, 2000;
Green, 2005). These observations (e.g. the fact there are multiple unconformities) suggest
that the Western Approaches-Celtic Sea basin system has experienced a complex, multiphase
exhumation history which cannot be explained in terms of a single event or process. In the
following parts of this chapter the evidence for the spatial extent, magnitude and possible
driving mechanisms of each of the major exhumation episodes which have affected the
southwest UK basin system are reviewed. To place these exhumation episodes in their wider
plate-tectonic context, Figures 1.6-1.8 contain a series of maps depicting the tectonic

evolution of the European and Mediterranean regions from early Jurassic to Miocene times.
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Figure 1.6 (and Figures 1.7-1.8) — A series of palaeotectonic reconstructions depicting the geological and
tectonic evolution of the European and Mediterranean regions during (a) early Jurassic and (b) early Cretaceous

times.

The exhumation history of the southwest UK has been profoundly influenced by events such as the

progressive opening of the Atlantic Ocean (b-f) and the lithospheric shortening resulting in the closure of the
Tethys and the development of the Alpine orogeny (c-f) (after Coward et al. (2003)).
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(c) Late Cretaceous
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Figure 1.7 (and Figures 1.6 and 1.8) — A series of palacotectonic reconstructions depicting the geological and
tectonic evolution of the European and Mediterranean regions during (c) late Cretaceous and (d) Paleocene
times. The exhumation history of the southwest UK has been profoundly influenced by events such as the
progressive opening of the Atlantic Ocean (b-f) and the lithospheric shortening resulting in the closure of the
Tethys and the development of the Alpine orogeny (c-f) (after Coward et al. (2003)).
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(e) Oligocene
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Figure 1.8 (and Figures 1.6-1.7) - A series of palacotectonic reconstructions depicting the geological and
tectonic evolution of the European and Mediterranean regions during (e) Oligocene and (f) Miocene times. The
exhumation history of the southwest UK has been profoundly influenced by events such as the progressive
opening of the Atlantic Ocean (b-f) and the lithospheric shortening resulting in the closure of the Tethys and the
development of the Alpine orogeny (c-f) (after Coward et al. (2003)).
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1.5.1: EARLY CRETACEOUS EXHUMATION

A number of authors have shown that the British Isles were affected by uplift and erosion
during the early Cretaceous (e.g. Kamerling, 1979; Fyfe et al. 1981; van Hoorn, 1987a;
Ruffell, 1992; Kyrkjebg et al. 2004; Corcoran & Mecklenburgh, 2005) and Ziegler (1990),
has claimed that a major unconformity, often termed the “late Cimmerian unconformity”, can
be correlated across wide areas of Western and Central Europe. However, the use of the term
“late Cimmerian unconformity” is considered misleading as it implies a single erosive phase
related to a specific tectonic event Kyrkjebe et al. (2004) where detailed stratigraphic
investigations in several parts of Britain have shown that the “late Cimmerian unconformity”
actually consists of a number of regional and local unconformities which encompass a

significant period of time (e.g. Rawson & Riley, 1982; Ruffell, 1992).

Two dominant phases of early Cretaceous uplift and erosion have been recognised and each
correlates with tectonic activity along the incipient Atlantic margin of NW Europe (Figure
1.6b and Figure 1.9) (Ziegler, 1990; Doré et al. 1999; Roberts et al. 1999). McMahon &
Turner (1998) identified two distinct early Cretaceous unconformities using seismic and
stratigraphic data from the Wessex, Celtic Sea and Western Approaches basins (on and
offshore southern England). The oldest and most significant of these unconformities is
Berriasian in age whilst a younger (Aptian) unconformity, apparently associated with lower
magnitudes of erosion, was also identified. A Jurassic-Cretaceous unconformity has been
identified in the Bristol Channel and South Celtic Sea basins by various workers (e.g. Coward
& Trudgill, 1989; Ziegler, 1990; Ruffell & Coward, 1992; Bulnes & McClay, 1998). The
timing of erosion here is constrained as pre-Aptian by the transgression of Aptian shallow-

marine to continental sands over deeply truncated Triassic and Jurassic strata (Ziegler 1990).
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Early Cretaceous palaeogeography .
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Figure 1.9 — Palaeogeographic reconstruction of NW Europe and the North Atlantic during early Cretaceous
times, showing the distribution of active structures and sediment facies. NE-SW extension affected the North
Sea and Central Europe during the early Cretaceous, whilst NW-SE extension along the Atlantic margin was
responsible for the formation of the Faroe-Shetlands Basin. The cessation of extension in the central and
northern North Sea, followed by the onset of post-rift thermal subsidence led to the development of a basal
Cretaceous unconformity complex. Sedimentation in the Celtic Sea and southern England was dominated by
coastal-marginal deposits, with most parts of the British Isles emergent. The area of interest in this study is
highlighted by the red box (after Coward et al. (2003)).
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Ruffell & Coward (1992) suggested that the Jurassic-Cretaceous unconformity in the Celtic
Sea region was related to inversion which involved reverse movement along pre-existing
Variscan thrusts. Ziegler (1990) claimed that dextral strike-slip movements along the basin
margins and intra-basinal fault zones of the BCB and SCSB caused intense deformation,
illustrated by the erosion of over 3km of Triassic-Jurassic sediments from the margins of
these basins (Van Hoorn, 1987a). These deformations coincided with the last rift and wrench
movements that preceded mid-Aptian crustal separation between Iberia and Europe and with
the onset of sea-floor spreading in the Bay of Biscay (Figure 1.6b) (c¢f- Doré et al. 1999;

Roberts et al. 1999).

1.5.2: LATE CRETACEOUS-CENOZOIC EXHUMATION

Figure 1.10 highlights the change in tectonic regime across NW Europe during the late
Cretaceous which consisted of thermal subsidence and a major tectono-eustatic rise in sea-
level (Ziegler, 1990). However, a major global sea level regression at the end of the
Cretaceous (Haq et al. 1987) coupled with widespread surface uplift around NW Europe
(Doré et al. 2002a) led to the emergence of most of the British Isles during the early
Paleogene (Figure 1.12) (Murray, 1992; Anderton, 2000). This led to a well documented,
rapid and considerable exhumation of many parts of Britain, encompassing a region which
extends from the WAB, NCSB and SCSB (Hillis, 1991, 1995a), across central and northern
England (Green, 1986, 1989, 2002; Chadwick et al. 1994; Green et al. 2001b) to the Scottish
Highlands and Moray Firth (Thomson & Underhill, 1993; Thomson et al. 1999b; Argent et al.
2002). Late Cretaceous and Paleocene uplift affected the entire western UKCS, forming a
pronounced basal Cenozoic unconformity over much of the area. Evidence for substantial

early Cenozoic exhumation includes:
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e Jurassic and Permian-Triassic syn-rift sediments outcrop at seabed in the SGCB, CISB
and KBB (Figure 1.11); a substantial thickness of post-rift sediment is missing from

these areas

e anomalous porosity-depth relationships derived from sonic transit times suggest that

sediments have been exhumed

e Apatite fission-track and vitrinite reflectance measurements indicate that maximum

palaecotemperatures occurred some 60Ma B.P. (Duncan et al. 1998).

Potential mechanisms driving Paleocene uplift of the UKCS and the NE Atlantic margin have
been the subject of considerable debate complicated by the coincidence of two major
continental-scale processes (Turner, 1997). Cenozoic compression has been cited by a
number of authors (e.g. Lake & Karner, 1987; Tucker & Arter, 1987; Ziegler, 1987; Roberts,
1989; Hillis, 1992, 1995; Doré¢ & Lundin, 1996; Boldreel & Andersen, 1998; Vagnes ef al.
1998; Lundin & Doré, 2002), who have presented structural evidence (Figures 1.7-1.8 and
1.12) variously attributed to intra-plate stresses associated with North Atlantic ridge-push and
the Alpine orogeny. Meanwhile other workers (White & McKenzie, 1989; Brodie & White,
1994, 1995; Rowley & White, 1998; Clift & Turner, 1998; Dor¢ et al. 1999; Al-Kindi et al.
2003) have favoured plume activity and igneous underplating as the main cause of early

Cenozoic exhumation. The evidence for these theories is examined in more detail below.
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Figure 1.10 — Palacogeographic reconstruction of NW Europe and the North Atlantic during late Cretaceous
times, showing the distribution of active structures and sediment facies. There was relatively little rift activity in
the North Atlantic during late Cretaceous times and the region experienced passive thermal subsidence, with
chalk deposited across much of Europe. Some inversion occurred in the southern North Sea, probably related to
early Alpine collision in Eastern Europe. The area of interest in this study is highlighted by the red box (after
Coward et al. (2003)).
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Figure 1.11 — Quaternary sub-crop map of the northern Celtic Sea region. Key: CISB-Central Irish Sea Basin;
CBB-Cardigan Bay Basin; SGCB-St George’s Channel Basin; NCSB-North Celtic Sea Basin; SCSB-South
Celtic Sea Basin; BCB-Bristol Channel Basin; BF-Bala Fault; SGF-St George’s Fault; SFZ-Sticklepath-
Lustleigh Fault Zone; CF-Codling Fault; MSFZ-Menai Straits Fault Zone (after Tappin ef al. 1994).
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Figure 1.12 — Palacogeographic reconstruction of NW Europe and the North Atlantic during Paleocene times,
showing the distribution of active structures, sediment facies and volcanic rocks associated with plume activity.
During the Paleocene, sea-floor spreading commenced in the Labrador Sea whilst extension continued along the
incipient NE Atlantic margin. Large parts of NW Europe experienced uplift with an accompanying flux of
sediments into the North Sea Basin. Intense igneous activity affected the North Atlantic during the Palacocene.
In Scotland, Ireland and their offshore areas major volcanism occurred between 61-57Ma associated with NW-
trending dyke and fault activity. The plateau basalts of the Faeroes and East Greenland and Vering and Rockall
plateaus formed between 56-52Ma and continental separation between Greenland and Europe was achieved
during the earliest Eocene (c¢. 53Ma). The area of interest in this study is highlighted by the red box (after
Coward et al. (2003)).
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1.5.2.1: Magmatic underplating and the role of the Iceland Plume

The opening of the North Atlantic Ocean at approximately 53Ma (earliest Eocene) (Dor¢ et
al. 1999) was preceded by voluminous magmatism along both oceanic margins (Figure 1.12).
Magmatic activity occurred within the approximate interval of 63-52Ma, with the main phase
of activity at 59Ma (Figure 1.13) (Mussett et al. 1988). Adding igneous material to the base
of the crust beneath an extending basin can cause regional exhumation, assuming that the
material has a lower density than the surrounding lithosphere (Brodie & White 1995; Clift &
Turner, 1998). White ef al. (1987) estimated that between 5-10x10° km? of igneous rock was
produced in the North Atlantic region during the early Paleogene and includes the onshore
basalts and igneous complexes of Greenland, the Faeroes and NW Britain and the thick
extrusive basaltic flows along the offshore east Greenland and Rockall Faeroes-Norwegian

margins.

White & McKenzie (1989), showed that the production of such volumes of igneous rock
during continental rifting requires the potential temperature of the asthenosphere to be
elevated by 100-200°C above normal temperatures (c. 1280°C) in order to facilitate
decompression melting of the hot asthenospheric mantle. Such elevations of temperature are
provided by mantle plumes and White & McKenzie (1989) proposed that the early Paleogene
initiation of the Iceland mantle plume was responsible for the massive magmatism along the
Atlantic margins. Subsequently therefore, many workers have invoked the Iceland plume and
associated phenomena to explain the uplift and exhumation of the British Isles during the
early Paleogene (Brodie & White, 1994, 1995; Nadin et al. 1995; White & Lovell, 1997;
Rowley & White, 1998; Jones et al. 2001, 2002). Brodie & White (1995) concluded that the
most plausible method of generating permanent uplift of the western UKCS is to add gabbroic

melt to the base of the crust (Figure 1.14). Rare earth element distributions in rocks from
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various locations within the British Tertiary volcanic province suggest that there has been
between 2-5 km of melt production beneath the western UKCS. It should be noted that in
recent years, many inconsistencies associated with the ‘plume’ hypothesis have been
acknowledged, whilst the existence of a long-lived plume beneath Iceland has also been

explicitly questioned (Foulger, 2002; Foulger & Natland, 2003; Foulger & Anderson, 2005;

Lundin & Doré, 20054, b).
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Figure 1.13 - Comparison of the timing of onshore magmatic activity of the British Tertiary Igneous Province
(BTIP) (from Chambers et al. 2005) with the correlation of periods of Palaeocene-Eocene submarine fan
deposition (sand pulses) in the North Sea and intrusive magmatism of White & Lovell (1997). Key: CC-Cuillin
Centre; SnaCC-Strath na Creitheach Centre; WRH-Western Red Hills; ERH-Eastern Red Hills; LAG-Loch
Ainort Granite; EP-Sgurr of Eigg Pitchstone; CLF-Canna Lava Formation; RCV-Rum central volcano; ELF-
Eigg Lava Formation. Although the onset of magmatism corresponds to the first major influx of clastic
sediments (Maureen, which comprises c. 20% of the total volume of Paleogene submarine fan deposits), and the
largest sand pulse (Andrew, c. 50%) is coeval with the development of the central volcanoes of Mull and some
of Skye, magmatism continues when there is no sediment in the North Sea (after Chambers et al. (2005)).
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As illustrated by Figure 1.14, several types of epeirogenic uplift are associated with mantle
plume activity (Nadin et al. 1995; Jones et al. 2001). Dynamic uplift above a convection cell
can occur without the need for increased heat flow (Courtney & White 1986). Nadin et al.
(1995) described an example of dynamic uplift from the northern North Sea, which was
probably related to the proto-Iceland plume. The authors concluded that regional Paleocene
uplift and subsequent Eocene subsidence can be explained by a model incorporating long-
wavelength flexural uplift in response to the flow field generated by a mantle plume (Figure
1.5). Their models showed that the magnitude of the uplift is related to the viscosity of the
lithosphere, but dynamic uplift could occur up to 1500m from the plume head. Close to the
centre of the plume dynamic uplift combined with thermal buoyancy resulted in up to 2.5km
of total uplift (Figure 1.15). More localised uplift will result due to thermal buoyancy from
lithosphere heated by conduction from underlying hot asthenosphere (Nadin ef al. 1995; Jones
et al. 2001). The area affected by thermal uplift will be restricted to that above the narrow
central plume (150-200km wide) of rising mantle with abnormally hot temperatures (White &
McKenzie, 1989). The Iceland plume probably lay between 1000-1500 km away from the
Celtic Sea at around 60Ma (White & McKenzie 1989; Lawver & Miiller, 1994), although a
separate plume could have been located in the vicinity of the Cenozoic Igneous Province
around this time (Cope, 1994; Nadin ef al. 1995; Clift & Turner, 1998). Both dynamic and
thermal uplift are transient, and so will disappear when the convection wanes or the thermal
anomaly dissipates (Jones ef al. 2001). Permanent uplift can occur if adiabatic decompression
of hot asthenosphere causes melting and the resultant igneous material is injected into the

lithospheric column (Jones ef al. 2001).
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( a) If underplated melt is less dense than the
asthenosphere (3.2 Mgm-?) then surface
uplift will result
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Figure 1.14 — (a) Diagram illustrating the effect of adding a thickness of underplated melt to the lithosphere. If
the melt has a density lower than that of the asthenosphere (3.2Mg/m?), surface uplift will result. Erosion and
subsequent isostatic readjustment can result in a maximum amount of exhumation, the value of which can be
determined from equations 3.1 and 3.2. It should be noted that the precise distribution of underplating within the
lithosphere does not affect the isostatic balance. (b) Graph showing the amount of vertical uplift and exhumation
resulting from variable thicknesses of underplating. Calculated using equations 3.1 and 3.2 and the following
assumed densities; crustal = 2.4MG/m?; asthenospheric = 3.2Mg/m?; underplating = 2.9Mg/m*. This modelling
assumes i) Airy isostasy and ii) ‘normal’ crustal and lithosphere thicknesses of 35km and 125km (from Holford,
(2006)).
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Figure 1.15 - Zones of thermal and dynamic uplifted associated with a mantle plume (after Nadin et al. 1995)

Brown (1991) first proposed magmatic underplating as a driving mechanism of Cenozoic
exhumation in the British Isles in order to explain the elevated early Paleogene temperatures
revealed by onshore AFTA samples in the East Midlands Shelf, UK (Green, 1989). The
underplating hypothesis was subsequently expanded by Brodie & White (1994, 1995), in
order to explain a number of observations regarding the geology of the British Isles, such as
exhumation in the East Irish Sea (see also Rowley & White, 1998) and the apparent tilting of
the British Isles along a NNE-SSW axis. Searching to explain these observations, Brodie &
White (1994, 1995), discounted both flexural effects related to the early Paleogene opening of

the North Atlantic and horizontal lithospheric shortening caused by Alpine orogenesis.

As discussed in more detail by Holford (2006), the British Isles are characterized by small-
wavelength (<50km) gravity anomalies, which rules out lithosphere flexure as a cause of
exhumation since flexural isostatic processes such as rift-flank uplift (¢f. Weissel & Karner,
1989) should generate large amplitude gravity anomalies. Thermal effects related to Atlantic
opening are also thought to be negligible (Nadin & Kusznir, 1995). In addition, Brodie &

White (1995), contended that the observable Cenozoic shortening across the British Isles (c.
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5% strain) is too small to generate sufficient crustal thickening and hence exhumation (e.g. c.

30% shortening required to produce 3km of exhumation).

In light of this information Brodie & White (1994, 1995), proposed magmatic underplating
coeval with the magmatic activity of the British Cenozoic Igneous Provinces, as the most
likely cause of exhumation. The geometry of this plume was originally imagined as roughly
circular fed by a narrow central plume of rising material during early Paleogene times (White
1988; White & McKenzie 1989). Recently however, it has been re-envisaged in terms of a
tetrad of linear, subvertical sheet-like plumes (Smallwood & White 2002; Al-Kindi et al.
2003) one of which may have extended from western Greenland to Lundy in the Bristol
Channel (Figure 1.16) (Al-Kindi et al. 2003). Melt generated by this hot convective sheet is

thought to be the source of the underplating (Al-Kindi ef al. 2003).

In addition to the large amounts of apparent evidence to support the underplating hypothesis,
there are an equally large number of observations which cast doubt on it being the sole
driving mechanism of Cenozoic exhumation. As detailed more thoroughly by Holford
(2006), although Al-Kindi et al. (2003) claim to have constrained the thickness of an
underplated layer using wide-angle seismic refraction data, there is little evidence to support
the existence of substantial lower crustal underplating from deep seismic reflection profiles
acquired within the Irish Sea, which lack the reflectivity patterns associated with magmatic
underplating (England & Soper, 1997; Chadwick & Pharaoh, 1998). Chambers et al. (2005)
have also questioned White & Lovell’s (1997) assertion of a correlative link between pulses
of sedimentation in the North Sea and surface uplift caused by episodic magmatic
underplating. New *’Ar/’Ar ages obtained from volcanic rocks in the British Cenozoic
Igneous Province show that the majority of magmatic activity occurred within a short time

span (3Myr) rather than in a pulsed manner (Figure 1.13). More importantly for the SW UK
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region, despite Brodie & White’s (1994, 1995) contention that shortening within the Irish Sea
region is insufficient to account for the observed magnitudes of exhumation, a number of
recent studies in the SGCB have demonstrated the important role of compressional
deformation (tectonic inversion) in driving exhumation during late Cretaceous-early

Paleogene times (Ware & Turner, 2002; Williams, 2002; Williams et al. 2005).

0 e

Figure 1.16 — Long-wavelength, free-air gravity map showing positive anomaly centred on the Irish Sea.
Numbered white contours — predicted thickness of magmatic underplating determined by calibrating long-
wavelength gravity data with wide-angle seismic model. Inset: Reconstruction of North Atlantic region at
initiation of Iceland plume just before continental break-up. Solid red pattern — onshore-offshore distribution of
magmatism which is the crustal manifestation of intersecting convective sheets. Note that this map predicts the
thickest underplated material beneath the EISB where according to Holford et al. (2005a), AFTA indicate that
exhumation was during the Cretaceous and not the Cenozoic (modified after Al-Kindi ez al. 2003).
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1.5.2.2: Localised hotspot-related uplift

Cope (1994) suggested that the exhumation of the western UKCS may have been caused by a
localised latest Cretaceous to late Paleogene hotspot located beneath the Irish Sea (Figure
1.17). This hypothesis has been challenged by a number of workers such as Thomson (1995),
who noted that because the thermal anomaly related to a hotspot is transient when, it decays
the uplift will also decay. The erosion which occurred during the Paleogene means that most
of the British Isles should be at or below sea level if the exhumation was driven by a transient
hotspot (Thomson, 1995). Since most of the British Isles are presently above sea-level, with
regions of notable relief including the Scottish Highlands, the Pennines and Snowdonia (e.g.
Clayton & Shamoon, 1998, 1999), Cope’s (1994) proposed erosion map showing a ‘bull’s-
eye’ pattern over the Irish Sea (Figure 1.17) is in poor agreement with these observations
coupled with regional variation in early Cenozoic erosion magnitudes and palaeotemperatures

revealed by other studies (e.g. Thomson 1995; Green 2002; Holford, 2006).
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Figure 1.17 - Cope’s (1994) estimation of the possible extent and amount of net erosion in the Irish Sea and
surrounding areas, attributed to a localised late Cretaceous hotspot. Cope (1994) drew attention to the marked
parallelism between his erosion contours and formation boundaries (with the exception of north Yorkshire,
where the contours curve around the pre-existing Cleveland Basin). Many subsequent workers however, have
shown that there is little agreement between Cope’s (1994) predicted pattern of erosion and actual Cenozoic
exhumation estimates (e.g. Thomson, 1995; Green ef al. 1997, 2002; Green, 2002; Holford et al. 2005a; Holford,
2006).
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1.5.2.3: Intra-plate shortening (tectonic inversion)

Many workers have argued that the post-Palacozoic exhumation of the Western Approaches-
Celtic Sea basin system and contiguous regions was driven by compressional and
transpressional intra-plate shortening (tectonic inversion). The isostatic response to the crustal
thickening caused by horizontal shortening is surface uplift (Figure 1.18a), which can
subsequently be amplified by erosion (Figure 1.18b) (Brodie & White, 1995; Watts, 2001).
Tectonic inversion is thus one of the main causes of exhumation in intra-plate regions and
passive margins. As Figure 1.18b shows, to generate the amounts of exhumation generally
observed across the Western Approaches-Celtic sea region (e.g. <3km), shortening strains of
up to 30% are required (c¢f. Brodie & White, 1995). Within the upper crust, horizontal
shortening is generally manifested by reversals in displacement (from normal to reverse)
along dip-slip faults, changes in the polarity of structural relief (i.e. low-lying basin areas
become positive structural culminations) and the inflation and expulsion of syn-rift sequences
in sedimentary basins (Figure 1.19) (Hayward & Graham, 1989; Williams ef al. 1989; Turner
& Williams, 2004). On a larger-scale, compressional and transpressional shortening can

result in whole lithosphere folding and buckling (Hillis, 1992; Ziegler et al. 1995).

The evidence for Mesozoic-Cenozoic tectonic inversion in the sedimentary basins of the
British Isles has been well documented (e.g. the Irish Sea (Turner, 1997; Izzat et al. 2001;
Cunningham et al. 2004; Williams et al. 2005), the Celtic Sea and Western Approaches
(Tucker & Arter, 1987; van Hoorn, 1987a; Roberts, 1989; Hillis, 1991, 1992, 1995; Ziegler et
al. 1995; Bulnes & McClay, 1998), the Wessex Basin (Lake & Karner, 1987; Chadwick,
1993; Underhill & Paterson, 1998; Gale et al. 1999; Blundell, 2002), the Inner Moray Firth
(Thomson & Underhill, 1993; Hillis et al. 1994; Thomson & Hillis, 1995) and the southern

North Sea (Glennie & Boegner, 1981; van Hoorn, 19875; Nielsen & Hansen, 2000; Nielsen et
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al. 2005; Worum & Michon, 2005)). Locations of Oligocene and Miocene-age inversion
structures in NW Europe and along the Atlantic margin are identified in Figures 1.20 and
1.21. Several sources of the compressional stresses have been proposed such as Alpine
orogenesis, particularly in Central and Western Europe (Roberts, 1989; Ziegler, 1989aq;
Ziegler et al. 1995) and Atlantic ridge-push, especially along the Atlantic margin (Boldreel &
Anderson, 1993; Dor¢ et al. 1996; Lundin & Doré¢, 2002). Assessing the contribution of these
events to tectonic inversion is complicated however by the fact that deformation did not occur
during one single event. Instead, a number of discrete phases of deformation throughout the
late Cretaceous-Cenozoic have been identified (Figure 1.22) (e.g. Boldreel & Andersen, 1998;

Dewey, 2000; Blundell, 2002; Worum & Michon, 2005).

There is abundant evidence for tectonic inversion in the Celtic Sea-Western Approaches
region during Cenozoic times (Tucker & Arter, 1987; van Hoorn, 1987a; Hayward &
Graham, 1989; Roberts, 1989; Hillis, 1991; Menpes & Hillis, 1995; Murdoch et al. 1995;
Bulnes & McClay, 1998). Tectonic inversion in the NCSB was accommodated by a
combination of compressive reactivation of pre-existing growth faults, and the broad regional
upwarping of the Cretaceous depocentre (Figure 3.8d) (Tucker & Arter, 1987). Around 1km
of erosion is associated with this inversion, which Tucker & Arter (1987) contended, on
stratigraphical grounds, must have occurred between the late Maastrichtian and early Eocene.
Roberts (1989), Murdoch et al. (1995) and Blundell (2002), however, argued that the
inversion of the NCSB occurred during the Oligocene or Miocene, coeval with the inversion
of the WAB (Hayward & Graham, 1989). This emphasizes the lack of precise control on the
timing of inversion in many of these studies, with the preferred timing often assigned from

consideration of regional geological trends.

39




Chapter 1: Introduction

(ﬂ) Original width, a

Mew width, b

Cross-sectional

araa = hh
R [ 1 Boalevel relerence
i
g o
]
E Te | Tt
i
—|
:
y—— ey e
Shortening=a-b
(b) The effect of crustal thickening due to compressive
. horizontal shortening on uplift and denudation
.--'f..-
@ — Uplift ---I_J"
—— Danudation ___.-f'
& __r.-""
= ..,__.--"'
'E & .z"'f 3
; .-""--
3 -
E 5 -
% : .f"--'.-'f

v] 10 20 30 40 50 1] T a0 a0 00
Strain (%)

Figure 1.18 - (a) Diagram illustrating how shortening of a column of crust by horizontal compression (under
conditions of Airy isostatic equilibrium) leads to an upwards movement of the surface with respect to sea level.
(b) The amount of uplift and denudation resulting from horizontal shortening of a standard column of continental
lithosphere 125 km thick (crustal thickness = 30 km) for varying amounts of compressional strain. Calculated
using equations 1-5 of Brodie & White, (1995). Parameters are given in Table 1 of Brodie & White, (1995)
(From Holford (2006)).
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Syn-rift "!

Pre-rift

Figure 1.19 - Schematic diagram of a classical positive inversion structure. The sense of movement along a
basin controlling extensional fault is reversed during compressional tectonics, leading to the expulsion of the
syn-rift fill and the formation of a growth anticline whilst still retaining net extension at depth. In the bottom
example, the position of the null point is identified. This marks the divide between reverse displacement above
and normal displacement below. The progressive contractional inversion of an extensional syn-rift sequence will
cause the null point to move down the syn-rift sequence (after Williams et al. (1989)).

