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In the Name of God, the most Gracious 
the most Merciful. 

It is only those who have knowledge among His slaves that 

fear Allah. Allah is All-Mighty, Oft-Forgiving. 

The Quran, ch 35, verse 28. 



Role of Syn-Sedimentary Faulting in Controlling Deep Water Depositional 
Systems: Upper Jurassic Magnus Sandstone Member, Northern North Sea. 

The Late Kimmeridgian-Early Volgian Magnus Sandstone Member (MSM), a 
component part of the Upper Jurassic Humber Group, has proven to be a highly 
prospective system in the Northern North Sea, where it forms the main reservoir in 
both the Magnus (BP) and Penguin-A (Shell) fields. Earlier descriptions of the system 
indicated that it was deposited in a submarine fan depositional environment generated 
from the northwest during the Late Jurassic syn-rift period with the Penguin-A field 
receiving sediments from the distal fan portion. More recent models favour deposition 
in an axial system orientated north-south, still with a northwest provenance beyond 
the End of the World Fault, but the entry point being narrower and to the north of 
Penguin-A field. 

This study examines the above-proposed models and investigates the role of syn-rift 
faulting in controlling the Magnus Sandstone Member deposition and dispersal 
patterns. The research utilizes a unique subsurface dataset that integrates the Magnus 
and Penguin-A fields. The dataset comprises excellent 3D seismic, electrical wireline 
logs, core and biostratigraphic data from almost 60 exploration, appraisal and 
production wells within the Penguin half graben and surrounding blocks. Seismic 
stratigraphic interpretation has been integrated with wireline electrical well log 
analysis, biostratigraphic control and sedimentology core descriptions to define the 
overall geometry of the system and the component parts, which characterise its 
internal architecture. 

Seismic interpretation of well-calibrated 3D-seismic data of the Magnus Sandstone 
Member demonstrates the axial trend of deposition of the system and the possibility, 
within the seismic resolution, of dividing the MSM into an upper and a lower 
succession separated by a widespread shale. Isochron maps of the two successions 
illustrate that the upper succession conforms to the axial trend of the MSM deposition, 
whereas the lower succession indicates a single sourced confined flow deposition 
generated from the west. 

Structural interpretation of the seismic data reveals a number of faults populations 
with specific structural style and time of activity. It is the interaction and structural 
feedback between these populations that played a key role in the evolution of the Late 
Jurassic rift event in the Penguin half graben. The Late Jurassic rift episode evolved in 
multiple, but arguably predictable, phases starting with very early rift trends of NNW-
SSE, which were later cross-cut by almost N-S trending faults. This structural grain 
was maintained for most of the syn-rift period as the NNW-SSE faults are seen to 
offset the Middle Jurassic Brent Group (pre-rift) stratigraphy and continue to be active 
during Heather Formation deposition. As the rift event proceeded, and local to the 
Penguin half graben, cross faults running WNW-ESE were initiated to accommodate 
strain perturbations due to lengthening of the hangingwall to these major faults. One 
of these faults is syn-depositional as it is seen to control the deposition of the Magnus 
Sandstone Member lower unit. Reactivation of some of the early syn-rift NNW-SSE 
striking faults is observed to control the upper parts of the MSM in the northern area 
of the Penguin half graben and within the central area of the Magnus Field. The Late 
Jurassic rift event ended with the transfer of extension out onto the Atlantic margin 



and the initiation of major NE-SW striking Early Cretaceous faults, which are seen to 
transect all the earlier trends. Development of these structures causes back-tilting of 
the sediments deposited within the Penguin half graben as footwalls to the faults were 
uplifted. This tilting led to the development of listric faults, which are essentially, 
slumps at large scale that displaced the upper sequences of the syn-rift sediments and 
top syn-rift reflector. Therefore the control of normal faulting on the deposition of the 
Magnus Sandstone is mainly of two forms: the lower Magnus sands were controlled 
by activity on one of the cross faults running WNW-ESE, while the upper sands were 
controlled by NNW-SSE trending faults that were either late syn-rift trends or 
reactivated early syn-rift faults. 

Interpretation of the MSM depositional system through the analysis of wireline logs 
leads to the subdivision of the system into four main depositional units separated by 
shale intervals. Thickness trends of the different units between the two fields and net-
to- gross values support the source of the sediments to be from the north for all the 
MSM depositional units, except the lower unit which demonstrates a westerly source 
direction. The analysis also confirms the reactivation and control of some of the early 
syn-rift NNW-SSE trending faults on the deposition of the upper units of the MSM, 
through thickness trends variations in the area. 