The relative importance of Alpine orogenesis and Atlantic ridge-push as the primary driving
mechanisms behind the Cenozoic compressional shortening in NW Europe and the Atlantic
margin is a hotly debated subject. The World Stress Map shows that maximum horizontal
compressive stresses in Europe and the North Atlantic are oriented uniformly NW-SE to
NNW-SSE (Figure 1.23) (Miiller et al. 1992; Zoback 1992), with local deviations in stress
orientation largely explained by heterogeneity due to the detachment of sedimentary cover
sequences from basement (Hillis & Nelsen, 2005). This is consistent with the directions of
both Alpine continental convergence and sea-floor spreading in the Atlantic. Results from the
geodynamic models of Bott (1993) and Bott & Bott (2004) have shown that oceanic ridges
underlain by anomalously hot, buoyant mantle can generate horizontal compressive stresses
of up to 100MPa which can extend great distances (<2000 km) from the site of the ridge. Bott
& Bott (2004) therefore attribute the NW-SE compressive stresses to anomalously strong
ridge-push associated with the Iceland mantle plume. The results of Bott’s (1993) finite-

element modelling imply that although the Alpine orogenic belt can provide resistance to this
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far-field compression, thus allowing this stress regime to pervade the entire region, it cannot

cause distant compression by itself (Bott & Bott 2004).

'Oligocene palaeogeography Be—e =~ B~
~and tectonics of NW Europe ot | i o
i! [ Gy msan e

—— —

Figure 1.20 - Palacogeographic reconstruction of NW Europe and the North Atlantic during early Oligocene
times (c. 36 Ma), showing the distribution of active structures and sediment facies. A second phase of North
Atlantic-Arctic opening started in mid-Oligocene times when relative plate motion changed to approximately
cast-west. This change in spreading direction was associated with the cessation of seafloor spreading in the
Labrador Sea, causing Greenland to become part of the North Atlantic plate. Basin inversion occurred along the
Atlantic margin of Norway and NW Britain, as well as in the western part of the southern North Sea and the
English Channel, whilst strike-slip deformation in the western part of the British Isles led to the formation of a
series of pull-apart basins. The area of interest in this study is highlighted by the red box (after Coward et al.
(2003)).
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Figure 1.21 - Palaeogeographic reconstruction of NW Europe and the North Atlantic during early Miocene
times, showing the distribution of active structures and sediment facies. Large parts of the British Isles,
Scandinavia and Greenland were affected by late Neogene uplift and erosion, the by-products of which were
redeposited as large sediment slumps along the continental shelf. This onshore uplift was accompanied continued
(thermal) subsidence in the North Sea. The area of interest in this study is highlighted by the red box (after
Coward et al. (2003)).
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Figure 1.22 - Cenozoic event stratigraphy diagram for the southern British Isles showing ages and thicknesses of
preserved Cenozoic sediments (compiled from various sources) compared against the timing of important
regional tectonic events (e.g. timing of North Atlantic Igneous Province magmatism and major compressional
pulses of the Alpine orogeny (from Dor¢ et al, 1999)).
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This contradicts the observations of Ziegler et al. (1995, 1998) however, of the development
of important compressional intra-plate structures (e.g. in the NW European Alpine foreland)
at distances of up to £1600km away from orogenic fronts, the timing and patterns of which
correlate directly with important phases of collisional plate coupling. Furthermore, since
continental break-up in the North Atlantic was not achieved until ¢. 53Ma (earliest Eocene)
(Doré et al. 1999), ridge-push forces cannot explain the development of late Cretaceous-

Palaeocene compressional structures in NW Europe (Boldreel & Andersen, 1998).

Roberts (1989) contended that tectonic inversion during the late Cretaceous-Palacocene was
driven by the transmission of compressional stresses through the European foreland during
the early phases of Alpine collision; this phase of deformation terminated during the Eocene,
when the initiation of the extensional plate boundary along the Rhine-Rhone rift system
prevented further transmissions of stress (Roberts, 1989; Coward ef al. 2003). The timing of
strike-slip movements along the Sticklepath-Lustleigh Fault Zone (Holloway & Chadwick,
1986; Turner, 1997; Dunford et al. 2001; Cunningham et al. 2004), and similar NW-SE
trending structures along the Atlantic margin (i.e. the Anthon Dohrn Lineament) (Dor¢ ef al.
1997; Johnson et al. 2005; Kimbell et al. 2005) may correlate with the generation of the
European Rift system and its associated stress field (Coward, 1994; Ziegler et al. 1995;

Blundell, 2002; Coward et al. 2003).
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Figure 1.23 - Stress map of Europe and the North Atlantic, based on World Stress Map data from Reinecker et
al. (2003). The long axes of the bars represent the maximum horizontal stress orientation and the length of the
bars the quality ranking of that indicator. Maximum horizontal stresses are generally uniformly oriented NW-SE

to NNW-SSE.
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The collision in the Pyrenees and subduction along the northern margin of the Bay of Biscay
initiated the next phase of inversion. The suturing of the Iberian and European plates during
the Oligocene allowed the northward transmission of stresses which led to further inversion
(Roberts, 1989). Neogene (Miocene) compressional deformation in NW Europe (e.g. in the
Wessex Basin (Chadwick, 1993)) was coincident with an increase in the rate of African-
European convergence beginning at 22Ma (Dewey et al. 1989; Dewey, 2000). Based largely
upon the work of Ford et al. (1999), Blundell (2002) attempted to directly correlate the
Cenozoic deformations of southern Britain with stages of the evolution of the North Alpine
Foreland Basin (Figure 1.24). Periods of tectonic inversion occurred when stresses generated
during Alpine collisional coupling could not be accommodated within the orogen or foreland
basin, and were thus transmitted into the Alpine foreland (Blundell, 2002). The convergence
of the Apulian plate with Europe during the mid to late Eocene (46-36Ma) resulted in the NW
migration of the flexural foreland basin and the front of a low-angle external orogenic wedge,
thereby permitting the transmission of stresses into the foreland (Ford ef al. 1999). Blundell
(2002) correlated this deformation phase with the Eocene uplift of the Weald Basin (cf.
Nielsen & Hansen, 2000) and the uplift identified by Gale et al. (1999), along the Sandown
Pericline. During the Oligocene and early Miocene shortening was largely accommodated
within the thickness of the orogenic wedge, meaning that little or no stress would have
propagated into the foreland (Blundell, 2002). Collapse of the outer orogenic wedge during
the late Miocene to Pliocene (11-3Ma) and compressional deformation of the Jura fold belt
allowed compressional stresses to propagate beneath the Jura décollement resulting in the
inversions along the Abbottsbury-Purbeck line (¢f. Underhill & Paterson, 1998) and the

deformation of Eocene and older strata across southern Britain (Blundell, 2002).
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It is apparent that the precise cause of Cenozoic inversion in Northwest Europe is extremely
difficult to pinpoint and likely to be best explained by composite events involving
compressive stresses from both sea-floor spreading and Alpine orogenesis. Several authors
(e.g. Stoker et al. 2005b) have suggested an underlying mantle control on tectonics in Europe
based on the coincidence of inversion and plate reorganisations. Stoker et al. (2005b) present
an example of this where the cessation of sea-floor spreading in the Labrador Sea and the
incipient extinction of the Agir ridge was approximately coeval with the late Eocene to early
Oligocene Pyrenean orogenic phase (Figure 1.20), whilst the late Alpine compressive pulse
during the early Neogene was coincident with the separation of Jan Mayen and Greenland and

the establishment of the Kolbeinsey Ridge (Figure 1.21).
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Figure 1.24 - Correlation of Cenozoic tectonic events in southern Britain and the Alpine Foreland Isle Of Wight
uplift phases 1 and 2 refer to those identified by Gale et al. 1999) (after Blundell, 2002).
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1.5.3: NEOGENE EXHUMATION ACROSS THE NORTH ATLANTIC REGION

It is widely accepted that NW Europe and the Atlantic margin experienced significant
kilometre-scale uplift and exhumation during the Cenozoic and these events have been
important in establishing the present configuration of sea and landmasses (Doré¢ et al. 1999).
As highlighted above important episodes occurred during the Paleogene and Miocene
however significant uplift also occurred during the late Neogene, especially along the North

Atlantic margins (Figure 1.25; Japsen & Chalmers, 2000).

The exhumation is recorded by the major prograding shelf-margin wedges which have been
described from the UK Atlantic margin, the Norwegian margin, and the eastern and western
Greenland margins (Stoker, 2002). It has also been noted by several authors that the onshore
exhumation was accompanied by apparently anomalous, accelerated subsidence, particularly
along the NW European margin (Figure 1.25) (e.g. Cloetingh et al. 1990; Hall & White, 1994;
Ceramicola et al. 2005). Williams et al. (2005) presented evidence for significant Neogene
exhumation in the SGCB where the preserved Paleogene rocks in this basin were themselves
more deeply buried by at least 1km of additional section prior to Neogene exhumation. In
other parts of the British Isles, Japsen (1997, 2000) has shown that the East Midlands Shelf
and parts of the southern North Sea also experienced around 1km of exhumation during the
late Neogene, an observation corroborated by palacothermal analyses (Green et al. 20015). In
addition, it has been noted that much of the present-day topography of the British Isles is the
result of differential neotectonic movements during the late Neogene (Clayton & Shamoon,
1999; Watts et al. 2000, 2005; Blundell, 2002). The magnitude and extent of the late
Neogene uplift points strongly towards a tectonic origin (albeit probably enhanced by glacio-
isostatic uplift (Eyles, 1996; Doré¢ et al. 1999)), although the precise causes are as yet

unknown (Japsen & Chalmers, 2000; Japsen et al. 2005).
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A number of authors claim that the Iceland plume cannot be responsible for permanent uplift
(e.g. Jones et al. 2002; Japsen et al. 2005) and instead variation of in-plane stress as a result of
regional lithospheric compression has been invoked to explain the observations of accelerated
subsidence in the basins around Greenland and Scotland as well as basin-flank uplift
(Cloetingh et al. 1990), although the amounts of uplift and subsidence predicted by this model
appear to be too small by an order of magnitude (Japsen & Chalmers, 2000). Rohrman & van
der Beek (1996) suggested that the uplift of the Atlantic margins could be explained by a
Rayleigh-Taylor instability. Whilst the driving mechanisms of this uplift and exhumation
continue to be a topic of intense debate (e.g. Japsen & Chalmers, 2000; Doré et al. 2002a) it is
clear that Neogene uplift is one of the most important tectonic events to have affected NW
Europe during post-Palacozoic times (Dor¢ et al. 1999). It is important to note that ice sheets
covered the Celtic Sea basins for much of the Quaternary, with attendant implications for
post-glacial isostatic rebound in generating regional uplift and subsidence (Doré¢ & Jensen
1996). The effect of Quaternary processes on sedimentary basin evolution and regional uplift

is largely ignored in the UK.
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Figure 1.25 - Map of the pre-Quaternary geology around the North Atlantic region showing areas of
Neogene/late Cenozoic uplift/erosion and of accelerated subsidence/deposition. From Japsen & Chalmers

(2000), compiled from various sources.
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CHAPTER 2: TECHNIQUES USED TO ESTIMATE THE
MAGNITUDE AND TIMING OF EXHUMATION

2.1: INTRODUCTION

The aim of this chapter is to discuss the relative merits and application of the techniques used
to estimate the timing and magnitude of exhumation in this study of the SW UK and its
offshore basins. As discussed more fully by Corcoran & Doré (2005), most techniques for
estimating exhumation in sedimentary basins utilise ‘point’ measurements (i.e. local estimates
for an individual well or borehole) of vertical rock displacement relative to a specified frame
of reference. In this study, the main frames of reference which have been used to estimate
exhumation are thermal (e.g. Apatite Fission Track Analysis (AFTA) and Vitrinite
Reflectance (VR)) and compactional (e.g. sonic velocity and formation density from wireline
log data). Although many techniques can be used to estimate former burial depths in
exhumed sedimentary basins, this Chapter will only focus on those used in this study; the
interested reader is referred to the recent review paper by Corcoran & Doré¢ (2005), for an up-
to-date assessment of the most common methods which are used to measure exhumation. It
should be noted at the outset that, taken individually, although ‘point’ measurements can
provide quantitative constraints on the magnitude (and, if AFTA is used, the timing) of
exhumation they can rarely be used to identify mechanisms of exhumation. Some
mechanisms, most notably tectonic inversion, can be directly identified by seismic reflection
data (Turner & Williams, 2004), but usually mechanisms have to be inferred from patterns of
exhumation constructed from wide data coverage and combined with geological and
geophysical observations (e.g. Argent et al. 2002; Ware & Turner, 2002). In many cases

however, the superimposition of different types of driving mechanism (regional or local;
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permanent or transient, compressional; thermal; isostatic or eustatic) make it difficult to
isolate the contribution of individual processes (Turner & Williams, 2004; Corcoran & Doré,

2005).

2.1.1: DEFINITIONS

A wide lexicon of terms, which are often interchangeably used, has developed in recent years
with respect to the exhumation of rocks (see Table 2.1, Doré et al. 2002a and Corcoran &
Doré, 2005) however this study follows the terminology suggested by England & Molnar

(1990) and Corcoran & Doré (2005).

2.1.1.1: Uplift

As emphasized by England & Molnar (1990), in studies of this kind, when attempting to
estimate vertical displacements of uplift it is essential to specify both the object which is
being displaced and the frame of reference. In particular, England & Molnar (1990), made
important distinctions between the displacement of the Earth’s surface (averaged over an area
c. 103-104km?) with respect to the geoid (surface uplift), displacement of rocks with respect
to the geoid (uplift of rocks) and displacement of rocks with respect to the surface

(exhumation). These three types of displacement are related in the following way:
surface uplift =uplift of rock - exhumation 2.1

These quantities cannot be equal, except when all are zero (England & Molnar 1990). The
relationship between surface uplift and crustal uplift depends upon the amount of denudation
or deposition. If there is no denudation or deposition, then surface uplift and uplift of rocks
(often also known as crustal uplift (e.g. Summerfield 1991)) will be equal. If denudation

occurs (as is likely) then crustal uplift will be greater than surface uplift, and if denudation is
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greater than crustal uplift surface elevation will be reduced (Doré et al. 2002a). It is
important to discriminate between these different quantities, because only surface uplift
requires a quantifiable amount of work against gravity, and hence a tectonic driving force;
uplift of rock or exhumation can be caused solely by changes in sedimentary or erosional base

level (e.g. eustatic sea level change) (England & Molnar 1990).

The interactions between some of the terms introduced in the preceding paragraph are
illustrated in Figure 2.1 (modified from Molnar & England (1990)). This figure contains a
series of schematic crustal cross-sections which indicate the possible isostatic effects of
erosion on the elevation of a mountain belt. If a mountain range with an average elevation 4
and crustal thickness /. (a) is instantaneously eroded, the erosion will reduce the surface
elevation, but isostatic compensation will result in crustal uplift (uplift of rocks), as indicated
by the upwards movement of the reference marker in (b) relative to (a). Note that the crust
above the reference horizon has been eroded between stages (a) and (b). This is exhumation or
denudation (D). As a result of the erosion and resultant isostatic readjustment, there has been
a change in the mean surface elevation Ak. In this example the surface uplift is negative, as
there has been a lowering of the mean surface level (Molnar & England 1990; Allen & Allen,
2005). Figure 2.1(c) illustrates the effects of dissection by river erosion on the mountain
landscape. Rivers carve deep valleys down to sea level; whereas the mean elevation is the
same as in situation (b) (i.e. 4 - Ah), the isostatic response to erosion uplifts the mountain
peaks to an elevation of 2(4 - Ah), meaning that the highest mountain peaks are considerably

higher than the initial mean elevation.
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Figure 2.1 - A series of schematic crustal cross-sections illustrating the possible effects of erosion on the
elevation of mountain belts and valleys. In situation (a) the crustal block is characterised by a surface elevation
of h and contains a marker horizon located at depth D In situation (b) erosion of the crustal thickness D brings
the marker horizon to the surface, resulting in a change in surface elevation AA. In (c) the erosive activity of
rivers has excavated a series of deep valleys to sea level. This results in the uplift of the mountain peaks to an
elevation 2(h - Ah), while the marker horizon remains at an elevation of 2 — Ak (modified after Molnar &
England, 1990 and Allen & Allen, 2005).

2.1.1.2: Exhumation

As noted by England & Molnar (1990), very few studies have actually been able to quantify
surface uplift (e.g. Abbott er al. 1997). Because of the problems involved in constraining an
absolute datum, several workers (e.g. Nansen, 1904; Holtedahl, 1953; Harland et al. 1989;
Ware & Turner, 2002; Corcoran & Dor¢, 2005) have suggested that exhumation is actually a
far more useful parameter to constrain than uplift. The term net exhumation (net uplift —

sensu Riis & Jensen, 1992; Doré & Jensen, 1996) refers to the vertical difference between the

present-day burial depth of a reference unit/horizon and its maximum burial depth prior to

55



@ Chapter 2: Techniques used to estimate exhumation

exhumation. This parameter is of particular importance in terms of hydrocarbon exploration
because maximum burial depth is a key control on the maturation, compaction and diagenetic
state of source, reservoir and seal rocks (Doré et al. 2002b). The term gross exhumation is
used to define the magnitude of erosion which must have occurred at a particular
unconformity prior to post-exhumation re-burial (Corcoran & Dor¢, 2005). Summary
definitions of uplift, exhumation and other important terms like erosion, denudation and

inversion are provided in Table 2.1.

In the rest of this Chapter, the methodologies and application of the main techniques which
have been used in this study to estimate the timing — namely palaeothermal (AFTA and VR)
and compactional (sonic velocity, porosity and formation density data) proxies of former
burial depths are critically assessed. An overview of other available, but less commonly used
methods of measuring exhumation is also provided in Table 2.2, which also lists the
advantages and disadvantages of each method as well as providing examples of their
application. A comparison of different techniques used to measure palaeotemperatures in

sedimentary basins is provided in Table 2.3.
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Table 2.1 - Lexicon of terms used to describe uplift and exhumation (modified after Corcoran & Doré, 2005).
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Table 2.2 - Summary of techniques for measuring amount and timing of uplift and erosion (modified after Doré

et al. 2002).
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Table 2.3 - Summary of various techniques used to estimate palacotemperatures in sedimentary basins, FAMM -
Fluorescence analysis of multiple macerals; TAI-Thermal Alteration Index; CIA-Conodont Alteration Index

(modified after Beardsmore & Cull, 2001).
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2.2: ESTIMATING EXHUMATION USING COMPACTION DATA

Compaction-driven porosity reduction is an effective and widely used measure of former
burial depths in sedimentary basins (Magara, 1976, 1978; Sclater & Christie, 1980; Senna,
1984; Bulat & Stoker, 1987; Hillis, 1991, 1995; Japsen, 2000; Japsen et al. 2002; Ware &
Turner, 2002; Kelley, 2005; Holford et al. 2005a; Reed et al. 2005; Holford, 2006;
Mavromatidis, 2007). Compaction is the largely irreversible process of sediment volume
reduction due to overburden loading, grain rearrangement (packing), grain solution, porosity
reduction, etc. and can be described primarily as a function of pore space (porosity) reduction
(the reduction of the solids volume plays only a minor role). Giles et al. (1998) highlighted
the importance of modelling this compaction in terms of three dimensional strain rather than
the vertical change in sediment thickness. Compaction defined in this way is not the same as
porosity loss which may be due to increase in solid volume (e.g. by introduction of cement) as
well as to volume strains. As the pore space is filled with fluids which must be expelled
during the compaction process the ability of the sediment to transmit fluids, or permeability,
is the additional controlling parameter in compaction processes. In order to model
compaction the general path of porosity, permeability and compressibility decrease with depth

must be known.

Compaction studies require a plentiful (Ware & Turner (2002), suggested c. 2km of section)
source of well data (porosity is usually inferred from geophysical logs acquired at exploration
wells, most commonly from the sonic log which, provides the Interval Transit Time (ITT) ,4z.
ITT measures the formations capacity to transmit sound waves which varies with lithology
and rock texture, notably porosity (Figure 2.2) (Dor¢ et al. 2002)) and are especially useful in
conjunction with thermally based burial proxies such as AFTA and VR since sedimentary

porosities are largely unaffected by transient heating episodes which can often be
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misinterpreted in terms of deeper burial (Ware & Turner, 2002). Thickness of sedimentary
rocks removed by erosion in the geologic past can be estimated from shale compaction data.
Such estimates are possible because shale compaction is related to overburden load or burial
depth if pore pressure is normal or hydrostatic (Magara, 1976). This method cannot apply if
the shales are undercompacted because shale compaction is not a simple function of burial

depth in an undercompacted zone (Magara, 1976).

SONIC LOG
+Scale: microseconds/ft {At)

140,120 100, 80, 80, 40

SHALE
COMPACT =57 u/t
SANDSTONE
SUMPATT =52 pift
LIMESTONE
COMPACT —44 uith
DOLOMITE
LESS
COMPACT values vary
SHALE considerably
BO-170 ultt
COMPAGT
POROUS GAS §
SANDSTONE WATER bg=20%
SHALE
COAL 100-140 p /1t
SALT 66.7 uift
ANHYDRITE 50 p/ft
SHALE

Figure 2.2 — Some typical responses of the sonic log. The sonic log shows a formations ability to transmit
sound waves. It is expressed as interval transit time, At. (1x 10%/At) = sonic velocity in ft/sec (after Rider, 1996).
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2.2.1: COMPACTION

Compaction is generally expressed by the reduction in porosity with burial depth, or more
correctly, as porosity variation with effective stress (Rubey & Hubbert, 1959; Corcoran &
Doré, 2005). As sediment becomes compact so its velocity increases because acoustically
slow fluid-filled voids are being replaced by faster rock matrix. The effect is most obvious on
a reduced scale sonic log where in over-thick shale intervals there is a regular increase in
velocity downwards due to compaction (Figure 2.3). In extremely homogenous intervals
where ITT is plotted on a logarithmic scale and depth on an arithmetic scale there may be a
straight-line relationship which represents a very regular compaction (Hottman & Johnson,
1965). Such regular relationships are especially visible in the Cenozoic sediments in many

parts of the world (e.g. Herring, 1973; Magara, 1968; Issler, 1992).

Using general compaction trends it is possible to estimate erosion at unconformities or the
relative amount of uplift (Lang, 1978; Magara, 1978; Vorren et al. 1991; Hillis, 1995).
Compaction is generally accompanied by diagenetic effects which are irreversible (Schmidt,
1973) and stay frozen during uplift. The compaction of a sediment therefore represents its
deepest burial.  Using the general compaction curve for a particular interval any
overcompaction can be explained by uplift. Tracking back to the general curve gives the

amount of uplift (Figure 2.4).

Similarly any jumps in compaction as at unconformities or faults when compared to the
general well trends can give some idea of the amount of missing section. However it should
be stressed that such generalities should only be applied to one stratigraphic interval at a time

and then in relatively consistent facies (cf. Hillis, 1995).
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INTERVAL
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LITHOLOGY
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Figure 2.3 — Compaction in a shale sequence shown by a regular decrease in interval transit time with depth.
The velocity decreases from approximately 160us/ft to 140us/ft over 500m (modified after Rider, 1996).
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Figure 2.4 — Porosity evolution in a Chalk sequence during burial, (A) subsequent uplift (B), and post-uplift
burial (C, D, E). The apparent uplift is the amount of uplift (Ad) not reversed by subsequent subsidence. It can
be measured by the displacement along the depth axis of the porosity-depth relation of the uplifted sequence (B
or C) from that of a reference or normally compacted sequence (A, D or E) (modified after Hillis, 1991).
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Initial porosities of loosely packed (i.e. uncompacted and uncemented) sediments depend on
sorting, grain shape, grain size and sedimentation rates and can range from approximately 25-
55% for sandstones (Houseknecht, 1987), 50-90% for shales (mudstone, siltstone, clay,
argillaceous mud), 40-95% for limestones (44% for grainstones, 55% for packstones (Enos &
Sawatsky, 1981)) and 70-95% for deep sea calcareous ooze. The extreme range for carbonate
rocks reflects the wide range of grain sizes and shapes of organic debris. The sediment to
water contact is often transitional and is not always well defined for example argillaceous
sediments can show a gradual upward transition from a sediment with a porosity exceeding
80% to a fluid with a gradually decreasing percentage of particles carried in suspension.
Porosity values can vary widely within the uppermost sediments (Haenel, 1979). A definite
boundary and therefore a definite initial porosity cannot be defined (Fiichtbauer & Miiller,
1970; Larsen & Chillingar, 1979; Chilingarian, 1983). However initial porosities are one of
several parameters which are required to simulate compaction processes; a value must be

defined which is a representative average.

General porosity values for sediments are mostly given as porosity-depth curves for a specific
litho-type. These functions are purely empirical since no compaction mechanism links
porosity and depth simply, directly and universally (Giles et al. 1998). Porosity loss with
increasing depth is largely irreversible (Lang, 1978; Serra, 1984; Giles, 1996) with the
exception of the creation of enhanced porosity by grain dissolution (Giles & de Boer, 1990)
and hence is commonly determined by the maximum burial depth rather than the present day
depth. However porosity-depth curves describe only the present condition and do not
necessarily indicate the reduction of porosity versus time and/or depth i.e. the compaction
history (Chapman, 1981). Decreasing porosities with depth can be a function of overburden

thickness, time, lithology, depositional environment, pressure development (including
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ER-

overpressure), diagenesis and tectonic stress (Chilingarian, 1983). A wide range of porosity-
depth trends is possible and Figures 2.5-2.7 show examples of porosity depth trends for the

basic lithotypes sand, shale and limestone.

Shale porosity (%)
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Figure 2.5 — Porosity-depth curves for shales from various published sources (modified after Wygrala, 1989).
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Sandstone Porosity (%)
50 60

0 10 2:‘.'! BID 4:‘.] |

Depth (km)

v, Engelhardt { 19460)
Chilingarian { 1883}
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Figure 2.6 - Porosity-depth curves for sandstones from various published sources, dashed lines represent clusters
of data points for which no trend line was fitted (modified after Wygrala, 1989).
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Limestone Porosity (%)
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Figure 2.7 - Porosity-depth curves for limestones from various published sources (modified after Wygrala
1989).

A number of porosity-depth functions have been proposed for fitting field data. The simplest
of these is a linear decrease in porosity with depth. Linear porosity-depth relationships have
been used by Magara (1980) and Selley (1978) to account for diagenetic changes affecting
compaction, whilst linear segments were used by Haung & Gradstein (1980) and Falvey &
Deighton (1982). However a linear trend implies negative porosities below a certain depth
and does not adequately represent the curved trends seen at shallower depths. However many

attempts have been made in the past to present average scenario curves, typical of differing
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lithologies. Most models recognise the marked differences between high porosity and low
porosity sediments, however the ones which are discussed here represent the low porosity
models, typically associated with shales and mixed shale/sandy sequences. Shale compaction
is the result of physical, chemical and mineralogical phenomena in the subsurface. However
it is known that in many parts of the world that the level of shale compaction is governed
mainly by the burial depth (or overburden pressure) provided that the fluid pressure is near

hydrostatic or the shale is near compaction equilibrium (cf. Magara, 1976, 1978).

The observation that porosity decreases more gradually at greater depth, led workers such as
Athy (1930) and later other workers (Rubey & Hubbert, 1959; Magara, 1976; Sclater &

Christie, 1980) to propose an empirical relationship:
#= g, e 22)

Where @ is porosity, @y is the initial (surface) porosity, z is depth and b is the compaction
coefficient describing the porosity decrease per unit depth. Sclater & Christie (1980) used
this exponential function to fit porosity data from the North Sea. This model and the
parameters used by Sclater & Christie have subsequently become the most commonly used.
Falvey & Middleton (1981) noted that an exponential porosity-depth relationship does not
provide a good fit to the data at high porosities. As an alternative they proposed a function
based on the assumption that a differential change in porosity is proportional to the

differential change in load:

9,

P n) -

where A4, 1s again a constant of proportionality. This function reproduces the general form of

the porosity-depth curve but also predicts that some porosity is maintained down to depths of
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10km. A similar approach was taken by Baldwin & Butler (1985) who chose to represent
solidity (1-®) purely empirically as a power law function of depth. Rubey & Hubbert (1959)
consider that Athy’s (1930) curve — derived from the Late Carboniferous and Permian shales
in northern Oklahoma — is the closest to the compaction-equilibrium conditions (where fluid
pressure reaches normal hydrostatic pressure), because of its elapsed time since deposition.
High porosity sediments, such as sandstones are worth only a passing mention, because they
exhibit compaction curves that are remarkably different. Magara (1980) clearly demonstrates
that sandstone porosity-depth relationships are on the whole linear in nature and presents a
case for the reduction in sandstone porosity to be controlled primarily by chemical and

mineralogical agents rather than mechanical compaction.