Detailed analysis of more than 21 OOm of core from 24 wells indicates that the MSM 
clastic succession consists of six main lithofacies that may be grouped into three main 
facies associations. These are: Mud-prone hemipelagite-pelagite successions; 
Interbedded thin turbidite-hemipelagite successions; and Sandy mass flow deposits. 
Slope instability driven by compaction above either inactive and blind faults or active 
rifling on the margins of the linear depocentre appears to be important in confining 
flow and sediment dispersal. Combination of these processes caused development of 
an asymmetric facies distribution in which debris and high-density turbidity flows 
dominated. The MSM is interpreted to be deposited as two major depositional 
systems separated by a widespread shale unit. The lower depositional system is 
interpreted to be part of a sand-rich submarine fan/slope system generated from the 
west or northwest, while the upper depositional system represents a shingled deep-
water system sourced from the north or northeast. 

In conclusion, a sound structural and sedimentological account of the dispersal 
patterns and sedimentary architecture of the Magnus Sandstone Member has been 
achieved through seismic stratigraphic techniques aided by the petrophysical 
evaluation of wireline logs and core descriptions. Constraints have also been placed 
on the MSM source direction and extent. Interpretation of a well-calibrated 3D-
seismic data volume updates previous interpretations by demonstrating that the main 
reservoir sandstones of the MSM form an integral part of an axial, north-northeast-
derived depositional system dominated by debris and high-density turbidity flows. 
However, the lower MSM depositional unit is envisaged to be part of a westerly-
derived submarine slope system. It now appears that it is only with the insights gained 
through integrating recent advances in normal fault growth and linkage with the 
dataset available to this study that the external form, internal architecture and core 
sedimentology can be understood. 
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Chapter One 

Introduction 

1.1 Rationale 

The Upper Jurassic Magnus Sandstone Member is a proven highly prospective 

reservoir in the Penguin half graben of the Northern North Sea and forms the main 

reservoir in both the Magnus (BP) and Penguin-A (Shell) fields. The member has 

long been interpreted as a deep-water depositional system, comprising deposits of 

sediment gravity flows and hemipelagites, deposited during the latest stages of Late 

Jurassic rifting. The original interpretation of the Magnus Sandstone member 

suggested that sediment, derived from the west-northwest, was deposited in four 

lobes on a submarine fan located in the area of the Magnus Field (De'Ath and 

Schuyleman, 1981). The Penguin-A Field was therefore located on the distal area of 

this fan. More recent models favour an axial north-south orientated depositional 

system comprising southward advancing sheet-like sands (Ravnâs & Steel, 1997). 

Shell in-house studies of the Penguin-A Field suggest that the Magnus Sandstone 

depositional system may be considerably more complex than the original 

interpretation by De'Ath and Schuyleman (1981). Sand rich debrites were recognised 

as a significant component of the member in the Penguin Field. A debris flow 

depositional model contrasts with the sand-rich turbidites described for the sediments 

in the Magnus Field (De'Ath and Schuyleman, 1981; Shepherd et al., 1990) and 

question the distal fan-basin plain model for the location of the Penguin-A Field. 
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Previous studies of the Magnus Sandstone Member were limited by either being 

restricted to a single field (e.g. De'Ath & Schuyleman, 1981; Morris et al., 1999) or 

by using regional data that lacks the detail required in constraining such a system 

(e.g. RavnAs & Steel, 1997). In addition these studies have attempted to constrain the 

depositional environment and dispersal patterns of the Magnus depositional system 

without examining the coeval tectonic evolution of the Penguin half graben or the 

syn-sedimentary control of normal faulting on the deposition of the system. Indeed, 

little account has previously been given to the character and extent of normal faulting 

during the Late Jurassic rifling in the Penguin half graben, let alone the influence on 

the deposition of the Magnus Sandstone Member. Determining the origins and extent 

of the Magnus Sandstone Member and reconstructing the tectonic history of the 

basin could be achieved by analysing the sedimentation history using core and 

wireline logs and determining the influence of differences in the rate and magnitude 

of extension across the basin-bounding faults. 

Studies of syn-rift sedimentation have focussed on models with a static distribution 

of faults in time and space. The increasing recent interest in syn-rift successions has 

begun to address the spatial and temporal evolution of normal faults and their 

influence on stratigraphic development of rift basins through computer modelling, 

field-based studies and the interpretation of 3-D seismic (e.g. Cowie, 1998; 

Gawthorpe & Leeder, 2000; Sharp et al., 2000b; McLeod et al., 2000). Crustal 

stretching and brittle failure create normal faults, which form to accommodate 

extensional stresses within the Earth's seismogenic layer. Faults are discrete planes 

of dislocation with maximum displacement displayed at the centre of the structure 

and decreasing towards the tips. The displacement magnitude along the strike of a 

fault is represented by uplift in the footwall and subsidence in the hangingwall in a 

ratio of 1:4 (e.g. Stein & Barrientos, 1985) Accommodation is created adjacent to the 

faults strands. The subsiding hangingwalls create wedge-shaped depocentres in cross 

sections orientated perpendicular to the fault strike and synclinal in sections parallel 

to fault strike. Uplifted footwalls, in contrast, form sediment source areas through 

denudation and erosion. The initiation of faults within a rift basin controls the 
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topography/bathymetry of that basin by defining a series of highs and lows, which 

will influence the sediment transport pathways and control the basin-fill architecture 

through the spatial variation in the loci, magnitude and rate of accommodation 

generation. 