2.2.2: CALCULATION OF EXHUMATION MAGNITUDES

Measuring an absolute magnitude of exhumation at a well locality involves two steps (Figure
2.8). The first step involves the derivation of a ‘normally buried’ porosity versus depth plot
for the unexhumed successions in the basin — a reference curve. A reliable porosity-depth
trend (reference curve) requires a large number of porosity measurements distributed over a
wide depth range, from samples that are at their present maximum burial depth (Giles ef al.
1998). There are a number of ways in which porosity-depth curves can be generated however
they are primarily made from direct porosity measurements on core samples or density
measurements from a wireline log (though the sonic log can also be used). The second step
involves comparing the calculated curve from the well location with the established reference
curve. Stratigraphic units that are shallower than their maximum burial-depth will have
anomalously low porosity with respect to present-day burial depth (Corcoran & Doré¢, 2005).

The displacement along the depth axis of the observed porosity with respect to that predicted
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from the reference trend will provide an estimate of net or apparent exhumation (E,) (Figure

2.9).

Burial and Normal Compaction Exhumation Post Exhumation
Re-burial

J

Ec=En Ec#En

Reference Curve Anomalous Curve Anomalous Curve after Burial
Po Po Porosity
rosity rosity = =
—=> —= —=> Bmanfg o < - -
T - - l B, { -~
B P T « LR Y
max ’ 77,
s EG 7 s En 7
| S ALY -
/ 7 1¢ 7
/ el [ Bl i
- / B ," / a rid
& 1+ @=2.e™ &' H
| {-’ (Athy 1930) | ! "y Bpmax = En + Bpresentcay

Ec=En+Be

v
(@) (b) (c)

Figure 2.8 — Evolution of porosity vs. depth trends in exhumed sedimentary basins; a) ‘normal’ compaction
(exponential decay of porosity with burial depth, under hydrostatic conditions) in subsiding basin — the reference
curve; b) exhumation leads to anomalous porosity vs. depth trend with vertical displacement from the reference
curve yielding Eg an estimate of gross exhumation; c¢) post-exhumation re-burial (Bg) reduces the vertical

displacement between the anomalous curve and the reference curve to Ey the net exhumation at a given well
location (after Corcoran & Doré, 2005).

As discussed by Menpes & Hillis (1995), there are simple relationships between apparent

exhumation (E,), present-day burial depth (Bp), maximum burial-depth (By) and total

exhumation (Er) (Figure 2.4).

Maximum burial depth (Ba.x) can be computed for the section by adding the net exhumation

(En) to the present-day burial depth (Bpresent-day):

Bmax = EN + Bpresenﬁday (24)

70




@ Chapter 2: Techniques used to estimate exhumation

Net exhumation (Ex) will equal total or gross exhumation (Eg) only in the case where the
erosional unconformity is at the seabed or present-day ground level. Where post-

exhumational burial (Bg) has occurred, gross exhumation will be given by:

EG = EN + BE (2.5)

2500
2000

- 1500
mow Yo ’

i=1 - 1000

Depth (ft)

=

0 60 80 100 120 140 160 180
Sonic transit time (ps/ft)

Figure 2.9 — Method used to calculate exhumation from compaction data for a well or borehole. The difference
between every data point (i.e. sonic velocity, formation density or porosity measurement) and a specified
reference compaction curve will give an individual exhumation estimate. An average of all the individual
exhumation estimates gives a statistically derived mean exhumation value for the well or borehole (modified
after Ware, 1999).

2.2.3: ESTIMATING POROSITIES FROM SONIC VELOCITY DATA
The importance of calibrating the porosity-depth curve for a given lithology can be illustrated
by comparing the range of porosity-depth trend exhibited by sandstones and shales (Figures

2.5 and 2.6) from a variety of settings around the world. Different data sets may exhibit
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differences in porosity of 20% at the same depth. A large number of possible causes may
explain the differences between curves including differences in composition (Nagtegaal,
1978), age (Maxwell, 1960), geothermal gradient (Galloway, 1974), overpressure (Dickinson,
1953) and initial porosity and packing (Beard & Weyl, 1973; Atkins & McBride, 1992). A
variety of transforms have been developed to convert measured ITT to porosity. The most
widely used of these transforms are the Wyllie time-average equation (Equation 2.6; Wyllie et
al. 1956) and the so called Raymer-Hunt-Gardner transform (Equation 2.8; Raymer et al.
1980). Equation 2.6 simply states that the transit time measured by the tool is the sum of the
time spent in the solid matrix and the time in the fluid. This ‘time’ is a function of the matrix

velocity and constituent’s volumes (i.e. wave path lengths Figure 2.10).

i

wvalocity O
matrix Vg

i, \
il valocity

Tufd Vy

Figure 2.10 — Diagrammatic representation of the path of P-waves through a rock showing the relationship
between time spent in the matrix (V,,,) and time in the fluid (Vy) giving the basis for the calculation of porosity
from sonic velocities (modified after Rider 1996).

Practical application of the Wyllie time average equation:

At =gAt, +(1-¢)At,, (2.6)

in shales has led to the need to develop a correction factor to correct apparent porosity to true

porosity (Alberty, 1994), since the Wyllie equation was developed for sandstones. The need

72




@ Chapter 2: Techniques used to estimate exhumation

for this correction factor has generally been attributed to the effects of compaction or net
effective stress. The so-called compaction factor (C,) is derived through the normalisation of
apparent sonic porosity to known porosity typically from core or density porosity. The
resulting equation for the estimation of porosity from sonic ITT is:

C A-Ar,, 1

°«— 2.7)

¢
At, -, C,

This correction has simply evolved as a result of poor match between apparent sonic porosity
and independent measures of porosity (Alberty, 1994). Typical values for C, range from 1.0-
1.3 (Raymer et al. 1980). The relationship is best translated into graphic form where it
becomes obvious that the measured ITT has a linear relationship with porosity (Figure 2.11).
The relationship will vary depending on the velocity of the matrix material. Some of the more

common matrix velocities are shown in Table 2.4.
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Figure 2.11 — Interval transit time compared to measured porosity in a dolomite (modified from McFadzean,
1973).
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Atma A% A%

(ns/ft) (m/s) (ft/s)
Sandstones 55.5-51 5490-5950 18000-19500
Quartz 55.1 5530 18150
Limestones 53-47.6 5800-7000 19000-23000
Calcite 46.5 6555 21500
Dolomites 45-38.5 6770-7925 22200-26000
Dolomite 40 7620 25000
Shale 167-62.5 1600-5000 500-16000

Table 2.4 — Some common matrix velocities (from Serra, 1979; Gearheart, 1983; Schlumberger, 1985).

The quantitative derivation of porosity using the time average equation relationship is usually
imprecise and modifications are necessary (Raymer ef al. 1980) although these are often only
effective very locally (Brereton & McCann, 1990). Clearly the physical relationship between
velocity and porosity is still to be explained. The effect which causes most deviation from the
simple law is lack of compaction (i.e. external pressure) when porosities are very high
especially in sandstones. However recent work has shown that the failure of the time average
equation in fact covers the whole range of sandstones (Brereton & McCann, 1990 and Figure

2.12).

The Raymer-Hunt-Gardner (RHG) transform (Raymer et al. 1980) is an empirical fit of
independently determined porosity to observed interval transit times. It expresses porosity as
a function of measured ITT, matrix ITT and a constant:

At—At,,
o —— "¢

=C
¢ At

(2.8)

Practical use of the RHG-transform in a range of worldwide basins has resulted in a range of
constants to normalise apparent porosity to independently determined porosity from cores
(Alberty, 1994). Typical values of C vary from 0.625 to 0.700. Note that the transform
makes no provision for different brine properties. For both equations the largest source of

error is in determining the correct matrix ITT.
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Figure 2.12 — Porosity predictions from the Wyllie time average equation in (A) sediments (calcareous oozes),
(B) oceanic basalts. Empirical curve fit for (C) sediments and (D) oceanic basalts. The indication is that the
Wyllie equation overestimates porosity across a wide range of values (from Brereton & McCann, 1990).

Wyllie et al. (1956, 1958) measured the observed directional velocity in a number of

materials (Table 2.5). Wyllie (1956) suggested a matrix velocity of 19500ft/sec (51us/ft) for

sandstone with a pore-water velocity of 4800ft/sec (208us/ft). Poelchau (1997) and Rider

(1996) highlighted a number of typical matrix velocities for common lithologies (Table 2.4)

which are consistent with extensive work by Magara (1976, 1978, 1980) whose work with

shale sequences all over the world has led to a suggested matrix velocity of 68us/ft to

represent a typical shale and it is based on these authors that the values used in the study were

chosen. The value for interstitial fluid was taken to be 188.85us/ft in all cases (Schlumberger,

1989).
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Mineral Observed directional velocity (ft/sec)
X Y Z
Anhydrite (CaSOy) 20340 20790 20360
Calcite (CaCO3) 23060 21570 15740
Dolomite
(CaC0O3.MgCO3) 14960 i i
Feldspar
(Na;,0.A1,05.65i0,) 14370 21920 -
K-Feldspar 12150 18760 12460
Gypsum
(CaS04.2H,0) 18970 17460 21300
Halite 15350 - -
Mica Schist 500 16650 12860
Quartz 17650 17750 21400
Slate 16230 20600 -

Table 2.5 — Mineral velocities at room temperature and pressure. Quartz and calcite measured on crystal axis
(after Wyllie et al. 1956).

2.2.4: DENSITY DERIVED POROSITY

The density log provides a continuous record of a formations bulk density. This is the overall
density of a rock, which is a function of the density of the minerals forming a rock (i.e.
matrix) and the volume of free fluid it encloses (i.e. porosity) (Rider, 1996). A radioactive
source in the formation density logging tool emits gamma rays which are scattered and lose
energy as a result of collisions with electrons in the formation (Allen & Allen, 2005). The
number of scattered rays recorded at a detector on the logging tool depends on the electron
density of the formation, which is related to the true bulk density of the formation
(Schlumberger, 1989). Bulk density (py) can be calculated using the following relationship

(Schlumberger, 1989):

p, =do, +(1-¢)p,, (2.9)
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Where pr is the average density of the fluid occupying the pore space (a function of
temperature, pressure and salinity) and pn, is the average density of the rock matrix.

Rearranging this equation enables porosity to be determined:

¢:( ma _pb)

2.10
ma _pf ( )

2.2.5: CONTROLS ON VELOCITY-DEPTH TRENDS

A comprehensive review of the primary controls on velocity-depth trends is beyond the scope
of this thesis and after many years application in the oil and gas industry the problems are
well known. The interested reader is referred to Ware (1999) who provided a detailed and
useful review of these controls some of which are summarised below. Hamilton (1976)
showed that porosity is the dominant control on velocity within sedimentary rocks; porosity
decrease causes bulk modulus to increase and therefore despite the counteracting effect of
bulk density increase, velocity to increase. The recognition of this porosity dominance led
Whyllie et al. (1956) to introduce their empirical porosity/velocity relationship (Equation 2.6).
This equation has been used to estimate porosity with relative success during the last fifty

years. It does however fail under a variety of conditions:

1. atypical cementation, since it assumes average cementation in which change of frame

modulus are implicit in changes of porosity

2. porosities greater than about 0.25 with an error that increases rapidly with further

porosity increase
3. non spherical pores (e.g. cracks, joints)

4. anisotropy, which is particularly strong in shales
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5. pore fluids other than water (e.g. the slow compressional velocities associated with the

presence of gas)

6. pressure dependence of velocity, for both overburden pressures and excess pore

pressures

These failures highlight the complexities of porosity changes within the sedimentary column

and clearly demonstrate that porosity itself is dependent on further variables.

2.2.5.1: Dewatering, viscosity and critical porosity

The exponential function of shale porosity-depth, proposed by Rubey & Hubbert (1959), may
be explained as follows. At the earliest stage of compaction, the shale retains high
permeability, so that more pore-fluid can be squeezed from it for a given increase in burial
depth (overburden pressure). As a consequence, a faster rate of porosity reduction occurs at
shallower depths (Magara, 1980). With progressive depth increase more fluid is expelled
from the shale and permeability loss accompanies the reduction in porosity. At deep burial
depths, the amount of fluid expulsion is greatly reduced for a given increase in overburden
pressure. Thus, in normally pressured rocks, permeability is not a control rather a
consequence of compaction. Such changing rates of fluid expulsion can be shown as an
exponential function of the form of Athy’s (1930) equation however Rubey & Hubbert (1959)
use a relationship in which effective stress is the control rather than depth. From work by
Low (1976), on the viscosities of water in the clay mineral, Montmorillonite, water viscosity
is shown to increase as the porosity decreases or as the compaction process progresses.
Magara (1977) cites this as a useful addition to the dewatering story, by further slowing down
rate of fluid expulsion, despite the slight reduction in viscosity that accompanies the higher

geothermal temperatures at depth. In summary the reduced rate of shale compaction at depth
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may be the result of the combined effect of decreasing shale permeabilities and increasing
water viscosity. Further to this, there is a critical porosity change that occurs very early on
within the burial history of sediment (Figure 2.13). This change is primarily associated with
the change from matrix-supported to framework-supported conditions, brought on by

increased overburden pressure and is described by Magara (1978).

200 9 = 00

TRAMSIT TIME At (ps'tt)
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Figure 2.13 — Empirical relationship between porosity and transit time of the shales of Cretaceous age in
western Canada (modified after Magara, 1976).

The transit-time for pure water or 100% porosity is about 200us/ft (Magara, 1978). The
addition of small amounts (5-10%) of clay sediment to the water will produce no significant
change in transit time, since essentially the sound will travel through the water and not the
clay. The transit time will stay at almost the same level until the amount of clay becomes
38% of the total bulk volume (or 62% porosity) — which is referred to as the critical porosity.
This critical porosity separates mechanical and acoustic behaviour into two distinct domains
(Nur et al. 1991; Chen & Nur, 1994; Nur et al. 1998). By definition @, is the porosity below
which the mineral grains in a sediment become load bearing. At porosities above @ the

sediment loses all rigidity and falls apart; the sediment is in suspension and the fluid phase is
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load bearing (Japsen ef al. 2007). The value of @, is determined by the sediment type, grain
sorting and angularity at deposition and can vary within the same rock type (Japsen, 2007).
The transit time decreases (velocity increases) as the amount of clay content increases (or
porosity decreases). This observation for shales is different from that made by Wyllie et al.
(1956, 1958) for sandstones in which a linear relationship is established for the entire range of
sandstone porosity (0-100%). In real life, the porosity of clay of the sea floor is known to be
about 70-80% and such critical porosity changes are known to occur at different depths for
different sedimentary basins (Magara, 1978). Dickinson (1953), shows that for the Gulf
Coast, this is encountered at depths as little as 100ft (relative to the sea bed), whereas for

other areas 400ft below sea floor are quoted (Pirmez et al. 1997).

2.2.5.2: Lithology and Clay content

The effects of clay content and porosity on compressional velocity have been examined in a
variety of core-based studies (Tosaya & Nur, 1982). However Han et al. (1986), provide the
most comprehensive study of porosity-velocity relationships in shales and sandy shale
sequences. They concluded that for low porosity shale and shale/sand sequences even a
relatively small clay fraction change (0.02 to 0.04) can lower the elastic moduli and velocity
substantially. Marion et al. (1992) demonstrate that the influence of clay content on the
velocity-porosity relationship becomes clear when looking at the data at a constant value of
confining pressure (Figure 2.14). Figure 2.15 shows the logical follow on from this, whereby
increased pressures are observed on the velocity-porosity relationship demonstrating expected
increases of velocity with a decrease in porosity. The key observation from these two Figures
is not so much the relationship trend (i.e. linear or curved), but rather that they converge at a
single point, the point where clay volume fraction is equal to sand porosity. Since velocities

are primarily governed by shear and bulk moduli of the matrix then in such instances
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accepting similar grain packing distributions, velocities may not be much different to those of
pure and member compositions. Heasler & Kharitonova (1996) were able to conclude from
their exhumation estimates derived from sonic velocities of shales and mixed
siltstone/shale/sandstone lithologies that magnitudes of exhumation did not differ
significantly. This indicates that wunder appropriate circumstances, mixed
shale/siltstone/sandstone lithologies, providing they contain clay matrices, may not yield

significantly different velocities.
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Figure 2.14 — Influence of clay content on the P-wave velocity-porosity relationship at a constant confining
pressure (50MPa). Distinct trends for shaly sand and for shale can be observed. The trends intersect when clay
content equals sand porosity, whilst the arrows indicate increasing shaliness (from Marion ef al. 1992).
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Figure 2.15 — Calculated velocity and porosity using a sand/clay model at various pressures. At each pressure
solid lines represent trends for shale and shaly sand. Clean sand and pure shale are represented by a filled circle
and an empty circle respectively (from Marion et al. 1992).

2.2.5.3: Abnormal Pressure

Overpressures develop when pore fluids cannot be expelled from low-permeability sediments
which are exposed to rapid overburden pressure increases due to high sedimentation rates;
compaction is retarded and porosities remain higher than normal as the overburden pressure is
partially balanced by the increased pore pressures (Chapman, 1981). For elastic moduli the
relevant skeletal pressure is the differential or effective pressure; the difference between
overburden pressure and pore pressure (Wyllie et al. 1958). In the laboratory these terms are
expressed as:

P

eﬁ':P

conf’

~nP, 2.11)

Where P,y is the effective pressure (differential), P, the confining pressure (overburden or
lithostatic), P,s the pore fluid pressure and where n is a local constant that is generally

assumed to be 1 but more recently considered <1 (Erickson & Jarrard, 1998a). In relatively
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permeable sequences, effective pressure increases with depth because lithostatic (overburden)
pressure increases at about double the rate of hydrostatic pressure increase. Overpressured
zones, therefore exhibit anomalously low velocities because of the decreased effective
pressure. Conversely underpressured zones exhibit anomalously high velocities because of
the increased effective pressure. A number of causes have been proposed for the generation
of abnormal pressures as reviewed by several authors (Powers, 1967; Burst, 1969; Magara,

1976; Meissner, 1978; Osborne & Swarbrick, 1997) and are not repeated here.

2.2.5.4: Rebound, Exhumation and Micro-cracks

Much work in quantifying these effects has been done by Hamilton (1976), who points out
that any equation or graph showing percent rebound will need to be constrained at zero
rebound (0%) at zero depth. Certainly it has been proved that rebound tends to vary with
lithology such that the most rebound is from pelagic clay; for example 6.9% at a depth of
300m, while the least rebound is in siliceous sediments; 1.7% for diatomaceous ooze at a
depth of 300m (Hamilton, 1976). Schmertmann (1955), theorised that geologic rebound
(removal of overburden due to erosion) if similar plots could be made, would also be parallel

to laboratory tests.

Rebound estimates tend to be limited to the first 500m of strata. However data on the
rebound of shale indicate that the amount of rebound at depth is significant (Hamilton, 1976).
For example two values are estimated from the Bearpaw Shale, a marine clay shale in western
Canada. The higher pressure value at about 1.0x10*kg/m? indicates a rebound of about 7%
(from 34% to 41% porosity), whilst the lower pressure value at about 0.5x10™kg/m? (9.5%
rebound) is from 31% to 40.5% (Peterson, 1958). On the whole, most curves of porosity

rebound, e.g. Magara (1968); Dickinson (1953); tend to converge around 1200m in depth.

83



@ Chapter 2: Techniques used to estimate exhumation

Table 2.6 lists estimated rebound percentages down to 1.3km, which have been calculated and
estimated graphically from porosity-depth curves (Hamilton, 1976). It is worth noting that
around 0.4 to 0.7km burial depth, the rebound porosities tend to fluctuate which coincides
with the change from a semi-lithified to fully-lithified sediment. At this point rebound will no
longer increase staying at this instance with a value of around 7%. The effect that this

average rebound porosity value will have on exhumation estimates is discussed later.

Density Porosity Depth Rebound Density gradient

(g/cm?) (%) (km) Porosity (%) (g/cm?/m)
1.53 72.0 0 0 0
1.59 68.2 0.05 0.7 13.0
1.66 64.4 0.10 1.6 13.0
1.72 60.9 0.15 24 12.7
1.78 57.4 0.20 33 12.5
1.90 50.6 0.30 5.2 12.5
2.00 44.4 0.40 7.0 11.8
2.10 38.9 0.50 8.6 11.3
2.17 34.5 0.60 9.5 10.7
2.20 32.5 0.70 8.5 9.6
2.24 30.5 0.80 7.9 8.9
2.26 29.0 0.90 7.3 8.2
2.29 27.5 1.00 7.2 7.6
2.30 26.5 1.10 7.2 7.1
2.32 25.8 1.20 7.2 6.6
2.32 25.8 1.30 7.2 6.1

Table 2.6 — An example of density —porosity characteristics of a deep sea, terrigenous sediment (from Hamilton,
1976).

84




@ Chapter 2: Techniques used to estimate exhumation

P e iy Pl i ()

nn ni 1 1k Ira Lk ik e I g LA 11 1 |3 14

eptls (ki

Figure 2.16 — A graph showing porosity rebound versus depth from the values in Table 2.8.

2.2.5.5: Additional controls

In addition to the preceding controls Ware (1999) also identified several additional controls
on velocity-porosity relationships.  Temperature (Shumway, 1958; Gregory, 1977;
Stephenson, 1977; Timur, 1977; Schopper, 1982; Poelchau, 1997), anisotropy (Nur &
Simmons, 1969; Tosaya & Nur, 1982; White ef al. 1983; Erickson & Jarrard, 1998a), non-
aqueous pore-fluids (Magara, 1976), biogenic components (Sheriff & Geldart, 1995; Figure
2.17), sedimentary facies (Erickson & Jarrard, 1998b) and continental glaciation (Figure 2.18)
all play a minor role in affecting the trend. For the purposes of this thesis these effects have
been considered minor components to the overall result and as a result have been ignored,

however rigorous analysis of the data should consider these effects in the event of further,

more detailed work.
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Figure 2.17 — Diagram showing the effects of gas saturation on the P-wave velocity of a rock. As a small
amount of gas changes the compressibility (the bulk modulus) of the rock, the P-wave velocity will fall, whereas
the shear-wave velocity will increase slightly as density drops (after Sheriff & Geldart, 1995).

Figure 2,18 — The maximum extent of the two major Pliestocene glaciations in the British terrestrial record. 1.
The Anglian (ca. 450kya MIS12); 2. The Devensian (ca. 20kya MIS2) If the ice sheet had been added to the
sedimentary column as part of the continuous loading history then its weight certainly would have contributed to
additional compaction. If however the ice sheet developed after uplift and erosion shale compaction would be
unchanged because the shales already had been overcompacted with reference to their depth of burial at that
time. In this area the latter is believed to be the case as the maximum extent of the Pleistocene glaciation event
barely reached the coast of Devon and also occurred sometime after Basin Inversion in the Oligocene-Miocene.
The fact that the density of ice (0.9g/cc is significantly lower than that of average sediments (approximately
2.3g/cc) must also be remembered. In conclusion for the purposes of this research the effect of ice on
compaction is believed to be insignificant and is ignored here (from http://www.iceage.org.uk uncredited
author).
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2.2.6: LIMITATIONS OF COMPACTION STUDIES

Although compaction studies benefit from plentiful data and reduced susceptibility to

transient thermal anomalies (Dor¢ et al. 2002a; Corcoran & Doré¢, 2005), there are a number

of important problems and sources of uncertainty associated with compaction based

techniques:

1.

Mavko et al. (1998) showed that the relationship between compressional velocity
(sonic) and porosity depends critically on lithology. This means that the underlying
assumption of the Wyllie time average equation is invalid in many cases. This was
highlighted by Raymer et al. (1980) who suggest that the equation is only valid for

consolidated sandstones over a limited porosity range of 25-30%.

Stratigraphic units must exhibit a consistent relationship between depth and
compaction if they are to be of use in exhumation analysis (Corcoran & Dor¢, 2005).
The absence of a consistent relationship suggests that the compaction trend is obscured
by the ‘data noise’ of lithological variation, diagenetic imprint and other factors

(Corcoran & Doré¢, 2005).

Compaction studies should preferably be conducted using fine-grained lithologies (i.e.
shales rather than sandstones), as the porosities of fine grained rocks are less affected
by diagenesis, are less likely to act as aquifers and are generally more uniform in terms

of grain size and mineralogy (Japsen et al. 2002).

Unreliability in establishing the baseline compaction trend (reference curve) for a
basin or rock unit is a key limitation, particularly in basins where pervasive regional
exhumation has occurred (Corcoran & Doré, 2005). Existing methodologies which

utilise statistical manipulation to establish a reference curve lack support from
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physical models and in some cases assume that a heterolithic sedimentary sequence

can be described by a single average compaction coefficient (Corcoran & Doré, 2005).

Removal of the overburden load may lead to poroelastic rebound (pore dilation and
microfracturing) partially reversing the compaction process and leading to erroneous

exhumation estimates (Japsen, 2000).

In basins which contain mobile salt layers care must be taken to separate the effects on
the sonic velocity trends of halokinetically induced exhumation which is not relevant

to the pre-salt stratigraphic units (Archard et al. 1998).

In sedimentary basins where successions are overpressured (defined simply as pore
fluid pressures greater than would be calculated from a hydrostatic gradient (c.
10MPa/km)) the pore fluid reduces the effective stress on framework grains and thus
retards compaction, resulting in anomalously high porosities (Corcoran & Doré, 2002;

Turner & Williams, 2004; Allen & Allen, 2005).

During uplift, horizontal stress increases and drives significant porosity reduction
(Turner & Williams, 2004). If exhumation has been primarily driven by
compressional deformation (i.e. tectonic inversion), then it is likely that a fraction of
the observed compaction can be attributed to a shortening-induced porosity reduction

(Ware & Turner, 2002).

Whereas most compaction studies assume that mechanical compaction is the dominant
control upon porosity reduction with increasing depth, above temperatures of around
80°C, for mudstones and shales and 100°C, for sandstones, thermochemical

compaction (i.e. thermally controlled chemical diagenetic processes such as
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cementation) exerts the primary control on sediment compaction (Bjerlykke & Hoeg,

1997).

2.3: ESTIMATING EXHUMATION USING PALAEOTHERMAL DATA

Thermal history based techniques provide information about the movement of rocks relative
to a thermal frame of reference by utilising the general principle that sedimentary rocks are
heated as they are buried and cool as they are exhumed (Corcoran & Doré, 2005). A peak
temperature profile derived from AFTA, VR (or indeed any other palaeothermal indicator
such as fluid inclusion data) in a vertical succession of rocks can be used to extrapolate a
palacogeothermal gradient for that succession (at peak palacotemperature exposure) and by
extrapolation to an assumed palacosurface temperature, the magnitude of exhumation at that
location (Figure 2.19) (Corcoran & Dor¢, 2005). AFTA also provides a direct estimate of the
timing of exhumation (cooling from maximum palacotemperature (Green et al. 2002)) but in
some cases, stratigraphic relationships can also be used to constrain timing (Evans & Clayton,
1998; Corcoran & Clayton, 1999). Furthermore, the style of the peak palacotemperature
profile may allow selection of appropriate profiles for exhumation analysis by identifying
successions that have been heated by conductive, rather than advective processes (Bray et al.

1992; Duddy et al. 1994).

2.3.1: APATITE FISSION TRACK ANALYSIS (AFTA)

Apatite Fission Track Analysis (AFTA) is a relatively new method of thermal history
analysis, applicable both to sediments and basement rocks, which provides a direct estimate of
the time at which a rock began to cool from its maximum palacotemperature as well as
providing an estimate of maximum palacotemperature. In many situations this knowledge is

critical to the understanding of the timing of oil generation and migration in relation to trap
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formation. Detrital apatite grains are incorporated into sedimentary rocks from three
dominant sources — crystalline basement rocks, older sediments and contemporaneous
volcanism. Apatites derived from the first two sources will, in general, contain fission tracks
when they are deposited, with AFTA parameters characteristic of the source regions.
However, apatites derived from contemporaneous volcanism, or from rapidly uplifted
basement will contain no tracks when they are deposited. The kinetic response of the apatite
fission track system is well understood having been extensively studied and calibrated in
laboratory conditions (Green et al. 1986; Laslett ef al. 1987; Duddy et al. 1988) and verified
by testing against geological constraints (Green et al. 1989a, 1989b). The principles involved
in the application of the technique have been described for example by Green (1989), Miller

& Duddy (1989) and Kamp & Green (1991).

2.3.1.1: Basic Principles of Apatite Fission Track Analysis

Fission tracks are trails of radiation damage which are produced within apatite grains at a
more or less constant rate through geological time as a result of the spontaneous fission of
Uranium-238 impurity atoms. These damage zones form when the charged nuclear particles
travel through insulating solids, leaving trails of disrupted atoms (Figure 2.20). Minerals such
as apatite [Cas(PO,4);(F,C1,0H)], zircon (ZrSiO4) and sphene [CaTiO(Si104)] contain sufficient
concentrations (c. 1-1000ppm) of uranium to produce a detectable amount of fission events.
The number of fission events which occur within an apatite grain during a fixed time interval
depends on the magnitude of the time interval and the uranium content of the grain. Each
fission event leads to the formation of a single fission track, which forms with an initial length
of ~16um and a standard deviation of ~Ium (in the case of apatite, tracks in zircon are
generally shorter c. 11-12pum) (Miller & Duddy, 1989). The widths of latent (i.e. unetched)

fission-tracks, which can be observed with a transmission electron microscope, are only
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between 3-14nm (Paul & Fitzgerald, 1992). Optical observation and measurement of tracks
requires chemical etching which can enlarge the track to a width of c. 1pm, with nitric acid

(5M HNO:s) the preferred etchant of most laboratories (Barbarand et al. 2003a).

After Re-Burial (Re-Heating)
Present - Day

Initial Burial (Heating) Exhumation (Cooling)

Depth (Z)

v }\ Present-day A‘L
3, mpersure M
"\ (geothermal \
\ gradient) Maximum
palaeotemperature
le
(a) (b) (c) =

Figure 2.19 — Thermal history based techniques rely on the general principle that rocks are heated as they are
buried but cool as they are exhumed. (a) Initial burial and heating recorded and ‘locked-in’ by thermal indicators
followed by (b) exhumation and cooling of rocks which facilitates (c) determination of peak palaeotemperature
vs. depth profile from VR and AFTA of a vertical sequence of sample data from the wellbore. Present-day
temperature profile is established from corrected BHT measurements. By comparing the palacogeothermal
gradient with the present-day geothermal gradient it can be deduced if the preserved section has been hotter in
the past and interpretations can be made with respect to the cause of the high palaeotemperatures and the
subsequent cooling to present-day temperatures. Under certain conditions the peak palaeotemperatures (prior to
exhumation) can be used to establish a palacogeothermal gradient and by extrapolation to an assumed
palaeosurface temperature can yield an estimate of exhumation (AZ) at unconformity. T; = palaeotemperature
intercept at unconformity; Ty = palacosurface temperature; Ty = present-day surface temperature; (8T/6Z) =
palaeogeothermal gradient. Magnitude of removed section (gross exhumation) is given by AZ = (T-To)/(
0T/6Z). (after Corcoran & Dor¢, 2005).
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2.3.1.2: Fission-track dating

Fission-tracks can be used to date minerals, although unlike other isotopic dating methods, the
daughter product is the radiation damage rather than another isotope. The method relies upon
the constant relative abundance of **>U/~*U and since fission-track density is proportional to
the amount of tracks, amount of Uranium and elapsed geological time it is possible to
compute a fission track age for the apatite grain. There are a number of ways of determining
this ratio but for practical purposes the Population Method (PM) and External Detector
Method (EDM) are used almost exclusively. The EDM (Figure 2.21) involves attaching a
low-uranium muscovite mica sheet to a polished and etched apatite surface. The sample is
then irradiated with low-energy thermal neutrons, which induces fission in *°U. After
irradiation, the mica sheet is removed and etched to reveal the induced tracks, the density of

which is proportional to the concentration of uranium in the apatite grain (Andriesen, 1995).
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Figure 2.20 — The formation of fission-tracks in a uranium bearing mineral. (a) Spontaneous fission of ***U
produces two highly charged heavy particles of different masses, which recoil as a result of Coulomb repulsion
and interact with other atoms within the crystal lattice by electron stripping or ionisation. This results in further
deformation of the lattice as the ionised lattice atoms repel each other. As the fission particles capture electrons
they slow down and begin to interact by atomic collisions, which further reduce the particles’ energy until they
come to rest, leaving a radiation damage trail or ‘fission-track’. (b) These cannot be optically observed until the
mineral has been treated with a chemical etchant (modified after Gallagher ef al. 1998).
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Figure 2.21 — Sequential diagram showing the application of the external detector method (Hurford & Green,
1983) in order to determine the fission-track age of a mineral. The surface of a mineral is polished and etched in
order to reveal surface and confined spontaneous fission-tracks. The next stage involves attaching a uranium-
free detector (usually muscovite mica) to the etched surface. The sample is then sent to a nuclear reactor where
it is irradiated with low-energy neutrons which induce fission in the 235U. During fission, some heavy particles
cross the interface between the mineral and the mica. Following this procedure, the mica is etched to reveal the
induced tracks. By counting the number of induced tracks in the mica we estimate the concentration of the

daughter product (after Gallagher et al. 1998).
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The precise procedures for calculating a fission-track age of a sample are detailed in Hurford
& Green (1982, 1983) and are not repeated here. A recent advance in determining fission-
track ages has been the use of Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometry (LA-ICP-MS) (Hasebe et al. 2004). However, this approach has the
considerable drawback of causing irreparable damage to the apatite sample, which often

precludes further analyses.

Fission-track ages are normally reported as either a pooled age, which is a combined estimate
of the age of the population where all grains are consistent with a single population, or the
central age, which is an estimate of the modal age in a sample containing a distribution of age
populations (Gailbraith, 1990). There is usually a spread in the ages determined for a number
of apatite grains from a certain population, due to natural variations in the distribution and
decay of uranium (Gailbraith, 1981; Green, 1981). Grains will also yield different ages if
they are derived from different sources. It is therefore important to determine whether a
group of apatite grains was derived from a single population (i.e. representing a single thermal
history) or from a mixture of different sources (and therefore thermal histories). The y?
statistical test is used for this purpose (Gailbraith, 1981). This test determines the probability
that all single grain ages belong to a single population. Less than 5% probability indicates a
significant spread in single grain apparent ages (outside that allowed by the Poissonian
variation in number of fission events) and is referred to as the central age (Gailbraith &
Laslett, 1993). For values of ¥* >5%, the pooled age is used, which is simply the sum of the

spontaneous counts divided by the sum of the induced counts.
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2.3.1.2.1: The significance of track age

A fission-track age is the time over which the spontaneous tracks in a sample would have
taken to accumulate if they all had the same type of track length distribution as those of ‘age
standard’ samples (Green, 2001). For apatite’s, age standard samples come from volcanics or
high level intrusives with independently known ages and which have experienced very simple
geological histories involving rapid cooling to temperatures <50°C (e.g. Durango apatite, Fish
Canyon Tuff (Green, 2001)). Generally this is not the case and thus the fission-track age
usually has very little direct time significance, rather it provides a combined measure of both
the time over which tracks have been retained and the degree of length reduction which has
affected the tracks. It should be interpreted in combination with track length data in order to

obtain information about the thermal history of a sample (Green, 2001).

2.3.1.3: Quantitative understanding of Fission-Track Annealing in Apatite

In sedimentary rocks which have not been subjected to temperatures greater than ~50°C since
deposition, spontaneous fission tracks have a characteristic distribution of confined track
lengths. In such samples by measuring the spontaneous track density and the Uranium
content of a collection of apatite grains a “fission track age” can be calculated which will be
equal to the time over which tracks have been accumulating. The technique is calibrated
against other isotopic systems using age standards which also have this type of length
distribution. In samples which have been subjected to temperatures greater than 50°C after
deposition, fission tracks are shortened because of the gradual repair of the radiation damage
which constitutes the unetched tracks. In effect, the tracks shrink from each end in a process
which is known as fission track annealing. The final length of each individual track is
essentially determined by the maximum temperature which that track has experienced. A

time difference of an order of magnitude produces a change in fission track parameters which
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is equivalent to a temperature change of only ~10°C, so temperature is by far the dominant

factor in determining the final fission track parameters (Fleischer et al. 1965).

2.3.1.3.1: Annealing Kinetics and modelling the development of AFTA parameters

The understanding of the behaviour of fission tracks in apatite during geological thermal
histories is based on study of the response of fission-tracks to elevated temperatures in the
laboratory (Fleischer et al. 1965; Green et al. 1986; Laslett et al. 1987; Duddy et al. 1988;
Green et al. 1989b), in geological situations (Green ef al. 1989a), observations of the lengths
of spontaneous tracks in apatites from a wide variety of geological environments (Gleadow et
al. 1986) and the relationship between track length reduction and reduction in fission track

age observed in controlled laboratory experiments (Green, 1988).

These studies resulted in the capability to simulate the development of AFTA parameters
resulting from geological thermal histories for an apatite of average composition (Durango
apatite - ~0.43wt% Cl). Full details of this modelling procedure have been explained in

Green et al. (1989b). The following discussion presents a brief explanation of this approach.

Geological thermal histories involving temperatures varying through time are broken down
into a series of isothermal steps. The progressive shortening of track length through
sequential intervals is calculated using the extrapolated predictions of an empirical kinetic
model fitted to laboratory annealing data. Contributions from tracks generated throughout the
history (remembering that new tracks are continuously generated through time as new fissions
occur) are summed to produce the final distribution of track lengths expected to result from
the input history. In summing these components, care is taken to allow for various biases
which affect revelation of confined tracks (Laslett et al 1982). The final track length

reduction of each component of tracks is converted to a contribution of fission track age using
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the relationship between track length and density reduction determined by Green (1988).

These age contributions are summed to generate the final predicted fission track age.

This approach depends critically on the assumption that extrapolation of the laboratory-based
kinetic model to geological timescales, over many orders of magnitude in time, is valid. This
was assessed critically by Green et al. (1989h), who showed that predictions from this
approach agree well with observed AFTA parameters in apatites of the appropriate
composition in samples from a series of reference wells in the Otway Basin of south-east
Australia (Gleadow & Duddy, 1981; Gleadow et al. 1983; Green et al. 1989a). This point is
illustrated in Figure 2.22. Green et al. (1989b), also quantitatively assessed the errors
associated with extrapolation of the Laslett et al. (1987) model from laboratory to geological
timescales (i.e. precision as opposed to accuracy). Typical levels of precision are ~0.5um for
mean lengths <10pm and ~0.3pm for lengths >10um. These figures are equivalent to an
uncertainty in estimates of maximum palaeotemperature derived using this approach of
+10°C. Precision is largely independent of thermal history for any reasonable geological
history. Accuracy of prediction from this model is limited principally by the effect of apatite

composition on annealing kinetics as explained in the next section.

2.3.1.3.2: Compositional effects

Natural apatite’s essentially have the composition Cas(PO4)3;(F,OH,ClI). Most common
detrital and accessory apatite’s are predominantly Fluor-apatite’s, but may contain appreciable
amounts of Chlorine. The amount of Chlorine in the apatite lattice exerts a subtle
compositional control on the degree of annealing, with apatites richer in Fluorine being more
easily annealed than those richer in Chlorine. The result of this effect is that in a single
sample, individual apatite grains may show a spread in the degree of annealing (i.e. length

reduction and fission track age reduction). This effect becomes most pronounced in the
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temperature range 90-120°C (assuming a heating timescale of ~10Ma) and can be useful in
identifying samples exposed to palacotemperatures in this range. At temperatures below
~80°C the difference in annealing sensitivity is less marked and compositional effects can

largely be ignored.

The original quantitative understanding of the kinetics of fission track annealing, as described
above, relates to a single apatite (Durango apatite) with ~0.43wt% CI, on which most of the
original experimental studies (Green et al. 1986; Gleadow et al. 1987; Duddy et al. 1989)
were carried out. Recently this quantitative understanding has been extended to apatites with
Chlorine contents up to ~3wt%. This new, multi-compositional kinetic model is based both
on new laboratory annealing studies on a range of apatites with different Fluorine-Chlorine
compositions (Figure 2.23) and on observations of geological annealing in apatite’s from a
series of samples from exploration wells in which the section is currently at maximum
temperature since deposition. Details of the multi-compositional model are contained in a

Technical Note available from Geotrack in Melbourne.
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Otway data and Laslett et al.
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Figure 2.22a — Comparison of mean track length (solid circles) measured in samples from four Otway Basin
reference wells (from Green et al. 1989a) and predicted mean track lengths (open diamonds) from the kinetic
model of fission track annealing from Laslett et al. (1987). The predictions underestimate the measured values,
but they refer to an apatite composition that is more easily annealed than the majority of the apatites in these
samples, so this is expected.
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Figure 2.22b — Comparison of mean track length in apatite’s of the same Chlorine content as Durango apatite
from the Otway Group samples illustrated in Figure 2.25a with values predicted for apatite of the same
composition by the model of Laslett ef al. (1987). The agreement is clearly very good except possibly at lengths
below ~10um.
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Figure 2.23 — Mean track length in apatite’s with four different Chlorine contents as a combined function of
temperature and time to reduce the data to a single scale. Fluor-apatite’s are more easily annealed than chlor-
apatite’s and the annealing kinetics show a progressive change with increasing Cl content

The multi-compositional model allows prediction of AFTA parameters for any Chlorine
content between 0 and 3wt% using a similar approach to that used in the original single
composition modelling as outline above. The range of Chlorine contents from 0 to 3wt%

spans the range of compositions commonly encountered as discussed in the next section.

Predictions of the new multi-compositional model are in good agreement with the geological
constraints on annealing rates provided by the Otway Basin reference wells as shown in
Figure 2.24. However note that the AFTA data from these Otway Basin wells were among
those used in construction of the new model, so this should not be viewed as independent

verification but rather as a demonstration of the overall consistency of the model.
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Figure 2.24 — Comparison of measured mean track length (solid circles) in samples from four Otway Basin
reference wells (from Green et al. 1989a) and predicted mean track lengths (open diamonds) from the new multi-
compositional kinetic model of fission track annealing described in section 2.3.1.3.2. This model takes into
account the spread of Cl contents in apatite’s from the Otway Group samples and the influence of Cl content on
annealing rate. The agreement is clearly very good over the range of the data.

2.3.1.3.3: Distributions of Chlorine content in common AFTA samples

Figure 2.25a shows a histogram of Chlorine contents measured by electron microprobe in
apatite grains from more than 100 samples of various types. Most grains have Cl contents
less than ~0.5wt%Cl. The majority of grains with Cl contents greater than this come from
volcanic sources and basic intrusives and contain up to ~2wt% CI. Figure 2.25b shows the
distribution of Cl contents measured in randomly selected apatite grains from 61 samples of
‘typical’ quartzo-feldspathic sandstone. This distribution is similar to that in Figure 2.25a
except for a more rapid fall-off as Cl content increases. Apatites from most common
sandstones give distributions of Cl content which are very similar to that in Figure 2.25b.
Volcanogenic sandstones typically contain apatites with higher Cl contents with a much
flatter distribution for Cl contents up to ~1.5wt% falling to zero at ~2.5-3wt% as shown in

Figure 2.25c. Cl contents in granitic basement samples and high-level intrusives are typically
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much more dominated by compositions close to end-member Fluor-apatite although many

exceptions occur to this general rule.

2.3.1.3.4: Effects from other elements

Although, in terms of composition, Cl content is recognised as the dominant, major, first-
order control on annealing rate (Hurford et al. 2005), Barbarand et al. (2003b), have
investigated the effects of apatite composition on annealing in a suite of 13 apatite samples of
different composition and crystalline structure. While Cl was found to have a dominant
control on apatite structure, and thereby annealing rate above c. 0.35wt%, below this value
other elements particularly Rare Earth Elements (REE), were claimed to exert an appreciable
control on annealing rates. A similar experimental study of the annealing kinetics of 15
different apatite species carried out by Carlson et al. (1999) also identified the potential
significance, albeit secondary, of elements other than Cl (such as Sr and Mn) in controlling

annealing sensitivity.

It has been suggested by some workers that the apatite solubility, represented by the
arithmetic mean etch-pit diameter parallel to the crystallographic c-axis (signified by the
parameter D par) (e.g. Donelick, 1991; Carlson et al. 1999; Donelick et al. 1999) can be used
as a proxy for the bulk chemical composition of an apatite sample. Indeed Ketcham et al.
(1999, 2000), have developed an annealing model for apatite which attempts to account for
the variation in annealing behaviour that exists between different apatite’s as a result of
compositional variations, as indicated by the D par parameter. However Green et al. (2002)
have claimed that the performance of this model in geological conditions has yet to be
rigorously demonstrated. Furthermore, in a discussion on the dataset provided by Barbarand
et al. (2003b), Green et al. (2005), have claimed that Cl content provides a far more reliable

method of describing the annealing sensitivity of a particular apatite species than etch-pit size.

102



@ Chapter 2: Techniques used to estimate exhumation

Whereas it has been clearly demonstrated that samples which show significant variation in
fission-track ages correlating very closely with Cl content over a range of compositions (e.g.
Crowhurst et al. 2002), the data presented by Barbarand ef al. (2003b), often show a wide
range of etch-pit sizes for different apatite samples of the same composition (particularly at
low (<0.1wt%) CI contents) (Figure 2 in Green et al. 2005).
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Figure 2.25 — a) Histogram of Cl contents (wt%) in over 1750 apatite grains from over 100 samples of various
sedimentary and igneous rocks. Most samples give Cl contents below ~0.5wt%, while those apatites giving
higher CI contents are characteristic of volcanogenic sandstones and basic igneous sources. b) Histogram of Cl
contents (wt%) in 1168 apatite grains from 61 samples which can loosely be characterised as ‘normal sandstone’.
The distribution is similar to that in a, except for a lower number of grains with Cl contents greater than ~1%. c)
Histogram of Cl contents (wt%) in 188 apatite grains from 15 samples of volcanogenic sandstone. The
distribution is much flatter than the other two with a much higher proportion of Cl-rich grains.
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2.3.1.3.5: Pressure effects

Although the early experimental studies into the stability of fission-tracks in various minerals
indicated that any effects of pressure upon annealing over geological timescales were
insignificant in comparison to the effects of temperature (e.g. Fleischer et al. 1965; Naeser &
Faul, 1969), the results of more recent experimental work on the pressure dependence of
fission-track annealing by Wendt ef al. (2002), have led these workers to suggest that fission-
tracks in apatite are stable under conditions of hydrostatic pressure, but that the stability field
of fission-tracks in apatite increases towards temperatures higher than 110°C depending on
the absolute pressure. These results, if valid, have potentially far-reaching implications given
that the accepted statistical models for fission-track annealing in apatite (e.g. Laslett et al.
1987) do not account for the influence of pressure. However Kohn ef al. (2003) have
discounted the results and conclusions of Wendt et al. (2002), on a number of grounds.
Firstly, they question several fundamental aspects of the experimental design and execution
employed by Wendt ef al. (2002). Secondly, the results of Wendt et al. (2002) appear to be
inconsistent with actual data from deep boreholes in regions characterised by relatively low
geothermal gradients, where any effect due to pressure should be maximised. For example,
apatite samples taken from depths of ¢. 7.06-7.66km from the very deep (c. 12.25km) SG-3
borehole on the Kola Peninsula in the Baltic Shield (geothermal gradient c¢. 18°C/km), where
the present —day temperature is c. 122°C show fission-track ages which are reduced to zero.
This indicates that any pressure effect on annealing in this environment (in this case
approaching ~200MPa) can only be minor. Thirdly Wendt ef al. (2002), make no attempt to
extrapolate the results of their experiments to geologically relevant heating times and
temperatures, which is generally considered to be the fundamental test that all annealing
models must pass to ensure their reliability (e.g. Green ef al. 1989). Finally, if any pressure

dependence does exist, then annealing models which have been calibrated using actual
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geological data from boreholes such as the Green et al. (1996), ‘multi-compositional’

annealing model should implicitly incorporate any effects of pressure dependence.

2.3.1.3.6: Alternative kinetic models

Recently both Carlson (1990) and Crowley et al. (1991) have published alternative kinetic
models for fission track annealing in apatite. Carlson’s model is based on laboratory data for
Durango apatite (Green et al. 1986) and other (unpublished) data. In the abstract, Carlson
claims that because his model is “based on explicit physical mechanisms, extrapolations of
annealing rates to the lower temperatures and longer timescales required for the interpretation
of natural fission track length distributions can be made with greater confidence than is the
case for purely empirical relationships fitted to the experimental annealing data”. As
explained in detail by Green et al. (1993), all aspects of Carlson’s model are in fact purely
empirical and his model is inherently no ‘better’ for the interpretation of data than any other.
In fact detailed inspection shows that Carlson’s model does not fit the laboratory data set at all
well (Figure 2.26). Therefore this model is not recommended for the interpretation of AFTA

data.

The approach taken by Crowley et al. (1991) is very similar to that taken by Laslett et al.
(1987). They have fitted models to new annealing data in two apatites of different
composition; one close to end member Fluor-apatite (B-5) and one having a relatively high Sr
content (113855). The model developed by Crowley et al. (1991) from their own annealing
data for the B-5 apatite gives predictions in geological conditions which are consistently
higher than the measured values as shown in Figure 2.27. Corrigan (1992) reported a similar

observation in volcanogenic apatite’s in samples from a series of West Texas wells.
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Figure 2.26 — Comparison of predictions of Carlson's models with data from a similar situation to the Otway
Basin wells, from South Texas (Corrigan, 1993). The predictions of the composite model are closest to the data,
although this seems to be fortuitous, as the two models for mono-compositional apatite fall well above and
below the data.

Since the B-5 apatite is close to end-member Fluor-apatite, while the Otway Group apatite’s
contain apatite’s with Chlorine contents from zero up to 3wt% (and the West Texas apatite’s
have up to 1wt%), the Fluor-apatite’s should have mean lengths rather less than the measured
values, which should represent a mean over the range of Chlorine contents present. Therefore
the predictions of the Crowley et al. (1995), B-5 model appear consistently high. This is
attributed to the rather restricted temperature-time conditions covered by the experiments of
Crowley et al. (1991), with annealing times between 1 and 1000 hours in contrast to times
between 20 minutes and 500 days in the experiments of Green ef al. (1986). In addition few
of the measured length values in the Crowley et al. (1991) study fall below 11um (in only 5
out of 60 runs in which lengths were measured in apatite B-5) and their model is particularly
poorly defined in this region. Crowley et al. (1991) also fitted a new model to the annealing
data for Durango apatite published by Green et al. (1986). Predictions of their fit to the data

are not very much different to those from the Laslett e al. (1987), model. The differences are
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not important however as the multi-compositional model has rendered the single

compositional model obsolete.
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Figure 2.27 — Comparison of mean track length in samples from four Otway Basin reference wells (from Green
et al. 1989a) and predicted mean track lengths from three kinetic models for fission track annealing. The
Crowley et al. (1991) model relates to almost pure Fluor-apatite (B-5), yet over predicts mean lengths in the
Otway Group samples which are dominated by Cl-rich apatite’s. The predictions of that model are therefore not
reliable.

2.3.1.4: Deriving thermal history information from fission-track data

A major advantage of AFTA is its ability to provide an estimate of the time at which a sample
began to cool from its maximum post-depositional palaeotemperature, or a subsequent peak
value (Green et al. 2002). Forward modelling programs have been developed by Green et al.
(1989) which combine detailed knowledge of the kinetics of the fission-track annealing
process and formal statistical procedures. These models can simulate fission track age and

track length distributions consistent with input time-temperature pathways (Green et al.

1989). As Chlorine (Cl) content has an impact on the fission-track annealing kinetics in
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apatite, the modelling procedure attempts to match fission-track age and length distributions
for both the entire sample and for the individual apatite grains (within the sample) binned into
discrete wt.% Cl intervals (Corcoran & Dor¢, 2005). Comparison of the model data with the
measured age and track length distributions (Figure 2.28) allows estimates of maximum
palaeotemperature interpretation for up to three palaeothermal episodes (Green et al. 2001,
2002). As there is a lack of constraints on low-temperature (below 60°C, corresponding to
burial of less than 2km) history from AFTA, supplementary insights can be provided by low-
temperature thermochrononometry such as the (U-Th)/He dating of apatite (Huuse, 2002).
This system which is based on the accumulation and diffusive loss of Helium produced by the
alpha decay of Uranium and Thorium impurities within apatite grains (Farley, 2000), offers
potential for improved resolution in the timing of cooling events and independent estimation
of maximum palacotemperatures between 50-80°C (Corcoran & Doré, 2005).
Palaeotemperature estimates derived using this approach usually have an absolute uncertainty

of better than +£10°C.
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Figure 2.28 — Forward modelling methodology of Green et al. (1989) for measured apatite fission track age and
track length distributions, in the case of a synthetic sample with no variation in Cl content. Formal statistical
procedures are used to discriminate between a range of thermal history scenarios by firstly optimising magnitude
of peak palacotemperature and then optimising the timing of peak palacotemperature. In this synthetic model,
cooling from a peak palacotemperature of 90°C from 50 Ma, gives the best fit to the observed track length
distributions (after Green et al. 2002)

Because fission-tracks are formed continuously throughout geological time, in a sample
which has been heated and cooled, the tracks produced up to the time at which cooling begins
will be shortened to a length determined by the maximum palaeotemperature, whereas tracks
produced subsequent to the onset of cooling will be longer (e.g. Sample 1 in Figure 2.29).
The timing of cooling, in relation to the overall duration of the history, determines the
proportion of shorter to longer tracks and the length of the shorter peak will be determined by
the maximum palaeotemperature.

It is necessary to combine information about the track

lengths with a fission-track age measurement, since grains of apatite may well contain
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‘inherited’ tracks at the time of deposition (Green et al. 2002). In a sample which has been
totally annealed at some point (so that the track lengths have been reduced to zero), tracks will
only be retained after cooling below this limit (e.g. Sample 2 in Figure 2.29). The track data
will thus provide only a minimum estimate of the maximum palacotemperature, although tight
constraints on the time of cooling can often be provided by the fission-track age in such

samples (Green et al. 2002).
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Figure 2.29 — The thermal response of fission-tracks in apatite to geological thermal histories. (a) Shows thermal
histories for two samples in a hypothetical well sequence, with both samples undergoing heating and subsequent
cooling, with minor reheating. (b) The resultant track length distributions and the associated track length
reduction for both samples. See text for further discussion (modified after Green et al. 2002).

2.3.1.4.1: Cooling History

If the data are of high quality and provided that the cooling from maximum
palaecotemperatures began sufficiently long ago (so that the history after this time is
represented by a significant proportion of the total tracks in the sample), determination of the
magnitude of a subsequent peak palacotemperature and the timing of cooling from that peak
may also be possible. A similar approach to that outlined above provides best estimates and
corresponding +95% confidence limits for this episode. Such estimates may simply represent

part of a protracted cooling history and evidence for a later discreet cooling episode can only
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be accepted if this scenario provides a significantly improved fit to the data. Geological
evidence and consistency of estimates between a series of samples can also be used to verify
evidence for a second episode. In practice, most typical AFTA datasets are only sufficient to
resolve two discrete episodes of heating and cooling. One notable exception to this is when a
sample has been totally annealed in an early episode and has then undergone two (or more)
subsequent episodes with progressively lower peak palaeotemperatures in each. But in
general, complex cooling histories involving a series of episodes of heating and cooling will
allow resolution of only two episodes and the results will depend on which episodes dominate
the data. Typically this will be the earliest and latest episodes, but if multiple cooling
episodes occur within a narrow time interval the result will represent an approximation to the

actual history.

It is important to emphasise the extent to which fission-track data are dominated by maximum
palaeotemperatures. This is illustrated by Figure 2.30, which shows a series of track length
distributions for mono-compositional apatite samples, predicted for a range of thermal
histories. In the sample which has been heated to 70°C, the degree of length reduction in
tracks formed before the onset of cooling is small, and it is difficult to resolve the short
component of tracks from the longer tracks which formed after cooling. In samples such as
this, it is often the case that a wide range of timings for the cooling episode will be consistent
with the data. For the sample which has been heated to 100°C, the degree of length reduction
is more severe and the shorter tracks can be more easily resolved, enabling tighter controls on
the timing of cooling. The tightest constraints on the timing of cooling should be provided by
the sample which was heated to 120°C (and so experienced total annealing); note how the
predicted fission track age for this sample is much closer to the timing of cooling than for the

other samples.
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Although the continuous production of fission tracks throughout time enables some aspects of
the thermal history of a sample following the onset of cooling to be inferred, it is not possible
to provide any information on the approach to a palaeothermal maximum (Green et al. 2002).
Therefore it is necessary to assume a value of heating rate to obtain an estimate of maximum
palacotemperature; the kinetics of the annealing process means that a change of an order of
magnitude in the heating rate is equivalent to a change in the required palaeotemperature of
10°C (Green et al. 1989). Furthermore, fission-track data do not provide sufficient
information to model the entire thermal history of a sample, despite attempts by some workers
(e.g. Gallagher, 1995; Ketcham et al. 2000; Cunningham et al. 2003). This is because the
effects of variation within one part of the thermal history can be compensated for by events at
other times; this results in confidence limits which are so wide that the thermal history
solutions provide no useful constraints. In practice, because of the inherent spread in the
distribution of track lengths as a function of the degree of annealing (Green et al. 1986), the
resolution of a maximum of two, or rarely, three, episodes of heating and cooling is often the

limit allowed by even the highest quality data (Green et al. 2001a, 2002).

In summary two parameters are measured from fission track analysis - number of fission-
tracks (from which the fission track age is derived — Hurford & Green, 1983) and distribution
of fission track lengths (from which temperature history is elucidated — Laslett et al. 1987).
AFTA data can also provide information on the likely magnitude of present-day temperatures
by measuring the lengths of tracks formed since the last cooling episode and the degree of
fission-track age reduction at present day temperatures of around 100-110°C where the

fission-track age is expected to decrease rapidly towards zero (Green et al. 1999).
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Figure 2.30 — This diagram shows a number of fission-track length distributions predicted for a series notional
mono-compositional apatite samples using the Laslett et al. (1987) annealing algorithm and a variety of thermal
history scenarios. These scenarios illustrate the extent to which apatite fission-track data are dominated by
maximum palaeotemperatures; see text for further discussion (from Holford, 2006).
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2.3.1.4.2: Allowing for tracks inherited from source areas
The effect of tracks inherited from source areas and present at the time the apatite is deposited
in the host sediment is often posed as a potential problem for AFTA. However this can

readily be allowed for in analysing both the fission track age and length data.

In assessing fission track age data to determine the degree of annealing, the only criterion
used is the comparison of fission track age with the value expected on the basis of the Default
Thermal History. From this point of view, inherited tracks do not affect the conclusion — if a
grain or a sample gives a fission track age which is significantly less than expected, the grain
or sample has clearly undergone a higher degree of annealing than can be accounted for by
the Default Thermal History and therefore must have been hotter in the past whether the

sample contained tracks when it was deposited or not.

The presence of inherited tracks does impose a limit on our ability to detect post-depositional
annealing from age data alone, as in samples which contain a fair proportion of inherited
tracks, moderate degrees of annealing may reduce the fission track age from the original
value, but not to a value which is significantly less than the stratigraphic age. This is
particularly noticeable in the case of Cenozoic samples containing apatite’s derived from
Palaeozoic basement. In such cases, although fission track age data may show no evidence of

post-depositional annealing, track length data may well show such evidence quite clearly.

The influence of track lengths inherited from source areas can be allowed for by comparison
of the fission track age with the value predicted by the Default Thermal History combined
with inspection of the track length distribution. If the mean length is much less than the
length predicted by the Default Thermal History, either the sample has been subjected to

elevated palaeotemperatures, sufficient to produce the observed degree of length reduction or
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else the sample contains a large proportion of shorter tracks inherited from source areas.
However in the latter case, the sample should give a pooled or central fission track age
correspondingly older than the stratigraphic age, while the length distribution should contain a
component of longer track lengths corresponding to the value predicted by the Default
Thermal History. It is important in this regard that the length of a track depends primarily on
the maximum temperature to which it has been subjected, whether in the source regions or
after deposition in the sedimentary basin. Thus any tracks retaining a provenance signature
will have lengths towards the shorter end of the distribution where track lengths will not have

“equilibrated” with the temperatures attained since deposition.

In general it is only in extreme cases that inherited tracks render track length data insensitive
to post-depositional annealing. For example, if practically all the tracks in a particular sample
were formed prior to deposition, perhaps in a Pliocene sediment in which apatite’s were
derived from a stable Paleozoic shield with fission track ages of ~300Ma or more, the track
length distribution will, in general, be dominated by inheritance, as only ~2% of tracks would
have formed after deposition. Post-depositional heating will not be detectable as long as the
maximum palaeotemperature is insufficient to cause greater shortening than that which
occurred in the source terrain. Even in such extreme cases, once a sample is exposed to
temperatures sufficient to produce greater shortening than that inherited from source areas, the
inherited tracks and those formed after deposition will all undergo the same degree of
shortening and the effects of post-depositional annealing can be recognised. In such cases the
presence of tracks inherited from source areas is actually very useful, because the number of
tracks formed after deposition is so small that little or no information would be available

without the inherited tracks.
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2.3.1.5: Plots of fission track age and mean track length versus depth and temperature

AFTA data from well sequences are usually plotted as shown in Figure 2.31. This figure
shows AFTA data for two scenarios: one in which deposition has been essentially continuous
from the Carboniferous to the present and all samples are presently at their maximum
palaeotemperature since deposition (Figure 2.31a); and one in which the section was exposed

to elevated palacotemperatures prior to cooling in the Early Cenozoic (Figure 2.31b).

In Figure 2.31a, for samples at temperatures below ~70°C, the fission track age is either
greater than or close to the stratigraphic age and little fission track age reduction has affected
these samples. Track lengths in these samples are all greater than ~13pum. In progressively
deeper samples, both the fission track age and mean track length are progressively reduced to
zero at a present temperature of around 110°C, with the precise value depending on the spread
of apatite compositions in the sample. Track length distributions in the shallowest samples
would be a mixture of tracks retaining information on the thermal history of source regions,
while in deeper samples, all tracks would be shortened to a length determined by the
prevailing temperature. This pattern of AFTA parameters is characteristic of a sequence

which is currently at maximum temperatures.

The data in Figure 2.31b show a very different pattern. The fission track age data show a
rapid decrease in age, with values significantly less than the stratigraphic age at temperatures
of ~40-50°C, at which such a degree of age reduction could not be produced in any geological
timescale. Below this rapid fall, the fission track ages do not change much over ~1km (30°C).
This transition from rapid fall to consistent ages is diagnostic of the transition from partial to
total annealing. Samples above the break in slope contain two generations tracks: those
formed prior to the thermal maximum, which have been partially annealed (shortened) to a

degree which depends on the maximum palacotemperature; and those formed after cooling
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which will be longer. Samples below the break in slope contain only one generation of tracks,
formed after cooling to lower temperatures at which tracks can be retained. At greater depths,
where temperatures increase to ~90°C and above, the effect of present temperatures begins to
reduce the fission track ages towards zero, as in the “maximum temperatures now” (Figure

2.31a) case.

The track length data also reflect the changes seen in the fission track data. At shallow
depths, the presence of the partially annealed tracks shortened prior to cooling causes the
mean track length to decrease progressively as the fission track age decreases. However at
depths below the break in slope in the age profile, the track length increases again as the
shorter component is totally annealed and so does not contribute to the measured distribution
of track lengths. At greater depths the mean track lengths decrease progressively to zero once
more due to the effects of the present temperature regime. Examples of such data have been

presented, for example, by Green (1989) and Kamp & Green (1990).
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Figure 2.31a — Typical pattern of AFTA parameters in a well in which samples throughout the entire section are
currently at their maximum temperatures since deposition. Both the fission track age and mean track length
undergo progressive reduction to zero at temperatures of ~100-110°C, the actual value depending on the range of
apatite compositions present (from Geotrack, 2001).
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Figure 2.31b — Typical pattern of AFTA parameters in a well in which samples throughout the section were
exposed to elevated palacotemperatures after deposition (prior to cooling in the Early Cenozoic, in this case).
Both the fission track age and mean track length show more reduction at temperatures of ~40-50°C than would
be expected at such temperatures. At greater depths (higher temperatures), the constancy of fission track age and
the increase in track length are both diagnostic of exposure to elevated palacotemperatures (from Geotrack,
2001).
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2.3.2: VITRINITE REFLECTANCE (VR)

Hydrocarbons are by-products of the metamorphism of organic material (kerogen) within
sediments. This process involves the expulsion of volatiles, gases liquids and oils during the
chemical alteration of buried organic matter and the thermal maturity of a rock is a measure of

the degree to which this metamorphism has progressed (Tissot & Welte, 1984).

The most important controls on the maturation of organic matter are temperature and time
(Tissot & Welte, 1984). The relationship between temperature and the rate of chemical

reactions is given by the Arrhenius equation:

a

Ker)cp[RiJ

(2.12)

Where K is the reaction rate, A4 is a constant sometimes referred to as the frequency factor (it
1s the maximum value that can be reached by K when given an infinite temperature), E, is the
activation energy (a parameter which can be thought of as an energy barrier (Jmol™) that must
be overcome before the reaction can proceed), R is the Universal Gas Constant (8.314JK 'mol

" and T is absolute temperature (K) (Beardsmore & Cull, 2001).

2.3.3: THERMAL HISTORY RECONSTRUCTION (THR)

Thermal History Reconstruction (THR) relies on application of AFTA and VR to identify the
timing of dominant episodes of heating and cooling that have affected a sedimentary section,
to quantify the palaeotemperatures through the section and to characterise the mechanisms of
heating and cooling (Green et al. 1999). Sedimentary rocks are progressively heated during
burial and begin to cool at the initiation of exhumation. AFTA and VR data (e.g. from an
exploration well or borehole) provide quantitative estimates of the temperatures attained by

individual rock samples at a palacothermal maximum, prior to the onset of cooling (Green et
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al. 1995, 2002). This combined approach is particularly useful in the reconstruction of the
thermal and burial histories of sedimentary basins, especially if there are unconformities
representing major time gaps (Duncan et al. 1998; Green et al. 2000). The integration of
AFTA and VR data is especially useful in sedimentary succession where most AFTA samples
have been totally annealed, since VR allows estimation of higher palaeotemperatures than

those resolvable from AFTA alone (Duddy et al. 1994).

The first stage in the combined thermal history interpretation of AFTA and VR data from an
exploration well or borehole begins by constructing a ‘default thermal history’ for each
sample (e.g. Duddy ef al. 1994; Green et al. 2002). The default thermal history is constructed
using the preserved stratigraphy recorded in a well/borehole, assuming that all stratigraphic
breaks represent hiatuses (i.e. no deposition or erosion). A thermal history is then derived by
assuming that the present geothermal gradient has remained constant since the deposition of
the oldest sediments. If the observed data (fission track age and length distribution,
%Ro(max)) are consistent with equivalent values predicted by the default thermal history, then
the sample is at, or close to, its maximum post-depositional temperature. If however, a
greater degree of annealing or maturity is observed than that predicted by the default history,
then the samples have been hotter at some point during the past (Duddy et al. 1994; Green et
al. 2002). If this is the case, AFTA can enable the timing of cooling to be estimated and both
AFTA and VR can be used to constrain the magnitude of maximum palaeotemperatures.
Examples of the ‘default thermal history’ approach are provided by Argent et al. (2002),

Green et al. (2004) and Holford et al. (2005q).

Thermal history interpretation is based on a detailed knowledge of the kinetic responses of
both AFTA and VR, which are well calibrated based on studies in both geological and

laboratory conditions. THR information is extracted from the AFTA data by modelling
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measured AFTA parameters through a variety of possible thermal history scenarios varying
the magnitude and timing of the maximum palaecotemperature and defining the range of
values of each parameter, which give predictions consistent with the measured data (Green et
al. 1999). Observed VR values are converted to maximum palaeotemperatures using the
kinetic model developed by Burnham & Sweeney (1989) and Sweeney & Burnham (1990).
Information on the timing of these maximum palacotemperatures is provided by the AFTA

data.

2.3.3.1: Construction of geothermal gradients

Where samples are analysed over a range of depths, such as in a down-hole well section, the
magnitude of exhumation (i.e. thickness of the eroded succession) can be determined by
extrapolation of a linear palaeotemperature profile to an appropriate palaecosurface

temperature (Bray ef al. 1992) (Figure 2.32).

The form of the palaeotemperature profile provides key information on likely mechanisms of
heating and cooling (Figure 2.33). By dividing the difference between the palacosurface
temperature and the palaecotemperature intercept at the appropriate unconformity by the
palaeogeothermal gradient, the amount of section that was once deposited above the
unconformity surface and has been removed subsequently by uplift and erosion can be

calculated (Figure 2.34). Such an analysis assumes that:
1. The palaecotemperature profile is linear.

2. The palaecogeothermal gradient through the preserved succession can be extrapolated

linearly through the eroded succession. This assumption can never be verified since
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the section is no longer present and Holliday (1993) has recently challenged the

validity of this assumption.
3. The palacosurface temperature is known.

4. The heating rate used to estimate palaecotemperatures is correct.

|
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Figure 2.32 — If the palacogeothermal gradient can be constrained by AFTA and VR, as explained in the text,
then for an assumed value of surface temperature, T, the amount of section removed can be estimated as shown.

122



@ Chapter 2: Techniques used to estimate exhumation

Deeper burial
Temperature (°C)
50

100 150
I ) | |
I I Palaeogeothermal
~10 Q gradient ~25°C/km
£' i
£ i
20 <«
Present-day @]
geothermal o
3 gl gradient
~25*Ckm

Elevated basal heat flow
Teﬁraﬁperature ("C)

100 150
@l | |
Palasogecthermal
3 gradient ~50"C/fkm
=10 ——
£ =R
& g,
8 -«
0 [ Present-day DG
gecthermal O
gradient
3. 0l—25"C/km
Heated fluid flow
Tempearature (“C)
50 100 150
| | |
Q

Depth (km)
Q

2.0 -
Present-day 4&4
geothermal Q

g ol gradient Q

o ~25°C/km

Corrected BHT measurement
I AFTA palasotemperature constraint
Q@ VR palasotemperature constraint

Figure 2.33 — Schematic examples of palacotemperatures produced by heating related to deeper burial, elevated
basal heat flow and the passage of heated fluids respectively (modified after Holford ef al. 2005).
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The degree to which the palacogeothermal gradient can be constrained depends on a number
of factors, particularly the depth range over which samples are analysed. If samples are only
analysed over ~1km, then the palacotemperature difference over that range may be only 20-
30°C. Since maximum palaeotemperatures can often only be determined within +£10°C, this
introduces considerable uncertainty into the final estimate of palaeogeothermal gradient (see
Figure 2.35). In the case of outcrop samples interpreted in the absence of independent

constraints on palaeogeothermal gradients, a range of likely values must be assumed.
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Figure 2.34 — Graphical construction of Green et al. (2002) for the derivation of exhumation estimates from
maximum palaeotemperature profiles established from VR and AFTA. Left: Both AFTA and VR data clearly
record two palaeothermal episodes in this example. The timing of the cooling episodes derived from AFTA , the
presence of two unconformities in the well (Mid-Cretaceous and Late Cenozoic) and the linearity of the
palacotemperature profiles for each episode, indicate that the temperature and palaeotemperature distributions
can best be explained by two episodes of deeper burial followed by exhumation in each case. Right: Plot of
removed section vs. palacogeothermal gradient for an assumed palaecosurface temperature. Best fit and allowed
ranges (+£95% confidence intervals) of exhumation estimates and palacogeothermal gradients (for each event) are
determined from statistical analysis and displayed as contoured banana-shaped regions on plot. In this exaple the
best fit data indicates 2150m of gross exhumation at the Mid-Cretaceous unconformity followed by re-burial and
subsequent gross exhumation of 900m at the Late Cenozoic unconformity (after Corcoran & Dor¢, 2005).
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The pitfalls of the semi log plot (VR vs. depth advocated by Dow (1977) and Dow &
O’Connor (1982)), can be avoided by using the graphical construct of Bray et al. (1992)
(presented by Green et al. 2002) which allows for the assessment of exhumation at an
unconformity. For comparisons to be made and also to avoid confusion, temperature and
palaeotemperature measurements should be displayed with respect to the sea-bed (for offshore
well; ground level for onshore well) and not TVDKB (True Vertical Depth below Kelly
Bushing) as, in the offshore environment, sea-bed is the appropriate datum for the
extrapolation to a palacosurface temperature (Corcoran & Doré, 2005 and Figure 2.34). The
earlier graphical construct of Dow (1977) has been adopted by a number of workers (e.g.
Horstman, 1984; Unomah & Ekweozor, 1993; Thomson & Hillis, 1995; Corcoran & Clayton,
2001). The approach utilises the vertical depth separation (on a VR vs. depth semi-log plot)
between the VR gradient value immediately above an unconformity and the intercept of the
pre-unconformity VR gradient segment extrapolated to the same VR value as an estimate of
the amount of eroded section (Corcoran & Doré, 2005 and Figure 2.36). As highlighted by
Katz et al. (1988) argued that this construct is flawed as it since it discounts the reduced
graphical separation (on a semi-log plot) resulting from increased absolute VR values and also
does not allow for the actual ‘annealing’ of the VR profile discontinuity with increasing re-
burial. Additionally Green ef al. (2002) have stated such an approach should be avoided, as
untransformed vitrinite can have a reflectance as high as 0.32%. Extrapolation to 0.2% will
thus lead to overestimation of the amount of removed section. In contrast, the Green et al.
(2002) approach uses only the pre-unconformity palacotemperature segment (independent of
‘annealing’ process) and an assumed palaeosurface temperature to determine the magnitude of

exhumation at an unconformity.

125




@ Chapter 2: Techniques used to estimate exhumation

0
Range of geothermal
gradients compatible
with paleotemperature
estimates obtained over
10k a greater vertical range

Range of geothermal
gradients
compatible with
paleotemperatures
estimated over a narrow

30 P interval

DEPTH (KM)
N
o
T

4.0 1 |
20 60 100 140 180

TEMPERATURE (°C)

Figure 2.35 — It is important to obtain palaeotemperature constraints over as great a range of depths as possible
in order to provide a reliable estimate of palacogeothermal gradient. If palacotemperatures are only available
over a narrow depth range, then the palacogeothermal gradient can only be very loosely constrained.

As stated by Corcoran & Doré (2005), one of the main advantages of a thermal framework
approach to the assessment of exhumation is the widespread availability of palaeothermal
indicators which provide insights into basin evolution that are not available from inspection of
the remnant rock record (for example, palacothermal indicators may yield information with
respect to palacogeothermal gradients which can be used to estimate the magnitude of missing
section, independent of stratigraphic evidence). The oil exploration industry widely utilises
VR data to constrain charge models in a basin and is the primary indicator of organic
maturation recorded in wells offshore Ireland (Corcoran & Clayton, 2001). AFTA has been
extensively applied in exhumed offshore basins (Floodpage et al. 2001; Green et al. 2001)
and to deduce the fission track cooling chronologies of the onshore rock record (Allen et al.
2002). A further advantage is that, in the absence of a post-unconformity rock record, AFTA

can provide a direct estimate of the timing of exhumation from the derived fission track age.
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Figure 2.36 — A semi-log plot of vitrinite reflectance versus depth for a well containing an erosional
unconformity contact between the Tertiary and the underlying Mesozoic section, with graphical construction of
Dow (1977) for the estimation of removed section at an unconformity. This methodology suggests that the
difference in depth between the VR segment value immediately above an unconformity and the intercept of the
pre-unconformity VR segment extrapolated to the same VR value yields an estimate of the amount of erosion at
the unconformity. This construct significantly underestimates the amount of section removed at the Base
Tertiary unconformity as it does not allow for the ‘annealing’ in of the discontinuity in the VR profile that is
caused by burial during the Tertiary (after Corcoran & Dor¢, 2005).

2.3.4: LIMITATIONS OF AFTA AND VR
There are a number of pitfalls and sources of uncertainty with respect to the use of a thermal

framework approach (VR and AFTA) to estimate the magnitude of exhumation:
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1.

Palaecotemperature profiles which are non-linear (i.e. bell shaped profiles, dog-leg
profiles or profiles with negative palacogeothermal gradients) cannot be used to
estimate the magnitude of exhumation at a given well location (Duddy et al. 1998).
Profiles like these are clearly caused by transient thermal effects of various origin
(such as emplacement of molten magma and/or hydro-thermal fluid flow) which can
result in the distortion of conductive heat distribution in a basin (Wycherley et al.

2003).

VR and AFTA information is dominated by maximum palaeotemperatures and do not
preserve information on thermal events that occurred prior to the achievement of peak
palaeotemperatures (Corcoran & Doré, 2005). Complete annealing of fission tracks in
apatite generally occurs in the 100-120°C range so apatite fission tracks cannot store
information on exhumation (cooling) events that occurred prior to the most recent

episode of ‘complete annealing’ of tracks (Green et al. 1986).

Systematic errors can be introduced in the estimation of palacogeothermal gradients
by the mathematical translation of VR values into absolute palaeotemperatures and
consequently, the magnitude of exhumation (Green ef al. 2002). Although the kinetic
model (EASY%RO0 algorithm) of Sweeney & Burnham (1990) is widely accepted as
the most accurate VR to temperature translation method, within the range of organic
maturity associated with oil and gas generation, other empirically based translation
schemes are also used over wider maturity ranges (e.g. Barker & Pawliewicz, 1986;
Barker, 1988; Barker & Goldstein, 1990). Using these translation schemes in general
produces a higher gradient and thus a lower estimate of exhumation relative to the
Sweeney & Burnham model (see Figure 3 of Green et al. 2002 and Figure 8 of

Corcoran & Clayton, 2001).
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One of the major underlying assumptions of thermal history techniques is that the
measured palaeothermal profiles represent the distribution of temperature with depth
immediately prior to exhumation (Corcoran & Doré¢, 2005). In highly stretched basins
and for old (especially syn-rift) stratigraphy, the palaeothermal indicators may
represent maximum palaeotemperatures attained early in basin history (due to heat-

flow pulse from rifting) and not subsequently exceeded (Allen et al. 1998).

. A major assumption of the thermal technique is the linearity of the palacotemperature-

depth profile through the preserved section and linear extrapolation though the
removed section to the assumed palaecosurface temperature. This assumption is valid
only in cases where the thermal conductivity of the removed and preserved sections is
identical although Green et al. (2002) report that, in practice the assumption of

linearity (of palacogeothermal gradients) has yielded reliable results.

Geological factors such as changes in orogenic provenance, faulting or lithological
variations can result in offsets to the palaeotemperature profile particularly in VR
datasets. Additional variations in the profile can result from the limitations of the VR
sampling and analytical techniques, such as the deficiencies of cuttings samples and
maceral misidentification, which can result in low reproducibility of identical datasets

(Figure 2.37) (Dembicki, 1984).

Overpressured sedimentary sequences can cause the retardation of VR (Hao & Chen,
1992; McTavish, 1998; Carr, 2000). This decreases the computed palacogeothermal
gradient and leads to an inaccurate estimate of exhumation since retardation violates

the underlying assumptions of the profile modelling.
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8. VR suppression (deviations of VR profile towards lower values of R;,%) can result
from the presence of Hydrogen-rich vitrinites. Consequently, variations in the
chemical composition of vitrinite, between well locations, may lead to invalid
comparison of VR gradients and associated exhumation estimates (Corcoran & Dore¢,

2005).

9. Mobile salt layers in a basin (halite) can lead to complex present-day temperatures and
palacotemperature (Corcoran & Doré, 2005). For example, the high thermal
conductivity of salt may result in the deviation of an anomalously high
palacogeothermal gradient for a well drilled on a salt dome-supported anticline and
consequently, a spurious estimate for the magnitude of exhumation will result at that

location (Corcoran & Dor¢, 2005).

This general approach has been criticised as oversimplified by some workers (e.g. Holliday,
1993; Smith et al. 1994; Gallagher et al. 1998). However, results in tightly controlled
situations are usually highly consistent with estimates of deeper burial from other techniques
thereby validating the use of AFTA and VR data in determining magnitudes of exhumation.
For example, estimates of the amount of late Miocene exhumation at the Fresne-1 exploration
well of the Taranaki Basin of New Zealand based on AFTA and (U/Th)/He data show
excellent agreement with estimates from truncated reflectors observable on seismic data
(Kamp & Green, 1990; Crowhurst ef al. 2002), whilst Holford et al. (2005a) and Williams et
al. (2005) present examples from the CBB and SGCB, where exhumation estimates based on
AFTA and VR data from boreholes and exploration wells are highly consistent with

independent estimates from compaction and seismic reflection profiles.
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Celtic Sea Basin Well 50/3-1
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Figure 2.37 — Pitfalls in VR interpretation — VR analysis of cuttings data from well 50/03-1, offshore Ireland, by
three different geochemical laboratories. Plot of VR (Rm%) vs. depth. A number of ‘vitrinite populations’ were
identified in this Jurassic section (three populations by Lab A, one by Lab B and two by Lab C). No core data
was available to address cavings dilemma; well casing points are included to help high grade cuttings data, but
are of limited use. The occurrence of sub-parallel trends indicates uncertainty in maceral identification and
requires cross-referencing with equivalent VR values defined from other thermal indicators such as SCI,
pyrolysis Tmax etc. to help identify the ‘true’ indigenous vitrinite population. Selection of the appropriate VR
population and trend is a critical step in the estimation of magnitude of exhumation (after Corcoran &Doré,
2005).
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CHAPTER 3: REGIONAL GEOLOGY AND EXHUMATION
HISTORY OF THE WESTERN APPROACHES-CELTIC SEA
BASIN SYSTEM

3.1: INTRODUCTION

The southwestern UK comprises a series of linked Mesozoic-Cenozoic sedimentary basins
located between the United Kingdom and Ireland. They extend from the Western Approaches
Basin in the south, up through the Celtic Sea basins, East Irish Sea basin, Solway Firth and
North Channel basins in the north (Figure 3.1). The Celtic Sea basin system is a linked
complex comprising the North Celtic Sea Basin (NCSB), South Celtic Sea Basin (SCSB),
Bristol Channel Basin (BCB), St. George’s Channel Basin (SGCB), Cardigan Bay Basin
(CBB), Central Irish Sea Basin (CISB) and Kish Bank Basin (KBB). To the south of the
Celtic Sea the Fastnet, St. Mary’s, Melville and Haig-Fras basins make up the southern part of
the Western Approaches Basin (WAB), which continues northeast through the Plymouth Bay
Basin into the Channel Basin. These basins are mainly of an extensional origin with margins
controlled by major normal faults, which downthrown the basins against largely Palacozoic-
age basement massifs (Tappin et al. 1994). They form part of a much larger polyphase rift
complex of sedimentary basins across NW Europe which were initiated during the Permian
and Triassic (Shannon, 1991), in response to roughly E-W oriented lithospheric extension
(Chadwick & Evans, 1995; Coward, 1995). Consequently, the tectonic history of the Western
Approaches-Celtic Sea basin system is inextricably linked to that of the North Atlantic

passive margin as a whole.

This extension was the result of plate reorganisation, which led to the breakup of the

Caledonian and Variscan terranes of the short-lived Pangaean supercontinent along distinct
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Arctic and Atlantic rifts throughout the Mesozoic (Ziegler, 1990) and ultimately culminated in
full continental break-up along the North Atlantic margin during early Eocene times (Doré et
al. 1999; Roberts et al. 1999) when it was accompanied by large volumes of volcanism and
magmatic underplating. Regional subsidence occurred during the Jurassic and Cretaceous in
response to extension in front of the northward propagating rift and the two rift systems
coalesced in Late Jurassic to Early Cretaceous times when the North Atlantic Rift reached the
Rockall Trough (Ziegler 1989; Knott et al. 1993; Roberts et al. 1999; Doré et al. 1999).
During the Cenozoic, the Western Approaches and Celtic Sea basin complexes were subjected
to several phases of compression and regional uplift, which inverted basin centres and led to
the selective reactivation of Mesozoic extensional faults (e.g. Tucker & Arter, 1987; Van
Hoorn, 1987b; Roberts, 1989; Tappin et al. 1994; Knipe et al. 1993; Dart et al. 1995; Nemcok

et al. 1995; Stewart et al. 1997; Turner, 1997; Bulnes & McClay, 1998).

Whilst the preserved stratigraphy and structure of the Western Approaches-Celtic Sea basins
has long been the subject of thorough investigation (e.g. Browne & Cooper, 1950; Powell,
1956; Donovan et al. 1961; Griffiths et al. 1961; Lloyd, 1963; Curry et al. 1967; Wood &
Woodland, 1968; Bullerwell & McQuillin, 1969; Davey, 1970; Blundell et al. 1971;
Woodland, 1971; Naylor & Mounteney, 1975; Doré, 1976; Penn & Evans, 1976; Kamerling,
1979; Barr et al. 1981; Van Hoorn, 1987b; Tappin et al. 1994; Jackson et al. 1995; Meadows
et al. 1997; Welch & Turner, 2000, Williams, 2002; Williams et al. 2005; Holford et al. 2005;
Holford, 2006), the Mesozoic-Cenozoic evolution of these basins remains poorly resolved.
This is largely a result of interspersed phases of post-Palaeozoic rifting, thermal subsidence
and uplift (Tappin et al. 1994; Jackson et al. 1995; Welch & Turner, 2000; Holford, 2006),
which have led to marked regional variations in the preserved stratigraphic record across the

basins. The Jurassic and Cenozoic sequences in these basins are bounded by major
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unconformities which attest to several regionally extensive phases of uplift and erosion during
the Mesozoic and Cenozoic (Figure 3.2 and 3.3). The marked stratigraphical
compartmentalisation between adjacent basins over relatively short distances can, to some
degree, also be attributed to the complex pattern of NW-SE, NE-SW and E-W trending
basement lineaments which cross the basins (Figure 3.4) (Welch & Turner, 2002). These
were variously active during the Caledonian, Variscan and Alpine compressional episodes
and the reactivation of basement structures in response to extensional stresses during the
intervening periods played a key role in the generation of accommodation spaces for sediment

accumulation.
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FSIN

Figure 3.1 — Free-air gravity anomaly map of the offshore Western Shelves region. The gravity data are a
compilation of ship track and satellite measurements sampled and gridded with one minute cell spacing, with
artificial illumination from the north. Abbreviations: BFZ-Bala Fault Zone; BCB-Bristol Channel Basin; CBB-
Cardigan Bay Basin; CISB-Central Irish Sea Basin; KBB-Kish Bank Basin; MFZ-Menai Straits Fault Zone;
NCSB-North Celtic Sea Basin; SCSB-South Celtic Sea Basin; SFZ-Sticklepath-Lustleigh Fault Zone; SGF-St
George’s Fault; SGCB-St George’s Channel Basin; SISL-South Irish Sea Lineament; WABC-Western
Approaches Basin Chain. Also shown are selected deep seismic reflection survey lines (from Williams, 2002).
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Figure 3.2 - Chronostratigraphic nomenclature, regional stress azimuths (Hibsch ez al. 1995) and depositional
environments (Ziegler, 1990) of the St. George’s Channel Basin (after Williams, 2002).
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Figure 3.3 — Chronostratigraphic nomenclature, regional stress azimuths (Hibsch ef al. 1995) and depositional
environments (Ziegler, 1990) of the Celtic Sea basins (after Williams, 2002).
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Figure 3.4 - Map showing terranes of the Caledonian and Variscan orogens in Britain and Ireland. The
sedimentary basins of the western UK are underlain by various crustal blocks of varying age and mechanical
properties, thereby exerting a profound structural heterogeneity on this region. The boundaries of these blocks
are commonly marked by major, crustal-scale fault systems, a number of which have been highlighted along
with other important crustal lineaments. Abbreviations: BF-Bala Fault; BCB-Bristol Channel Basin; CBB-
Cardigan Bay Basin; CISB-Central Irish Sea Basin; CFZ-Codling Fault Zone; EISB-East Irish Sea Basin; IS-
Iapetus Suture; KF-Keys Fault; LSZ-Lyn Shear Zone; NCSB-North Celtic Sea Basin; NW-North Wales; SCSB-
South Celtic Sea Basin; SGCB-St George’s Channel Basin; SLFZ-Sticklepath-Lustleigh Fault Zone; VF-
Variscan Front; WBFS-Welsh Borderland Fault System (after Bluck et al. 1992).
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3.2: REGIONAL CRUSTAL STRUCTURE

The regional crustal structure beneath the SW UK has been described in detail previously and
the interested reader is referred to Holford (2006) who presents a comprehensive review of
the previous research and findings. What follows in this section is a brief summary based on
Holford’s (2006) review. The crust in the SW UK region can be viewed as comprising a
number of suspect terranes whose exposed boundaries are marked by prominent fault systems
of various kinds (Figure 3.4) (Bluck et al. 1992). Although the major tectonic character of the
region reflects Mesozoic rifting, the Western Approaches-Celtic Sea basins inherited many of
their structural characteristics from crustal-scale lineaments formed during Late Precambrian,
Caledonian and Variscan orogenic episodes which shaped the Palacozoic ‘basement’ and in
many cases, controlled the nucleation of the later extensional basins (Gibbs, 1987; Sibuet et
al. 1990; Dyment et al. 1990; Dyment & Bano, 1991; Ford et al. 1992; Naylor et al. 1993).
During the Caledonian orogenic cycle, basement crust underlying the Celtic Sea formed part
of the northern margin of the Gondwana continent. Palaeozoic rocks of Cambrian to
Devonian age outcrop along the margins of the major basins and record the formation and
destruction of the large Lower Palacozoic Welsh and Irish basins. Post-Caledonian orogenic
collapse led to crustal extension, which reactivated pre-existing Caledonian lineaments to
form a network of small graben in the hanging wall of major structures such as the Johnston
Thrust (Shannon, 1991; Tappin et al. 1994). North-directed late Carboniferous Variscan
compression caused significant crustal shortening in the southern Celtic Sea region, initiating
oblique transpressional reactivation of major basement lineaments such as the Bala Fault

(Figure 3.5) (Fitches & Campbell, 1987; Corfield et al. 1996).

The acquisition of numerous deep multichannel seismic reflection profiles by the British

Institutions’ Reflection Profiling Syndicate (BIRPS) during the 1980’s enabled significant
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advances in the understanding of crustal structure in the south-western UK to be made (e.g.
Beamish & Smythe, 1986; BIRPS & ECORS, 1986; McGeary et al. 1987, Coward &
Trudgill, 1989; England & Soper, 1997). Traverses covering the Western Approaches-Celtic
Sea basin system include SWAT profiles 2-11 (e.g. Figure 3.7; Klemperer & Hobbs, 1991).
Data were recorded to 15 seconds two-way travel time (twtt), imaging reflectors from beneath
the Moho, which lies at depths of between 28 and 32km within this study area (Figure 3.6;

Chadwick & Pharaoh, 1998).

Figure 3.5 - (a) Variscan inversion tectonics and other structural elements of the British Isles and Ireland. Key:
ML-Malvern Lineament; PL-Pendle Lineament; PM-Pennine Monocline; W/RRF-Wem/Red Rock Fault. (b)
Summary map illustrating the variation in the amount of tectonic uplift and transpression relative to the regional
direction of maximum shortening for inversion on the Variscan foreland. Basins trending NE-SW were roughly
perpendicular to the NW-SE to NNW-SSE regional direction of maximum shortening and hence experienced
strong inversion. Basins with N-S and NW-SE oriented controlling faults were oriented more obliquely to the
direction of maximum shortening and as a consequence experienced less uplift and deformation (after Corfield et
al. 1996).
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Figure 3.6 - Map showing depth to the seismic reflection Moho beneath the western UK region, This map
indicates that crustal thicknesses in this region vary between c. 28 and 34km, with areas underlain by shallow
Moho reflecting zones of crustal thinning (i.e. mostly offshore, Mesozoic-Cenozoic sedimentary basins such as
the SGCB, EISB and Celtic Sea basins), and deeper Moho overlain by mostly onshore, Palacozoic basement
massifs in Wales, Ireland and Northern England (modified after Chadwick & Pharaoh, (1998) and Dézes &
Ziegler, (2002)).

Within the SCSB-BCB region, deep seismic reflection profiles reveal a number of prominent
crustal structures which have played an important role in basin evolution in this area. A series
of geological cross-sections through the western UK region, based mainly on deep seismic

reflection are presented in Figure 3.8.
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(so9s) IML

Figure 3.7 - Part of the BIRPS SWAT?2 deep seismic reflection profile through the St. George’s Channel Basin
illustrating the structure of this basin and the seismic characteristics of the lithosphere beneath the Irish Sea basin
system (after Williams, 2002).
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Figure 3.8 - Geological cross-sections through the principal basins of the Irish and Celtic Seas, based on depth
conversions of BIRPS and BGS seismic data. (a) Central Irish Sea and Cardigan Bay basins. (b) St. George’s and
Bristol Channel basins. (c) Bristol Channel Basin. (d) North and South Celtic Sea basins (after Tappin et al.
1994).
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3.3: TECTONO-STRATIGRAPHY OF THE WESTERN APPROACHES-CELTIC SEA
BASIN SYSTEM

The main structural framework of southwest England formed in Devonian and Carboniferous
times. The pre-Mesozoic evolution of the SW UK is largely beyond the scope of this thesis
the interested reader is referred to Badham (1982); Ziegler (1982); Coward & Smallwood,
(1984); Cazes & Torreilles (1988); Evans (1990); Tappin et al. (1994) and references therein

for a complete account.

The Variscide basement of southern England comprises rocks which are folded, faulted and
cleaved with an approximate east-west trend. Several major thrust zones can be identified
within the region both at outcrop and in the sub-surface from seismic reflection profiles. The
thrusts are commonly offset by strike slip faults. These may have formed during thrusting as
transfer faults; alternatively they may be a very late Variscan feature displacing the earlier
thrusts (Figure 3.9). South of the Variscan front (Figure 3.9) from the Mendip Hills and the
southern margin of the London platform southwards, the marginal normal faults bounding the
Wessex Basin may overlie Variscan thrusts which have been inferred from interpretation of
seismic reflection profiles (Chadwick, 1983). Basin margin faults in this area are regarded as
the consequence of extensional reactivation of these earlier thrust structures developed in the
Variscan basement. Thus these Permian and Mesozoic basins are thought to lie above the
former Variscan upthrust areas. It is also notable from Figure 3.9 that these bounding faults
are not continuous structures but are offset both sinistrally and dextrally. These offsets in
basin margins may overlie pre-existing transfer zones offsetting the thrust faults in the

Variscan basement.
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Figure 3.9 — Late Carboniferous palacogeography showing the major structural features of the basement of
England and Wales (after Coward et al. 2003). The inset shows the Late Carboniferous structures of NW
Europe.

145



@ Chapter 3: Regional geology and exhumation history

3.3.1: PERMIAN

In early Permian times a period of crustal subsidence was initiated which continued with only
minor interruptions until the end of the Cretaceous. A system of rifts started to fracture the
newly formed Pangaean Supercontinent. By Triassic time’s, extension of the crust along
these lines of weakness led to the formation of sedimentary basins across southern Britain and
surrounding areas (Chadwick, 1985, 1986; Hillis, 1988; Coward et al. 2003). The rifts
formed along the reactivated Variscan thrusts and northwest trending dextral strike-slip faults.
The basins were part of an Arctic-North Atlantic rift system (Figure 3.10) linked with the
development of basins in the Bay of Biscay and Rockall trough (Ziegler, 1987a). Regional
and temporal variations in the rate of subsidence often associated with major normal faulting
controlled the distribution of the Permian and Mesozoic basins and the nature of the
sediments within them. In the area of the Western Shelves and the English Channel, Permian-
Triassic red beds attain substantial thicknesses as indicated by reflection seismic data that are
calibrated by a limited number of wells, paleontological control however, is generally poor.
The absence of Late Permian marine deposits renders it difficult to subdivide this series and
therefore palaeogeographic reconstructions for Early and Late Permian times have to remain

conceptual (Figure 3.11) (Ziegler, 1990).

In south-western England, post-Variscan orogeny volcanic rocks are of early Permian age but
the accumulations of the main overlying red-bed sequences did not commence until the late
Permian (Warrington & Scrivner, 1988). This continental clastic sequence, consisting partly
of wind-blown sands was deposited in initially separated basins that later began to coalesce.
The main depocentres were the Wessex Basin and probably also the Channel Basin (Ziegler,
1990). As subsidence slowed there may have been a period of non-deposition prior to the

onset of Triassic subsidence. The regional unconformities on seismic may be associated with
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this (Evans, 1990). In southern Britain Permian subsidence can be related to the process of

lithospheric extension.
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Normal faulting led to the accumulation of thick sequences of supposed Permian age in the
Crediton trough and Dorset Basin (Figure 3.10). Resolution of the dip-slip vectors on the
faults within these basins suggests lithospheric extension in a northwest-southeast direction

(Chadwick, 1985).

In the WAB, Permian-Triassic sediments reach thicknesses of up to 5000m (Ziegler, 1990).
Limited well control indicates that Early Permian conglomerates and volcanics are overlain
by shaly red beds and a probable Late Permian sequence of up to 2000m of sand and shales
(Ziegler, 1987¢; Chapman, 1989). Deep reflection seismic data over the Permian Plymouth
Bay Basin, located at the north-eastern termination of the WAB, show that subsidence of this

basin, after an initial fault controlled phase, was governed by regional crustal down warping
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(Pinet et al. 1987). A similar pattern is evident from reflection seismic data for the Melville
Basin, which is located in the south-western part of the WAB (Chapman, 1989). The northern
part of the Melville Basin remained a high throughout the Permian and did not receive any
sediment until the Triassic subsidence phase. Likewise the Permian sediments in the
southwest Channel and Brittany basins are thin and these basins may also have been end-
Variscan topographic highs (Evans, 1990). The early Permian sediments in the southern part
of the Melville Basin and the Plymouth Bay Basin were deposited in Variscan intermontane
troughs with contemporaneous volcanics that were related to the final phases of the granite
batholiths. The loading of Permian sediments on the crust amplified the initial magnitude of
the topographic low in the southern part of the Melville Basin to accommodate up to 4km of
sediments (Evans, 1990). Chapman (1988) dates the initiation of rifting in the Melville Basin
as early Permian but unequivocal evidence for crustal extension of this age is lacking in many

basins in the North Atlantic region (Masson & Miles, 1986).

The SCSB-BCB may also have started to subside during the Early to Late Permian and
probably corresponded initially to a topographic depression in which Permian alluvial-fan
deposits accumulated as known from outcrops on the Cornubian Platform (Van Hoorn,
1987b). In the NCSB a seismically defined basal clastic unit that is not calibrated by wells is

thought to be of Permian age (Tucker & Arter, 1987; Petrie ef al. 1989).

The Wessex Basin is characterised by a fairly complete Permian to Cretaceous sequence
though with considerable local variation in sediment thickness, facies and stratigraphic
preservation. The basin is transected by several east-west trending zones of normal faults.
These fault zones which commonly comprise several individual normal faults showing ‘en
échelon’ offsets allow subdivision of the Wessex Basin into smaller basins and highs. These

faults were active from Permian to early Cretaceous times, down throwing strata to the south
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and profoundly affected patterns of sedimentation. This is evidenced by the exposed western
edge of the Dorset Basin where a thick sequence of continental red bed sediments containing
volcanic rocks dated at 280-290Ma (Warrington & Scrivner, 1990) are preserved in the
Crediton Trough and near Exeter. Elsewhere the subsurface distribution of Permian strata is
not well known though deep borehole information indicates marked thickness changes
indicative of an early graben system (Whittaker, 1985). However the predominantly
argillaceous nature of the Permian sequence suggests that for much of the interval subsidence

was regional with little contemporaneous fault activity.

Permian and Mesozoic subsidence in many of the basins in England and Wales is similar to
that predicted by McKenzie (1978). Figure 3.12 illustrates a step-by-step backstrip of a
typical succession found within the Dorset Basin. Deposition of sediment within each
stratigraphical interval is triggered by an isostatically driven subsidence of the basement
surface. Early in the development of the sedimentary basin (e.g. Permian) the thickness of
sediment deposited is very similar to the amount of basement subsidence. Later in the basin’s
development, compaction under loading of the earlier sediments allows the accumulation of a
thickness of new sediment considerably greater than the basin subsidence (e.g. between end-
Albian and end-Maastrichtian times the basement subsidence was barely more than half the
thickness of Chalk deposited). A simplified crustal subsidence history for the Dorset Basin is

shown in Figure 3.13.
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Figure 3.13 — Crustal subsidence history curve for Dorset Basin (after Whittaker, 1985).

151




@ Chapter 3: Regional geology and exhumation history

3.3.2: TRIASSIC

In Western and Central Europe, the latest Permian-earliest Triassic corresponds to a period of
regional regression of the Arctic Sea and the inception of a complex multi-directional rift
system that transected the Variscan fold belt and the continuously subsiding Northern and
Southern Permian Basins (Figure 3.10) (Ziegler, 1990). In the Arctic-North Atlantic, Central
Atlantic and Tethys domains, Triassic regional stress fields affected wide areas around the
future diverging plate margins that came into evidence during the Jurassic, Cretaceous and
Early Cenozoic (Ziegler, 1990). This was particularly the case in Western and Central Europe
where the build up of tensional stress patterns caused the extensional reactivation of the
Permian-Carboniferous fracture systems; as such, they played an important role in the

localisation of Triassic grabens in Western and Central Europe.

During early Triassic times renewed crustal extension led to a strongly rejuvenated fault scarp
topography and the deposition of coarsely arenaceous sediments. Major faults active at this
time include the Lyme Bay-Portland and Central English Channel faults with over 1000m and
up to 800m of syn-depositional throw respectively (Hamblin et al. 1992). To the south of
these faults the Portland-Wight Basin and the Central English Channel Basin developed as
deep asymmetric graben. In late Triassic times fault activity gradually declined, surface
topography diminished and argillaceous and evaporitic sediments were deposited. Permian-
Triassic subsidence was concentrated in the western part of the Wessex-Channel Basin with
up to 3000m of sediment preserved in the western portion of the Portland-Wight Basin and up
to 2000m in the Dorset Basin. In many places erosion of the upthrown blocks coupled with
rapid subsidence and tilting of the downthrown blocks led to the development of a minor
unconformity at the base of the Triassic sequence. This unconformity is seen in many

boreholes in southern England (e.g. Wytch Farm oilfield).
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Viewed in the broader context of the Arctic-North Atlantic and Tethys rift systems, the area
that was affected by extensional tectonics during the Triassic reaches from the Polish Trough
in the northeast over a distance of 2000km to the Atlas grabens of Morocco and Algeria in the
southwest and from the Grand Banks of eastern Canada in the northwest over a distance of
3500km to the margins of the Tethys Ocean in the southeast (Ziegler, 1990). It is inferred that
the driving mechanism underlying the evolution of the Triassic rift systems that developed in
the core of Pangaea is provided by gradually developing upwelling asthenospheric convection

systems (Ziegler, 1990).

The Plymouth Bay Basin is almost circular in plan and has a particularly thick Permian-
Triassic sequence (>9km) that shallows south against the Ouessant-Alderney fault zone. The
basin overlies a southerly dipping crustal detachment zone related by Pinet et al. (1987), to an
easterly extension of the Lizard Thrust. Major faulting and block tilting is absent and the
basin in-filled a gradually subsiding crustal sag (Whittaker, 1985). The continuity of the
Variscan thrust underlying the basin demonstrates that the lower crust did not undergo
excessive horizontal extension during basin formation which implies that the form cannot be

related easily to any rifting process (Evans, 1990).

The SCSB also formed along reactivated thrusts during the Permian-Triassic rifting. The
basin contains up to 3.3km of Permian to Jurassic strata arranged in a series of synclinal
faulted grabens. Seismic sections show a series of ENE oriented normal faults delimiting the
southern margin of the basin (Van Hoorn, 1987). Gardiner & Sheridan (1981) equate this
system of south easterly trending faults with the reactivation of underlying faults that are
related to the south-westward extension of the Variscan Cannington thrust, which runs along
the southern side of the Bristol Channel. The NCSB differs from basins to the NE in that

Permian-Triassic sedimentary fill is generally much thinner than the overlying Mesozoic
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strata (Tucker, 1987). Strongly fault controlled the Permian-Triassic sequence is locally in
excess of 3000m thick but is generally less than 2000m thick. Compared with the WAB, the
NCSB, SCSB, CBB and Haig Fras Basin grabens subsided somewhat more slowly during the
Triassic (Ziegler, 1990). Based on limited well control, Lower Triassic sediments in these
basins appear to consist of conglomerates and sandstones. These clastics pass up wards into
Middle and Late Triassic evaporate playa-lake mudstones. Limestone stringers, representing
possible Muschelkalk equivalents (Ziegler, 1990), have been encountered only in wells drilled
on the Fastnet Basin, which is located at the south-western termination of the Celtic Sea Basin
(Figure 3.14). Halites of presumed Ladinian and Carnian age occur in the Celtic Sea,
Cardigan Bay and Bristol Channel basins. There is no evidence for syn-depositional Triassic
volcanic activity in these basins, in which Triassic strata attain maximum thicknesses in the
range of 2000-3000m (Kamerling, 1975; Robinson ef al. 1981; Naylor & Shannon, 1982; Van

Hoorn, 1987b; Tucker & Arter, 1987; Petrie ef al. 1989).

Active normal faulting continued during the deposition of the Mercia Mudstone Group
particularly along the marginal faults of the major basins. Adjacent to these faults are
marginal breccias and conglomerates such as the Dolomite Conglomerate of the Mendip Hills.
The generally decreasing rates of basin subsidence through the Triassic together with the
tendency for younger formations of the Mercia Mudstone Group to overlie earlier ones
suggest that a large proportion of later Triassic subsidence can be attributed to thermal
relaxation effects inherited from the Scythian (and Permian) extensional pulses. However
exposures on the Somerset coast and in the Mendip Hills suggest a renewal of normal faulting
towards the end of Triassic times. In the Penarth Group small-scale growth faulting can be

observed at outcrop at Lilstock, Somerset (Whittaker & Green, 1983) and there is some
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further evidence of contemporary tectonic activity in that slumps are common in the Cotham

and Langport members.
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Figure 3.14 — Tectonic map of the Celtic Sea-Western Approaches area showing basin configuration and
structural distribution from Mid-Late Triassic times (modified after Coward et al. 2003).

3.3.3: JURASSIC

Towards the end of Triassic times continued erosion and regional subsidence resulted in a
change from continental conditions to a shallow marine environment in which a relatively
uniform cyclical sequence of argillaceous and carbonate rocks was deposited. Renewed
crustal extension in the early Jurassic led to important normal faulting and a change in
depositional patterns as the loci of maximum subsidence shifted eastwards. In the Portland-
Wight Basin the hitherto dormant Wight-Bray faults became active as the depocentre
migrated east. Locally in the Western part of the basin above the Permian-Triassic depocentre
listric normal faults developed detaching in the thick Triassic salt sequence. These listric
faults are in marked contrast to the dominantly sub-planar normal faulting observed

elsewhere. In Western and Central Europe, Lower Jurassic times were characterised by the
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regional transgression of the Tethys Sea and the establishment of a broad, open-marine shelf
sea that occupied much of the Paris Basin, the Celtic Sea-Western Approaches area, the Irish
Sea, the central and southern North Sea, Denmark and Germany (Ziegler, 1990) (Figure 3.15).
Well control in the Celtic Sea basins indicates that marine conditions were established during
the Rhaetian as is evident from the deposition of shales and carbonates that persisted during
the Hettangian. In the Fastnet Basin, Hettangian strata are developed in a shallow-marine

carbonate facies (Millson, 1987; Ainsworth et al. 1987; Petrie et al. 1989).
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Figure 3.15 — Rhaetian-Hettangian palacogeography (after Ziegler, 1990).

In the Channel and Wessex basins, Lower Jurassic sediments are developed predominantly in
a shaly facies and contain only occasional carbonate and sand intercalations (Ziegler, 1990).
Their thickness ranges from 300-500m. Subsidence of these basins was controlled by a
system of east-west trending normal faults (Ziegler, 1990). These basins can be regarded as
pull-apart features that developed between the left-stepping sinistral Sticklepath-Lustleigh and

Pays-de-Bray Faults. Syn-depositional wrench faulting is evident by the development of the
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anticlinal Mendip and Moreton-in-the-Marshes axis. Also the north-south trending Worcester
Graben continued to subside during the Early Jurassic (Cope et al. 1980a; Holloway, 1985b;

Sellwood et al. 1986; Lake & Karner, 1987).

In the Celtic Sea-Bristol Channel basins, Sinemurian to Toarcian strata consist predominantly
of shales, marls and occasional limestones. In the axial parts of these rapidly subsiding
grabens deeper water conditions gave rise to the deposition of partly kerogenous shales that
have an oil source-rock potential. Clastic influx from the Irish, Cornubian, Amorican and
Welsh massifs was generally at a low level although a few discrete regressive deltaic sands
are evident for instance in the Fastnet and Bristol Channel basins during the Sinemurian and
Pleinsbachian (Ziegler, 1990). Subsidence of these basins was accompanied by a progressive
overstepping of their earlier margins (Kamerling, 1979; Millson, 1987; Van Hoorn, 1987;
Tucker & Arter, 1987; Ziegler, 1987c; Petrie et al. 1989). Reflection seismic data indicate
that Early Jurassic sediments attain thicknesses of up to 1500m in the Celtic Sea basins,
1000m in the BCB and 1500m in the WAB. The Mohcras borehole, drilled at the head of
Cardigan Bay, penetrated 1300m of Hettangian to Toarcian shales (Barr ef al. 1981; Holford,
2006). Despite the relatively high Early Jurassic rate of crustal extension across the Celtic
Sea-Western Approaches area it is noteworthy that there is no evidence for contemporaneous

volcanic activity (Ziegler, 1990).

The Jurassic and Early Cretaceous time span was characterised by major eustatic sea-level
fluctuations (Vail et al. 1977, Hallam, 1978; Vail & Todd, 1981; Haq et al. 1987). In
combination with increased tectonic instability of the Tethys and North Atlantic borderlands
these gave rise to a number of regional unconformities, regressions and transgressions that

can be correlated over large parts of Western and Central Europe (Ziegler, 1990).
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During the Bajocian-Early Bathonian, crustal separation was achieved in the Central Atlantic
and in the western Mediterranean domain. This important rifting event was paralleled by the
upwarping of a major rift dome in the North Sea, from which erosion products were shed into
the adjacent continuously subsiding grabens and troughs (Ziegler, 1990). In the Celtic Sea-
Western Approaches area, control on the facies development of Aalenian to Bajocian
sediments is limited to a relatively small number of wells. Bajocian and Bathonian open-
marine shales, containing carbonate intercalations were deposited during a period of
maximum transgression; there is no evidence for regional thermal doming of the area
(Ziegler, 1990). However, accumulation of these strata was accompanied by continued
crustal extension, which is emphasised by the occurrence of Bajocian olivine-diorite sills in
the Fastnet Basin (Caston ef al. 1981). Clastics derived from the Irish Massif occur in the
Fastnet Basin and thick marginal marine sandstones, shed by the Welsh Massif were
deposited in the CBB. Overall a general shallowing of the basins in the area is observed.
Bajocian and Bathonian sediments attain maximum thicknesses of 800m in the CBB and
1000m in the south-western parts of the WAB (Barr et al. 1981; Robinson et al. 1981; Tucker

& Arter, 1987; Van Hoorn, 1987b; Millson, 1987; Petrie et al. 1989).

By middle-late Jurassic times a tectonic regime of regional thermal subsidence had become
established with only minor contemporaneous fault activity that increased gradually with
time. During Bathonian and early Callovian times considerable subsidence took place in the
Vale of Pewsey and Dorset basins. Differential subsidence in these areas associated with
growth on faults is confirmed by differences in sequences encountered in deep boreholes.
Farther south considerable growth took place on the Purbeck-Wight fault system giving a very

thick Bathonian succession in the Central Channel Basin. Middle Jurassic sedimentation as a
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whole continued the trend established in the early Jurassic of a gradually increasing area of

deposition (Figure 3.16) accompanied by steadily declining subsidence rates (Figure 3.13).
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Figure 3.16 — Late Jurassic framework of Arctic-North domain showing the distribution of active structures and
sediment facies (after Coward er al 2003). Inset shows Latest Jurassic structures in Europe and the
Mediterranean.
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The late Middle and Late Jurassic evolution of the North Atlantic was governed by stress
regimes that were similar to those of Bajocian and Bathonian times (Ziegler, 1990). Late
Jurassic propagation of rifting into the Labrador Sea area is indicated by igneous activity in
south-western Greenland and in the coastal areas of Labrador (Watt, 1969; King &
McMillian, 1985). This suggests that tensional stresses built up at the northern termination of
the Central Atlantic seafloor spreading axis between the Grand Banks-Flemish Cap and Iberia
and in the area of the Bay of Biscay rift zone (Ziegler, 1990). During the Late Jurassic deep-
water conditions became established in the axial zones of the Bay of Biscay rift, in the
Porcupine Trough and probably also in the Rockall Trough and in the area of the Tagus
Abyssal Plain (Figure 3.16). During the Callovian and Oxfordian, tectonic activity
accelerated whereby differential movements between the Newfoundland Shelf and Iberia gave
rise to wrench deformations that are reflected in the stratigraphic record of the Celtic Sea-

Western Approaches basins.

Late Jurassic times saw a renewal of crustal extension with the Portland Wight basin
subsiding rapidly along the London platform and Portland-Wight-Bray fault systems. In the
Celtic Sea-Western Approaches area depositional patterns established during the Bajocian and
Bathonian became disrupted by wrench movements during the early Callovian and again
during the Oxfordian. Repeated partial uplift of basinal areas in the NCSB, SCSB, BCB and
in the WAB where up to 2km of Permian to Jurassic sediments were eroded from the northern
sub-basins gave rise to a system of unconformities that are, at least in part, correlative
(Ziegler, 1990). The uplift was contemporaneous with the initiation of rifting on the
continental margin. The uplift appears to have a symmetry centred on the Cornubian ridge.
The basins immediately to the north and south of the ridge were subject to uplift during the

late Jurassic-early Cretaceous but no significant unconformity can be traced in the NCSB.
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The mechanism may have been focussed in the Cornubian ridge by the low density material
within its batholiths (Hillis, 1988). In the southern basins of the WAB the magnitude of the
local subsidence was much greater than that of regional uplift and up to 2.5km of sediments
was rapidly deposited in a region which was undergoing broad uplift. Each of these hiatuses
may correspond to a more or less discrete phase of deformation, however their significance is
difficult to assess on a regional scale due to generally poor seismic resolution that does not
always permit determination of the structural relationship between the respective depositional
sequences. Local subsidence involving renewed reactivation of former Variscan thrusts and
transfer faults also occurred while salt withdrawal in the Melville Basin served to preserve
isolated Lias outliers. The faulted northern boundary of the Melville Basin formed at this
time. The rapid accumulation of sediments in the southern basins of the WAB is related to
sinistral strike-slip movement along the Ouessant-Alderney fault zone. Tectonic events were
the result of lithospheric stresses related to the opening of the North Atlantic (Ziegler, 1987a).

Within the Western Approaches area this has manifested as three events:

1. Middle Jurassic uplift of limited extent.
2. Major regional uplift towards the end of Jurassic times.
3. Localised rifting associated with strike-slip movement during the -early

Cretaceous.

During the Callovian and early Oxfordian, the clastic supply to the NCSB, SCSB, BCB, CBB
and WAB increased; this reflects uplifting of the Irish Massif (Leinster Block), the Welsh
Massif and the Amorican Massif and also the gradual emergence of the Cornubian Massif. In
basinal areas, Callovian and Oxfordian shallow marine to lagoonal shales, partly containing
carbonates, grade laterally into deltaic sands (Ziegler, 1990). After the mid-Oxfordian break,

sedimentation resumed on a regional scale in the differentially subsiding NCSB, SCSB, CBB,
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BCB and WAB with the deposition of shallow marine to lagoonal evaporitic shales and sands.
Late Jurassic sediments attain thicknesses of up to 1500m in the Celtic Sea basins and 1000-
1500m in the WAB (Kamerling, 1979; Barr et al. 1981; Van Hoorn, 1987h; Tucker & Atrter,
1987; Millson, 1987; Ziegler, 1987c, Petrie et al. 1989). By late-Tithonian to early-Berriasian
time, all basins shallowed out in response to falling sea-levels and a new phase of wrench

induced deformation (Late Cimmerian unconformity (Ziegler, 1990)).

3.3.4: CRETACEOUS

The early Cretaceous evolution of Western and Central Europe was dominated, as in the Late
Jurassic, by crustal extension across the Arctic-North Atlantic rift system. Consequently
relatively few changes occurred in its structural framework and basin development continued
along lines established during the Late Jurassic. However, major tectono-eustatic sea-level
changes (Figure 3.17), as well as induced lithospheric deflections and the development of new
thermal anomalies played an overriding role in the Early Cretaceous changes of basin outlines

and sedimentation patterns (Ziegler, 1990).

The overall trend of falling Global Sea Level (GSL) (Figure 3.17) is reflected in the facies of
the Purbeck Beds. Freshwater limestones, algal limestones, shales and evaporates are
common in the Purbeck sequence and suggest, together with presence of fossil soils, a
depositional environment of lagoons, sabhkas and shallow hyper-saline lakes. There is faunal
and other evidence (e.g. the presence of glauconite) of occasional marine incursions the most
important of which, the Cinder Bed, lies near the middle of the Purbeck sequence. The
Cinder Bed is a thin marine deposit composed almost entirely of Oyster shells. Correlation
with the complete marine sequence preserved in Europe (Casey, 1973) suggests that the

Cinder Bed might be synchronous with a significant marine transgression which marks the
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Jurassic-Cretaceous boundary. Above the Cinder Bed the upper parts of the Purbeck
sequence are composed of shales with fibrous Calcite and thin fossiliferous freshwater
limestones. These grade upwards into the Wealden Beds which were also deposited in a
mostly non-marine environment but consist of a predominantly clastic sequence. Figure 3.18
illustrates the general palacogeography accompanying the accumulation of the Wealden Beds.
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Figure 3.17 — Generalised variation in global sea-level for the Jurassic and Cretaceous periods (modified after
Vail et al. (1977) and Hallam (1984)).

On a regional scale, tectonic activity increased at the transition from the Jurassic to the
Cretaceous whereby the Bay of Biscay and the Rockall-Faroe-Mere grabens developed into
the principal rift axes. However, persistent crustal extension across the North Sea Rift and the
Celtic Sea-Western Approaches graben system resulted in a sharp accentuation of the
marginal troughs, the Channel and Weald basins and the uplift of the London-Brabant-
Rhenish-Bohemian Massif (Ziegler, 1990). The minimum horizontal stress during the early
Cretaceous changed direction from NE-SW to N-S in response to the rotation of Iberia
(Tappin et al. 1994) as the Central Atlantic spreading axis propagated northward (Figure 3.19)

(Knott et al. 1993; Roberts et al. 1999; Doré et al.1999).
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Figure 3.19- Plate reconstruction showing the opening of the North Atlantic (from Williams, 2002).

During the later parts of the Early Cretaceous, tectonic activity in Western and Central Europe
abated gradually. Following mid-Aptian crustal separation between Iberia and the Amorican
Shelf, the graben system of the Celtic Sea-Western approaches became inactive. A further
tectonic event referred to as the ‘Austrian’ tectonic pulse (Kent, 1976) preceded and
accompanied this crustal separation. During the middle Albian, sea-floor spreading

commenced between the Irish and Newfoundland shelves and probably also in the southern
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parts of the Rockall Trough (Figure 3.18) (Roberts et al. 1981; Olivet et al. 1984; Masson et

al. 1985; Ziegler, 1989¢,; Coward et al. 2003).

Figure 3.18 illustrates that the WAB, NCSB, SCSB, Porcupine and Rockall troughs form the
northern continuation of the graben system of the West-Iberian and Newfoundland shelves
and that the Bay of Biscay Rift, with its prolongation into the Labrador Sea forms a cross-
cutting element. During the Early Cretaceous, highs flanking this complex rift system, as well
as positive elements separating the individual grabens, became uplifted whereas most of the
grabens continued to subside (Ziegler, 1990). Regional doming of the North Atlantic area can
probably be related to progressive lithospheric thinning in response to its mechanical
stretching and thermal attenuation. This regional thermal doming effect is particularly evident
in Iberia and in the area of the Cornubian and Amorican massifs (Ziegler, 1990). Neocomian
to mid-Aptian crustal extension across the Celtic Sea-Western Approaches basins and rifting
in the Rockall Trough, followed by limited sea-floor spreading in its southern parts during the
late Albian, was compensated by wrench deformations in the Irish Sea, the Channel area and

in the Paris Basin (Ziegler, 1988b).

In the NCSB, Late Jurassic marine and lagoonal sediments are separated by the Late
Cimmerian unconformity from the overlying early Cretaceous Wealden clastics; only in the
axial parts of this basin may sedimentation have been more or less continuous across the
Jurassic-Cretaceous boundary (Figure 3.11). Neocomian to Barremian subsidence of the
Celtic Sea was accompanied by extensional faulting as is evident from the thickness changes
of the Wealden clastics. These attain maximum thicknesses of about 2000m in the central
part of the basin however they are missing in the CBB and Caernarvon Basin presumably by

non-deposition (Ziegler, 1990, Murdoch et al. 1995).
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In the BCB and SCSB, Neocomian and Barremian sediments are missing. Aptian shallow-
marine to continental sands transgress over deeply truncated Triassic and Jurassic series and
are, in turn, overlain with an intervening hiatus by late Albian marine-deltaic sands. These
are conformably overlain by the Late Cretaceous chalk series (Figure 3.11). To the west
across the Pembrokeshire Ridge, the Aptian sand wedge expands and includes Valangian-
Hauterivian sediments. This is taken as evidence that the main erosional phase in the BCB is
of pre-Aptian age and probably results from Late Cimmerian deformation and uplift of the
basin (Ziegler, 1990; Tappin et al. 1994). The structural style of the Triassic and Jurassic
series indicates that their deformation involved dextral wrench movements along the basin
margin and intra-plate basinal fault systems, and possibly sinistral movements along the
Sticklepath-Lustleigh fault (Holloway & Chadwick, 1986). Erosion was particularly severe
over the basin margins as illustrated by the erosion of some 3000m of Jurassic and Triassic
sediments along the south-eastern margin where salt diapirism may have augmented uplift
(Whittaker, 1985; Tappin et al. 1994; Murdoch et al. 1995). There is no evidence for major
deformation during the early Albian break in sedimentation (Kamerling, 1979; Van Hoorn,
1987b; Coward & Trudgill, 1989). It is likely that the CBB and Caernarvon Basin also
became deformed and uplifted during the earliest Cretaceous in response to wrench
movements. The dating of the inversion of these basins however, is impeded by the total
absence of Cretaceous sediments; a late Eocene clastic-dominated series overlays with an
angular unconformity of deeply truncated Jurassic and Triassic strata (Barr et al. 1981;

Tucker & Arter, 1987; Coward & Trudgill, 1989).

Mesozoic tectonics was dominated by crustal subsidence and normal faulting probably
associated with a tensional stress field and extensional thinning of the continental crust and

lithosphere. Conversely it is tempting to ascribe this early Cretaceous uplift to a compressive
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stress field with consequent thickening of the crust and lithosphere. This type of uplift
however is invariably associated with the inversion of pre-existing extensional structures that
is the preferential uplift of former basinal areas primarily by reversal of normal faults. The
early Cretaceous uplift in southern Britain was not associated with tectonic inversion for the

following reasons:
1. Early Cretaceous uplift was most severe over earlier Mesozoic structural highs

2. Those basinal areas which had subsided most rapidly during the late Jurassic
extensional phases continued to subside most rapidly during the early Cretaceous and
continued to receive considerable amounts of sediment whilst erosion prevailed

elsewhere
3. Normal faulting continued throughout the early Cretaceous

4. There is no evidence of early Cretaceous reverse faulting or the monoclinal folding
usually associated with inversion tectonics (Chadwick, 1985a; Sellwood et al. 1986;

Karner et al. 1987; Lake & Karner, 1987).

As a consequence of this earliest Cretaceous deformation, the Channel and Weald basins
became isolated from the NCSB, SCSB and WAB. The Wealden series of the Channel and
Weald basins is composed of fluvial and fluvial-deltaic sandstones and shales that were
deposited in fresh to brackish-water lakes. Sands were derived across active fault-scarps from
the London-Brabant Massif, the Cornish Platform and the Amorican Massif (Allen, 1959,
1976, 1981; Rawson ef al. 1978). Syn-depositional faulting was apparently restricted to the
earlier parts of the Neocomian. The Aptian transgression was preceded by crustal warping

induced by wrench faulting, as is evident in the Channel area (Jeans et al. 1977). The
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occurrence of Fullers Earth levels in the Neocomian to Aptian series of southern England may
be related to activity of the Wolf Rock and Epsom Shoal volcanoes (Jeans et al. 1977). The
Aptian and Albian shallow-marine greensands and shales attain thicknesses of c. 300m in the
Channel and Weald basins. Differential subsidence of these basins was accompanied by mild
sinistral wrench faulting. However, tectonic activity apparently abated during the Albian
(Chadwick, 1985b; Sellwood et al. 1986; Lake & Karner, 1987). During Aptian and Albian
time, rising sea-levels and possibly the relaxation of lithospheric stresses and thermal
anomalies provided for the regional overstepping of Barremian basin margins and the re-
establishment of shallow-marine connections between the basins of southern England, the

Celtic Sea-Western Approaches basins, the Paris Basin and the North Sea (Ziegler, 1990).

Following intra-Aptian crustal separation in the Bay of Biscay rift, the Amorican Shelf and
the Celtic Sea-Western Approaches basins became tectonically inactive and began to subside
regionally in response to cooling and thermal contraction of the lithosphere. Carbonate
sedimentation, which was already established along the margins of these shelves during the
Late Jurassic and Early Cretaceous, spread by Cenomanian time over the entire area as well as
the Paris Basin (Figure 3.11 and Figure 3.20). The chalk was probably deposited over most of
southern Britain but subsequent erosion has restricted present outcrops to the south and east of
England. Evidence from chalk exposed in quarries in southern England suggests that
superimposed upon the broad picture of regional subsidence a new tectonic regime had a
sporadic influence. Jarvis & Woodroff (1981) have inferred from the study of distributed
hardgrounds periods of uplift and faulting in Coniacian and Santonian times. Though this
very minor tectonic event does not relate in a simple way to the later, predominantly Cenozoic
tectonic inversion in southern England, it may correlate with the major late Cretaceous

inversion observed in northern Europe (Ziegler, in Bally, 1982). Chalks attain maximum
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thickness of 1000m in the Celtic Sea basins, 500m in the WAB and 500-1000m along the
northern shelf margin of the Bay of Biscay (Ziegler, 1990). On a regional scale, isopachs of
the Late Cretaceous series reflect a south-westward tilting of the Celtic Sea-Western
Approaches shelf. The general increase in the thickness of the chalk in the axial parts of the
Celtic Sea and Western Approaches basins can be related to differential compaction of the

underlying Mesozoic sediments (Ziegler, 1990).

In the Channel and Weald basins, a major unconformity separates Maastrichtian chalks from
Late Paleocene fluvial clastics that were derived from the uplifted Welsh-Anglia High
(Ziegler, 1990). This break in sedimentation coincides with the first phase of compressional
deformation (inversion) of these Mesozoic depocentres (Lake & Karner, 1987; Karner ef al.
1987). A similar hiatus straddling the Cretaceous-Cenozoic boundary is evident in the BCB,
SCSB and NCSB where it is also associated with a mild phase of basin inversion (Van Hoorn,

1987b; Tucker & Arter, 1987).

In the regional framework of the more pervasive Laramide intra-plate deformations of
Northwest and Central Europe, it is also likely that the mild compressional deformation of the
Celtic Sea and Channel area, which involved dextral reactivation of the Sticklepath-Lustleigh
and Pays-de-Bray fault systems, was induced by tangential stresses that were exerted onto the
Alpine foreland as a consequence of the convergence and collision of the Alpine Orogen with

the Helvetic Shelf (Ziegler, 1987a, 1988b, 1989a).
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Figure 3.20 — Generalised palacogeography during Late Cretaceous times showing the distribution of active
structures and sediment facies (after Coward et al. 2003). Inset shows late Cretaceous structures in Europe and
the Mediterranean.
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3.3.5: CENOZOIC

In England and Wales the Cenozoic era saw important changes in tectonic framework.
Following earliest Eocene crustal separation between the European Craton and Greenland, the
evolution of Western and Central Europe was dominated by stress systems that were related
to the convergence of the Africa-Arabian and Eurasian plates and their suturing along the
Alpine fold belts and to changes in the rate of sea-floor spreading in the various segments of
the North Atlantic Ocean (Ziegler, 1990). Continued northward drift and counter-clockwise
rotation of Africa-Arabia relative to Eurasia gave rise to the Eocene-Miocene main orogenic
phases of the Alpine fold belt (Tollmann, 1980; Triimpy, 1980; Livermore & Smith, 1985;
Savostin et al. 1986; Dercourt ef al. 1986). During the late Eocene and Oligocene the Alpine
foreland was transected by the Rhine-Rhone and Eger rift system, which remained active until
the present. Evolution of this rift system is broadly contemporaneous with the compressional

deformation of Mesozoic grabens of the Western Approaches, Celtic Sea and Channel basins.

During the reorganisation of sea-floor spreading axes in the Norwegian-Greenland Sea, the
pre-existing NNW-SSE trending fracture systems that transacted the Hebrides Shelf, the Irish
Sea and the eastern parts of the Celtic Sea, became sinistrally reactivated and caused the
subsidence of a string of isolated basins containing late Eocene and Oligocene sediments
(Ziegler, 1990). In the CBB and SGCB, Paleogene clastics containing lignites and minor
carbonate intercalations attain thicknesses of some 800m (Barr et al. 1981; Tucker & Arter,
1987). Their accumulation was associated with transtensional reactivation of fault systems
that presumably came into evidence during the Mesozoic development of the NCSB and its
Early Cretaceous inversion (Coward & Trudgill, 1989). The Mohcras borehole, drilled
onshore at the head of Cardigan Bay, penetrated 525m of Oligocene clays, conglomerates and

lignites (Curry et al. 1978). Along the trace of the Sticklepath-Lustleigh fault, a number of
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small pull-apart basins contain in part sizable thicknesses of late Eocene and Oligocene
clastics. The geometry of the fault systems that controlled the subsidence of these basins is
indicative of sinistral wrenching (Holloway & Chadwick, 1986). In post-Oligocene time,
these faults, however, became dextrally reactivated (Holloway & Chadwick, 1986; Lake &
Karner, 1987, Van Hoorn, 1987bh, Arthur, 1989; Turner, 1997; Dunford et al. 2001;
Cunningham et al. 2004). Activity along this fault was accompanied by intrusion of the
Lundy granite (53.4 = 1.3Ma (Fitch et al. 1969)) and its associated dyke swarm which was the
southernmost manifestation of the activity related to the Hebrideean igneous province (Curry,
1978). Although the igneous plug affecting the top chalk in the Fastnet Basin is more likely
to be a younger Cenozoic intrusion (Caston, 1981). Fission track data indicate that the area of
the Irish Sea, as well as much of England, became affected by a second late Eocene to
Oligocene phase of regional uplift (Roberts, 1989; Green, 1989) that is contemporaneous with
the resumption of inversion movements in the Sole Pit, Broad Fourteens-West Netherlands,

Channel, Celtic Sea and Western Approaches basins (Ziegler, 1987a, 1988b).

The pattern of Paleocene, Oligocene and Miocene compressional deformations in the Alpine
foreland of Western and Central Europe is summarised in Figures 3.21 - 3.23. Compared
with the distribution of the sub-Hercynian and Laramide compressional foreland
deformations, a clear westward shift in tectonic activity can be recognised (Ziegler, 1990).
The observed general westward shift of intra-plate compressional tectonic activity is thought
to be the expression of changes in the convergence direction between the Africa-Arabian and

the European cratons (Ziegler, 1987a, 1988b, 1989a).
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Figure 3.21 — Generalised palacogeography during Paleocene times showing the distribution of active structures
and sediment facies (after Coward et al 2003). Inset shows Paleocene structures in Europe and the
Mediterranean.
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Figure 3.22 — Generalised palaeogeography during Oligocene times showing the distribution of active structures
and sediment facies (after Coward er al 2003). Inset shows Oligocene structures in Europe and the
Mediterranean.
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Figure 3.23 — Generalised palacogeography during Miocene times showing the distribution of active structures

and sediment facies (after Coward et al. 2003). Inset shows Miocene structures in Europe and the
Mediterranean.
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Cenozoic sedimentation was confined largely to the early and middle parts of the Cenozoic.
The end Cretaceous fall in GSL (Vail, 1977, Hallam, 1984, Figure 3.17) resulted in a
considerably decreased area of deposition and in marked changes of sedimentary facies. The
lack of significant normal faulting suggest that subsidence was largely caused by relict
thermal relaxation effects inherited from the Mesozoic extensional phases. Patterns of
subsidence are difficult to establish in detail but probably differed considerably from those of
Cretaceous times. The present occurrences of synclines of Cenozoic strata (Figure 3.23)
which directly overlie Mesozoic structural highs are a consequence of tectonic inversion. The
date of initiation of this inversion and the extent to which it influenced patterns of subsidence
is uncertain (Woolridge, 1926; Curry, 1965; King, 1981; Plint, 1982). Inversion of the
Channel and Weald basins had commenced during the mid-Paleocene as is evident from a
regional unconformity spanning late Maastrichtian to late Paleocene times. Sedimentation
resumed generally during the earliest Eocene with the deposition of transgressive sands and
shallow-marine shales. Late Eocene and early Oligocene regressive conditions are indicated
by the deposition of continental and deltaic clastics. The sedimentary record of the area

terminates around the mid-Oligocene (Curry & Smith, 1975; Curry ef al. 1978).

Mild intra-Eocene compressional deformations are evident from the gradual upwarping of the
Wealden-Artois axis, which at the beginning of the Oligocene interrupted the marine
connection between the southern North Sea and the area of the Western Approaches-Channel
basins. Inversion movements persisted during the Oligocene and early Miocene. It involved
the compressional reactivation of previously tensional faults. Net uplift of the basin axis
amounts to some 1500m (Figure 3.24) (Karner et al. 1987a; Lake & Karner, 1987). The pre-
Quaternary geological map given in Figure 3.25, illustrates the scope of these inversion

movements in the Channel area (Smith, 1984).
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Figure 3.25 — Geological map of the Celtic Sea-Western Approaches area.

Abbreviations: CHB-Cheshire

Basin; CSF-Church-Stretton Fault; MFB-Manx-Furness Basin; PFB-Pays-de-Bray Fault; RSF-Rouen-Sennely
Fault; SB-Solway Basin; SPF-Sticklepath-Lustleigh Fault (modified after Ziegler, 1990).
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The balance of evidence indicates that the main episodes of inversion affected the Wessex-
Channel basin from late Cretaceous times onwards coeval with the ‘Laramide’ inversions of
northern Europe (Ziegler, 1981) but that major inversion did not take place until Miocene
times associated with ‘Helvetic’ Alpine and Pyrenean orogenic events. The inversion of the

Wessex Basin falls into two categories:

1. Regional up-warps such as the Portland-Wight High which comprises major flexures
with the axial uplifts of more than 1000m. These features appear to be associated with
regional pure-shear basin shortening and it is noteworthy that the greatest uplifts occur
in basins which contain thick lower Cretaceous sequences. Basins containing older
more competent sediments such as the Dorset and Western Portland-Wight were less

affected by shortening and uplift.

2. Comprises lower east-west trending zones of faulted flexures which are related

directly to the reversal of underlying basin controlling normal faults.

Following basin inversion which ended in mid Cenozoic times the surface of much of
Wessex-Channel basin has probably stayed close to sea level. Considerable erosion of its
western part may have continued as a result of regional eastward tilting and uplift of the

Cornubian massif (Whittaker, 1985).

The amount of crustal shortening that was achieved during the Cenozoic inversion of the
WAB is difficult to estimate but is unlikely to exceed a couple of kilometres South West
England was probably uplifted during the late Eocene to early Oligocene inversion which
affected the WAB (Ziegler, 1987¢). Because of the almost complete removal of Mesozoic
and Cenozoic sediments the magnitude of this uplift onshore cannot be assessed though it

may have been hundreds of metres (Whittaker, 1985).
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The timing of inversion in the NCSB differs significantly from that of the WAB. Inversion
movements mainly affected the south-eastern flank of the NCSB and the axial parts of the
Fastnet Basin (Robinson et al. 1981; Tucker & Arter, 1987). The main phase of inversion,
resulting in buckling-up of broad anticlinal features, occurred during the middle-late
Paleocene. A second, mild phase of inversion occurred during the late Oligocene to early
Miocene (Ziegler, 1990). The structural relief generated during basin inversion is, at shallow
levels, of the order of 2500m. Like other inverted basins the compressional deformation of
the NCSB was accompanied by dip-slip reversal on normal faults as is evident from reverse
displacements and monoclinal flexures at shallow levels, whereas normal fault geometries are
preserved at deeper levels (Ziegler, 1990). As wrench faults play only a subordinate role in
the structural style of the NCSB, compressional stresses causing its inversion were

presumably oriented normal to the pre-existing basin axis (Tucker & Arter, 1987).

In the SCSB and BCB a regional unconformity separates the late Cretaceous chalks from late
Eocene to Oligocene shales and carbonates. This unconformity truncates late Cretaceous
sediments, which are involved in a gentle low-relief, asymmetric anticlinal structure that is
superimposed on the south-eastern margin of the SCSB. In the BCB, Cretaceous sediments
are missing. The pre-Quaternary geological map of the area (Figure 3.25) indicates that the
Bristol Channel-SCSB was affected by a second mild phase of inversion during the late

Oligocene-early Miocene (Van Hoorn, 1987b).

The crustal configuration of the Celtic Sea-Western Approaches area as derived from deep
reflection-seismic data shows only moderate undulations of the Moho-Discontinuity (Lake &
Karner, 1987). Considering the thickness of Permian-Carboniferous, Mesozoic and Cenozoic
sediments contained in the NCSB, SCSB, WAB and BCB, which range from 4-15km

(Ziegler, 1990) and assuming that these basins were in isostatic equilibrium prior to their
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inversion, it is likely that substantial crustal thinning accompanied their subsidence (Cheadle
et al. 1987; Pinet et al. 1987; Dyment, 1989; Coward & Trudgill, 1989; Bois et al. 1990;
Ziegler, 1990). Although the amount of crustal shortening that was achieved in these basins
during their Cenozoic inversion is difficult to estimate, it entailed, probably at the scale of
several kilometres, the convergence of the Amorican Block and the Welsh-Anglia and Irish
massifs and commensurate dextral displacements along the Pays-de-Bray and Sticklepath-
Lustleigh fault systems. It is likely that at the same time, compressional stresses were exerted
on the more rigid craton of the British Isles, which was progressively uplifted during the
Oligocene and Neogene (Ziegler, 1990). Such a broad-scale positive lithospheric deflection is
in keeping with the present-day, generally north-northwest-directed compressional stress
regime of Europe (Klein & Barr, 1986) and the gravity field of the British Isles (Karner et al.

1987b).

3.4: THE TIMING OF MAXIMUM FORMER DEEPER BURIAL FROM SEISMIC

The compactional approach for estimating former deeper burial detailed in Chapter 4, reveals
very little of the timing of the event (the age of the formation in which the burial anomaly is
measured must predate the exhumation episode). Additionally multiple exhumation episodes
are not catered for by any of the compactional approaches unless one computes exhumation
separately from successions above and below a recognised unconformity (such as the Hillis
approach, which seems to indicate a pre-Cretaceous episode and post-Cretaceous episode see
Chapter 4), but realistically timing can only be constrained as post deposition of the youngest
unit under analysis (i.e. post Lower Jurassic (Liassic) in the case of this study). Integration
with other techniques is required to elucidate any timing of former deeper burial such as
palaeothermal data (Chapter 5) and seismic data. Seismic data reveals evidence for two

unconformities providing a timing constraint of post-Jurassic-Albian (i.e. Lower Cretaceous)
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and post Maastrictian-Oligocene (inferred to be Paleogene based on preserved Cenozoic

sediments and AFTA/VR data (Chapter?)).

The location of the seismic lines used in this study is provided in Figure 3.26. Three wells
were available to tie the stratigraphy to the seismic data (e.g. Figure 3.27) in order to obtain
the tightest constraint on the timing of the erosive episodes. The base Cenozoic unconformity
(Figures 3.27-3.33) is the most obvious unconformity identified on the seismic data mainly
due to the underlying Chalk reflectors being truncated by the unconformity. This is
particularly well demonstrated in Figures 3.31 and 3.32 where the underlying reflectors are
‘cut off” by the unconformity. The spatial distribution of this unconformity is shown in

Figure 3.34.

The second unconformity is much more subtle in its recognition and evidence for its existence
comes from lines typified by Figure 3.33. Well completion reports from Britoil recognise this
unconformity as Wealden in age (termed ‘Late Cimmerian’). It appears as an erosional
unconformity with marked angular discordance on many seismic lines across the western
NCSB however on most of the lines analysed in this project it is very hard to distinguish as

shown in Figures 3.27-3.32.

In addition to identifying periods of exhumation from unconformities the seismic data also
reveal evidence of the importance of compressional tectonics in the Celtic Sea basins. For
example Figure 3.30 shows reactivation of a normal fault where horizons above the ‘null
point’ show evidence for reverse movement compared to the net normal displacement below
the ‘null point’. A much clearer example of this is shown in Figure 3.32 which also

demonstrates the net normal and net reverse displacement below and above the ‘null point’
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respectively. Some formations also show thinning onto structural highs as shown by the base

Chalk isopach map (Figure 3.35).

Salt has long been recognised as being present in the Celtic Sea basins (e.g. Upshaw et al.
1974) and its influence on the tectonic evolution of the basins analysed (e.g. Turner, 1997,
Bulnes & McClay, 1998; Welch & Turner, 2000). This study has also revealed evidence for
salt diapirism by the presence of a ‘salt plug’ in the footwall of the fault shown in Figure 3.33.
Independent seismic verification of the recognised unconformities comes from the work of
Colin et al. (1981) who identified a number of unconformities in the western NCSB (Figure

3.36).

The validation of the exhumation episodes recognised in this study with those of Colin et al.
(1981) provides a reasonable timing constraint on the exhumation episodes affecting the SW
UK; a Lower Cretaceous episode (c. 125-100Ma) and a Paleocene episode (c. 65-55Ma).
These results are in excellent agreement with the independently derived timings from AFTA
and VR data (see Chapter 5). The seismic observations coupled with results from the AFTA
and compactional data, as well as published literature have allowed for the creation of a

tectonostratigraphic diagram for the Celtic Sea which is shown in Figure 3.37.

183




Chapter 3: Regional geology and exhumation history

53

53*

WELSH
MASSIF

/\/W IRISH MASSIF
gt

52"

an®s

wE -—-!l"""—

'r___;:..-ﬁlr""
g

BRISTOL GHANR

=

g -
<

L 50°
Present day basin margin -—-—--

Mesozoic extensional
auns =

Locatiop of seismic
survey lines
[

ki S0

T T
B T 59 50 40 iy

Figure 3.26 — Map highlighting the location of the seismic data used in this study. Overlay on a gravity anomaly
map as it will very effectively highlight the principal basement lineaments; also draft the seismic line locations
as the scanned grid used here is too low-res.; also show the locations of the wells you have used on this map The
purple lines represent interpreted lines which are presented in this section (modified after Petrie ef al. 1989).

184




Chapter 3: Regional geology and exhumation history

EEII%IEIEI EEI%IEIEI

fosetSEl%IEIEI 4EII%IEIEI EEIEIDD

45I%IEIEI EDI}IDD

0.000

|:|‘||:| m L —— — e — x = A — ——— e o - - = — s . _—_:‘H._:
= = e S Nwsaa oo Bed s

P vttiwantiingty, -
R . ; - - - T o 9.l iy e g I - e -g:ﬂv — _——
i i ~ - » T w“""’:ﬂt\-:ﬂ:r’--‘_l' ',,...-'. Pﬂ"ﬂ'"r""wm—-ﬂ- RSN TP e
L J - g . ' g g J'#F-ﬁ:ru ' .-‘-. =k " ™, e, g Mg et e s Sy gy e |I g 1Y
; e niene P T 4 flhk -t w -l A;" - A : oy 1Y
i el S .....-...u—*-w_r-u——-m\
’ = - n - " -

Hi
- = Base Cenozoic unconformity

|
0200 -hu"i " e - . 3 M o T . r
oy b -r 2 o L v Ll d I " ' Vg \ L e i L B + -'#I"nl ille ia. . W
¥ 4 . : 4 '.. v i |
B ] l & i ﬂ'. 4 [} I .. . L i [ . | P ¥ \‘
' f [ ' Z) R d | w - ' |
1] |.* ‘ o . I"' \ dii I | i g i I.- . ! |
1 ] ] i (L} 1 N -
| f II & ,"'lh "“ ' , -

0,600 h" o \ \ | o | fian. ot m e : “ ‘:‘-“ oy I -'I WL
: g o i N = A e e — i " i Hx"M / \ .
. - N MW , o L ®2=Base Wealden /

!

N ¢
]

1

0.700 o _.l | \:\\\: ]

¥

¥

=,

g

=
[l
=
-

L, L
e = ——— -
2 L
ﬂ -.h i r
: o,

o Aey 5:?
e “ [ N llﬂ““
WY Top Jurassic g
as
! ‘*I

1.300 \
e, . [ ) [N aa i ! Ll L | | - = .’T..I'IIJ.'.IJMF"J'—_I\!

Figure 3.27- Line 1, showing main horizons mapped in this study and an example of the well data used to tie in the stratigraphy. Offset is horizontal scale in metres and vertical scale is TWTT in seconds.
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Figure 3.29 — Seismic line from the NCSB showing the two unconformities recognised in this study. Note the ‘Late Cimmerian unconformity’ is still difficult to identify and additionally the base Cenozoic unconformity is also disguised in this particular section.
The location of this section is line 2 in Figure 3.26. Offset is horizontal scale in metres and vertical scale is TWTT in seconds.
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Figure 3.30 — Seismic section from the SGCB showing evidence of compressional reactivation of normal faults. Notice the net reverse movement above the ‘null point’, horizons below the ‘null point’ show net normal displacement. The location of this section
is line 3 in Figure 3.26. Offset is horizontal scale in metres and vertical scale is TWTT in seconds.
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Figure 3.34 — TWTT map of the base Cenozoic unconformity showing its spatial distribution. Note the lows
within the basin depocentres of the NCSB, SCSB and SGCB/CBB. Please note that there may be some edge
effects at the extremes of the map due to the data coverage.
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Figure 3.35 — TWTT map of the base Chalk. Note the shallowing of the formation against the basement high of
the Pembroke ridge (southern edge of the coloured area) and the deepening of the unit within the main basin

depocentres of the SGCB and NCSB.
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Figure 3.36 — North-South section across the southern part of the NCSB in Irish waters (after Colin et al. 1981).
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Figure 3.37 — Tectonostratigraphic chart for the Celtic Sea constructed from observations in this thesis and

published literature (modified after Ziegler, 1990; Tappin et al. 1994; Williams, 2002; Holford, 2006).
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CHAPTER 4: USING COMPACTIONAL DATA TO
ESTIMATE EXHUMATION IN THE OFFSHORE BASINS OF
THE SW UK

4.1: INTRODUCTION

The aim of this chapter is to present data of former deeper burial calculated from
compactional data. The data was analysed using a range of techniques commonly used in
studies of this type and as such has allowed the robustness of these methods to be compared
and contrasted. Compaction is the reduction in sediment volume which occurs during burial
and is the result of mechanical and thermomechanical processes (Magara, 1976; Sclater &
Christie, 1980; Bulat & Stoker, 1987). Although some porosity ‘rebound’ can occur during
exhumation (through recovery of the elastic component of deformation when effective stress
1s reduced), laboratory tests and empirical observations confirm that sediment compaction is
largely irreversible (Luo & Vasseur, 1995; Giles et al. 1998). This observation, together with
the fundamental assumption that the relevant stratigraphic units in the basin have experienced
equilibrium compaction (i.e. compaction under hydrostatic conditions) with burial, forms the

basis of compaction-based techniques for the assessment of former deeper burial.

A number of variations in methodology have evolved based upon the compaction parameter
studied, approaches to selection of the normal compaction reference curve for an area and
optimisation of curve fitting techniques. The most direct method involves the plotting of
measured core-porosity from individual wells versus depth for a particular lithostratigraphic
unit (Figure 4.1; Corcoran & Doré, 2005). Since no cores were available for analysis in the

offshore wells this method has not been used in this thesis.
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Figure 4.1 — Core porosity measurements for the Triassic Sherwood Sandstone reservoir, from three locations
in the North Porcupine (26/22-1) and Slyne/Erris (Corrib Field 18/20-1 and 18/20-2; 27/05-1) basins compared
with: average porosity measurements for Triassic gas fields in the exhumed East Irish Sea Basin and Southern
North Sea 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 & Christie (1980)
parameters for a typical shaly sandstone in the Central North Sea Basin — ®=0e™™, with surface porosity
®,=0.56 and compaction coefficient ¢c=0.39 (km™). Estimates of net exhumation at the 3 locations are as
follows: Well 26/22-1 — 2100m; Well 27/05-1 — 1450m; Corrib Field area — 1600m (after Corcoran & Doré,
2005).

The widespread availability of sonic logs in offshore wells has rendered the sonic interval
transit time or interval velocity parameter the most popular method for the estimation of
former deeper burial from compaction trends. A common approach to estimating deeper

burial at a well uses the sonic velocity log as a proxy for formation porosity:

At,, =At,, (1- @)+ gt 4.1
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where @ is the porosity, and Afy,e, At,, and At are the measured, matrix and fluid Interval
Transit Time’s (ITT) (Wyllie et al. 1956). There are two basic approaches to quantifying
deeper burial from this relationship. The first seeks to establish a regional normal compaction
curve for a ubiquitous uniform lithology, which is then used to estimate the burial anomaly
(e.g. Menpes & Hillis, 1995). This is achieved by using two ‘least exhumed’ reference wells
or an average velocity-depth gradient to constrain a linear ITT-depth relationship (Figure 4.2).
It is important to remember that this technique estimates erosion relative to the ‘least
exhumed’ reference wells, therefore if an entire area (including the ‘reference wells’) has
undergone a regional uplift event this will be a minimum estimate of former deeper burial.
The validity of burial anomaly magnitudes calculated for individual lithologies can be
assessed by cross-plotting results from different stratigraphic units. For example, Menpes &
Hillis (1995) used this technique to estimate burial anomalies for the Chalk, the Gault Clay
and the Mercia Mudstone Group in the southern Celtic Sea and SW Approaches area of the
UKCS. An alternative approach is to attempt to calculate the burial anomaly values at each
well using a statistical curve-fitting technique. Heasler & Kharitonova (1996) and Ware

(1999) used Athy’s (1930) exponential compaction function of the form:
At = At exp " +c (4.2)

where At is the ITT, Aty is the surface value of the ITT (taken to be 180-200us/ft for sea
water), x is the depth and c a shift constant which approximates to the ITT of the rock matrix.
The curve fitting technique involves a logarithmic transformation of equation 4.1 to allow a
simple linear analysis and the shift constant is varied to achieve an optimum fit based on the
root mean square error. An estimate of former deeper burial is achieved by extrapolating the

best-fit curve above the erosional unconformity to the value A#, (Figure 4.2b). Again the
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burial anomaly estimate must include the thickness of sediment deposited above the

unconformity marking the uplift event.
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Figure 4.2 — Techniques for estimating exhumation from sonic velocity data (after Williams, 2002). (a)
Estimating exhumation relative to two ‘least exhumed’ wells (after Menpes & Hillis, 1995); (b) Estimating
exhumation from a single well using the sonic velocity log (after Heasler & Kharitonova, 1996).

The Celtic Sea contains a series of linked Mesozoic extensional basins that have been
exhumed during the Early Cretaceous, the Paleogene and the Neogene. These basins are
structurally diverse; for example the SGCB is filled with over 12km of Mesozoic rift
sediments whereas the nearby BCB contains little more than 4km of sediment fill. Critically,
structural and stratigraphic evidence suggests that each basin has undergone markedly
contrasting amounts of exhumation, with Triassic syn-rift sediment exposed at the sea-floor in
the CISB and in excess of 6km of Jurassic strata sub-cropping 2km of Cenozoic sediment in
the adjacent SGCB. The NCSB, SCSB and BCB are characterized by thick Triassic and
Jurassic syn-rift units that are unconformably overlain by an Upper Cretaceous, Chalk-

dominated post-rift sequence. The Chalk decreases in thickness towards the north in the
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Celtic Sea whereas Upper Cretaceous sediments are entirely absent north of the ‘Variscan

Front’.

It is clear that in order to elucidate the uplift and erosion history of the SW UK a clear
understanding of the distribution and magnitude of exhumation in the offshore basins is vital
for an effective tectonic synthesis of the region and 34 wells have been drilled in the UK
Quads of the Celtic Sea region, allowing such a study to be carried out. Data from UK Quads
93, 102, 103 and 106, Irish Quad 50 and the onshore Burton Row borehole was used to

calculate former deeper burial based on compactional data analysis.

4.2: DETERMINATION OF FORMER DEEPER BURIAL FROM POROSITY

The general methodology to compute an absolute estimate of the magnitude of former deeper
burial at any given well location has been outlined in Chapter 2 (cf. Section 2.2). In order to
estimate magnitudes of exhumation, porosity data from the Lower Jurassic Lias Group,
Triassic Mercia mudstone Group and Triassic Sherwood Sandstone sequences have been
compared to the compaction trend for North Sea (Central Graben) shales, expressed by the

exponential porosity-depth relationship of Sclater & Christie (1980):

#=he (43)

Where @ is the porosity of sediments at the time of deposition, ¢ is a constant compaction
coefficient and y is depth. For North Sea shales, Sclater & Christie (1980) suggested values
of 63% for @, and 0.00051 for ¢ when y is expressed in metres. Re-arranging equation 4.3 to

give depth for a calculated porosity gives:
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1 )
= —log| 22 4.4
y og[ ¢j 4.4)

c

Shales are generally chosen for the analysis of maximum burial depths because they exhibit
relatively simple (i.e. more predictable from being less prone to unwanted diagenetic effects)
normal compaction trends with their porosity decreasing rapidly with depth (Magara, 1978).
Coarser grained lithologies such as sandstones are susceptible to anomalous compaction

behaviour due largely to diagenetic effects (Japsen et al. 2000).

Before the calculation of porosities the sonic log was filtered to remove spurious data and to
ensure lithological consistency. In stratigraphic intervals with mixed lithologies it is
necessary to separate the data into consistent lithological units which then can be compared
against an appropriate compaction trend. The three stratigraphic intervals chosen were the
Lower Jurassic Liassic shales, Triassic Mercia Mudstone Group and Triassic Sherwood
Sandstone Group. In southern England, the Sherwood Sandstone Group was subdivided into
three units by Whittaker et al. (1985); these are displayed well in the Burton Row borehole
(Figure 4.3). The units are distinguished by their geophysical-log and lithological character

and represent an overall upward-fining sequence.

At the base, unit SS1 is characterised by low gamma-ray values and relatively high sonic
velocities which represent poorly bedded pebble beds and conglomerates, with sandstone
inter-beds. Unit SS2 shows higher gamma-ray values, which increase upwards and sonic
velocities which decrease upwards. The unit comprises sandstones with minor conglomerates
and siltstone inter-beds (Tappin et al. 1994). Unit SS3 continues the trend of upward increase
in gamma-ray values and decrease in sonic velocity, reflecting upward-fining into sandstones

and siltstones. For the purposes of the analysis only unit SS3 was considered shaley enough
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to analyse occurrences of the other units resulting in the values being discarded due to lack of

shale.

In offshore wells, the base of the Mercia Mudstone Group is taken, by comparison with the
Burton Row borehole (Whittaker et al. 1985), at a marked change on gamma-ray and sonic
log profiles that reflects an upward passage from inter-bedded sandstones, siltstones and
mudstones into mudstones (Figure 4.4). Four lithological units are distinguishable in offshore
wells: in ascending order these are: (i) red mudstones and siltstones with subordinate
sandstones, gypsum and halite; (ii) halites inter-bedded with claystones, mudstones,
sandstones, dolomite and gypsum; (iii) red, commonly silty, claystones; and (iv) grey-green

mudstones with subordinate dolomite and gypsum (Tappin ez al. 1994).

The Lias Group consists of medium to dark grey, fossiliferous mudstones with variable
carbonate content, inter-bedded with argillaceous limestones, siltstones and more rarely, fine-
grained sandstones. The group is subdivided into the Lower, Middle and Upper Lias, the

middle sequence being usually more arenaceous (Figure 4.5).

Two methods were used to filter the sonic data so that only data from shales was used in
determining amounts of exhumation. Firstly the sonic log was manually edited (removal of
null values and anomalous values) using operator’s stratigraphic logs to separate fine grained
units and coarser units and remove non-shale lithologies. Secondly data which exceeded the
lower value for that of water (180us/ft) and which were less than the matrix velocity for
dolomites (40us/ft) were removed. In the case of the wells 103/18-1 and 103/21-1 and the
Burton Row borehole, the gamma log, a proxy for shale volume (e.g. Schlumberger, 1989;
Rider, 1996) was used to remove parts of the log where the equivalent gamma ray response

was less than 70 API units (i.e. GR>70 API = Shale). Unfortunately the GR log was not
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EB-

available for any of the other wells used in this study. For logs where Triassic salt was
present any data below the salt was discarded since salt does not compact with depth. Once
filtered the sonic log was sampled and averaged at 20 metre intervals since the lithological
data for the offshore wells was only correct to two metre intervals. Averaging the data over

20 metre intervals averaged out the effects of unwanted lithologies such as coarser lithologies

and salt particularly where no GR log was available.
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Figure 4.3 - Wells depicting Sherwood Sandstone Group lithostratigraphy, with geophysical logs (after Tappin
et al. 1994).
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Figure 4.4 — Wells depicting Mercia Mudstone Group lithostratigraphy, with geophysical logs. Litho-
stratigraphical units are based on the Burton Row borehole (after Whittaker et al., 1985) and geophysical units
after Lott ef al. (1982). Note the change of scale between wells 103/02-1 and 93/06-1 (after Tappin et al. 1994).
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stratigraphy (after Tappin et al. 1994).
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4.2.1: POROSITY CALCULATION

As with the sonic data the porosity was averaged at 20 metre intervals to smooth out
anomalous porosities from unwanted horizons. The calculation of porosities has not been
used to estimate exhumation in the Celtic Sea before and as such there is not an established
correction factor to use in the equations. For this reason the Wyllie equation (Equation 2.7)
calculated the average porosity based on correction factor of 1.0, 1.15 and 1.3 and the RHG-
transform (Equation 2.8) an average based on the two end members 0.7 and 0.625. The
parameters for bulk density and fluid density (see Chapter 2) were constants however to
reflect the variation in shale lithology both the 68us/ft and 60us/ft constants were used for
bulk density. It should be noted that the Wyllie equation in its unaltered form is still used by
the hydrocarbon industry in estimating porosities. For this reason, as well as the fact that the
correction factors should bring the results broadly in line with the Raymer equation, the
exhumation values generated by the unaltered Wyllie equation were also recorded. For both
equations the true value for exhumation of a particular unit can be thought of as falling
somewhere between the upper and lower limits as defined by the correction factors which
represent maximum and minimum porosities for that value. The ASCII data files and
calculated values are included on the CD available with this thesis and the interested reader 1s

referred to those files to see a practical example of the approach.

4.2.2: DENSITY DERIVED POROSITY

In order to try and get a more rigorous transform with which to calculate porosities and
compare with the Sclater & Christie trend the density logs from two offshore wells (103/18-1
and 103/21-1) as well as the onshore Mochras borehole (Holford, 2006) were used to
calculate porosities. As before the density log was filtered to remove spurious data and to

ensure lithological consistency before the porosities were calculated. In addition the tool
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measured density correction factor (Schlumberger, 1989) was added to the data, the effect on

porosities that this has is demonstrated in Figure 4.6.
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Figure 4.6 — The effect of adding the density correction to the original density data (in this case for well 103/21-
1). Note how many of the outlying values scatter is reduced by addition of the correction factor.

Porosity (@) can be estimated from bulk density data using the following relationship

(Schlumberger, 1989):

¢: ( ma _pb)

4.5

Where p,, is the matrix (or grain) density, p; is the bulk density and p; is the pore fluid
density. For shales the largest source of error when converting density data to porosities
arises from the highly variable nature of shale matrix densities (Rider, 1996). For this reason
two sets of porosities have been calculated using the end member matrix densities of
2.67g/cm? and 2.72g/cm? (cf. Holford et al. 2005). For both sets of calculations pore fluid

density (py) was assumed to be 1.01g/cm®. Again the porosities were calculated and averaged
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across 20m intervals and these results are shown in Figure 4.7 and 4.8. Porosities calculated
using a value of 2.72g/cm? are between 2-3% higher than those calculated assuming a matrix
density of 2.67g/cm®. All calculated porosities are much lower than those predicted for
equivalent depths by the Sclater and Christie (1980) shale trend. Porosities within the Triassic
successions generally show little decrease with depth (Figures 4.7 and 4.8), which mirrors the
asymptotic tendency of the Sclater & Christie (1980) shale porosity-depth trend at depths

greater than 4km.

4.2.2.1: Calculation of a density derived porosity trend

The density derived porosity was then plotted against the interval transit time corresponding
to that porosity for both the offshore wells and Mochras borehole (Figure 4.9). From Figures
4.7 and 4.8 it can be shown that using the lower density of 2.67g/cm? results in a number of
porosities, despite errors, which are negative. Since the minimum state of a rock can only be
0% porosity i.e. totally compacted and representing bulk matrix density, the lower value of
2.67g/cm?® is not favoured as being a true representation of the matrix density in these
particular rocks. For this reason the data for porosities calculated using the 2.72g/cm?® was
used to determine the relative trends between ITT and porosity (Figure 4.10). This data was
then analysed and fitted to a number of functions that have been proposed by many different
workers (e.g. linear: Sulley, 1978; Magara, 1980; power: Baldwin & Butler, 1985;
exponential: Athy, 1930; Rubey & Hubbert, 1959; Magara, 1976) in order to compute a
function which transformed interval transit time into an equivalent porosity which could be
applied to the data where only the sonic log was available. These relationships and their fits

are shown in Figures 4.10-4.14.
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The sonic data from all of the wells was converted into porosity using each of the transforms.
This analysis also showed that rocks in the area still have porosity below 68us/ft — the point at
which the rocks should be fully compacted (Magara, 1978). As previously mentioned there is
a wide range of possible matrix velocities for shales and in light of this evidence it was
decided that the value of 60us/ft should be used as the matrix velocity for shales in this area.
For this reason each of the Wyllie and Raymer analyses were carried out again this time using
the lower value of 60us/ft as the matrix velocity in order to compare the different exhumation
estimates. Figure 4.13 shows the resulting trends plotted with all the data from the wells. It
demonstrates that no single trend fits all of the points satisfactorily. For this reason a ‘hybrid’

trend (Figure 4.14) was developed composed of various segments which fitted the data best:

linear — 60us/ft — 74ps/ft
exponential — 74us/ft — 115us/ft
power — 115us/ft — 135us/ft

exponential — 135us/ft — 180us/ft

This trend was also used to calculate the resulting porosities from the sonic data. It should be
noted that this is not the only way in deriving a fitted curve to the data, however due to the
sparse coverage of data points available to fit the trend, this method was judged to be the most
reliable. It may be the case that the data would give a statistically better fit using a derivation
of one of the individual trends but due to this data absence a more sophisticated method of

curve fitting has not been possible in this study.
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Figure 4.7 — Calculated porosity data for offshore well 103/18-1. Error bars represent +1 standard deviation. (a)
Bulk density (g/cm®) data for well 103/18-1 (b) Porosities calculated using equation (4.a) assuming a matrix
density of 2.67g/cm® (c) Porosity data and exhumation estimates calculated assuming a matrix density of
2.72g/cm®. Apparent and total exhumation estimates (cf. Hillis, 1995) relative to the Sclater & Christie (1980)

shale porosity-depth trend.
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Figure 4.8 — Calculated porosity data for offshore well 103/21-1. Error bars represent +1 standard deviation. (a)
Bulk density (g/cm®) data for well 103/21-1 (b) Porosities calculated using equation (4.a) assuming a matrix
density of 2.67g/cm® (c) Porosity data and exhumation estimates calculated assuming a matrix density of
2.72g/cm®. Apparent and total exhumation estimates (cf. Hillis, 1995) relative to the Sclater & Christie (1980)

shale porosity-depth trend.
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