Extensional fault systems are known to evolve through time because faults grow by 

processes of radial tip propagation and segments interaction and linkage (e.g. 

Peacock & Sanderson, 1991; Cartwright et al., 1995). An initial population of a large 

number of small faults with low-displacement evolves into a late population of fewer 

faults with higher displacements. The evolution of fault populations within a rift 

basin leads to a temporal and spatial variation in the accommodation generated and a 

consequent modification of depocentres with a regional basin. Continual reshaping of 

depocentres has a direct impact on the syn-rift sediment dispersal patterns and 

architecture. 

In this study, the Late Jurassic (syn-rift) Magnus Sandstone Member is investigated 

through a detailed examination of a unique regional subsurface dataset. The dataset 

integrates Magnus and Penguin-A fields, comprising more than 780km2  of 3-

dimentional seismic data tied to 58 exploration and productions wells across the 

Penguin half graben and surrounding blocks. This high-resolution dataset permits 

detailed structural and seismic stratigraphic interpretation of the Magnus depositional 

system within the wider context of an evolving rift basin. Electrical wireline logs 

provide an important tool in constraining thickness variations of the system and are 

used to define the basin wide extent of the system and interpret a likely sediment 

source. The Magnus depositional system is cored by 24 wells, which enables the 

sedimentology of the system to be examined from more than 21 OOm of core length. 

The spatial variation in lithofacies, as described from core, plays a key role in 

relating the facies observed to a depositional environment and the influence of the 

tectonic evolution of the basin. 
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1.2 Aims 

This thesis aims to constrain the stratal architecture and source direction of the 

Magnus Sandstone Member. This is achieved by addressing two key issues: 

The evolution of fault populations within the Late Jurassic-Early Cretaceous 

rift event and their impact on temporal and spatial accommodation 

generation. The control of syn-sedimentary faulting on the deposition of the 

Magnus Sandstone Member is specifically addressed. 

The sedimentology of the Magnus Sandstone Member. Detailed 

sedimentological analysis has defined the lithofacies, facies associations, and 

their distribution, which in turn determines the character of the sedimentary 

system and a depositional model. This will ultimately help to place the 

Magnus Sandstone Member into a more regional sedimentological context. 

1.3 	Structure of the Thesis 

The thesis is divided into eight, largely self-contained, chapters. Each chapter 

examines a particular aspect of the investigation into the deposition of the Magnus 

Sandstone Member and utilizes a certain dataset. The investigation starts with the 

wider picture revealed from seismic data then focuses on the wireline log scale and 

finally examines the small details from core data. The study relies upon the 

integration of all these data sets in order to present a regional picture of the 

deposition of the Magnus Sandstone Member. 

Chapter 2 provides a framework of the recent developments and current views on 

topics relevant to this thesis. These topics include the growth of normal faults and 

evolution of rift basins, sources of elastic sediments and controls on the 

sedimentation patterns in rift basins and the evolution of the Late Jurassic rift basin. 
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The current interpretations of Magnus Sandstone Member deposition are documented 

from published literature and Shell "in-house" reports are also presented. 

Chapters 3-7 present the results and conclusions of the investigation into the 

evolution of the Penguin half graben and its control on the deposition of the Magnus 

Sandstone Member and may be divided into 2 parts. Part 1 comprises chapters 3 and 

4, which utilize 3-D seismic data. Seismic stratigraphic techniques are used to define 

the geometry of the different syn-rift sequences including the Magnus Sandstone 

Member and to map the various fault populations in order to reconstruct the growth 

of normal faults within the graben. Part 2 examines the deposition of the Magnus 

Sandstone Member and includes chapters 5, 6 and 7. Chapter 5 uses thickness 

contour maps based on wireline log data to illustrate the distribution and thickness 

trends of the different depositional units within Magnus Sandstone Member. 

Chapters 6 and 7 present a detailed account of Magnus Sandstone Member 

sedimentology and spatial facies distribution through core analysis. 

Chapter 8 integrates all the results and interpretations and presents a holistic 

depositional model for the Magnus Sandstone Member. A key aspect of the model is 

the integration of the Penguin half graben evolution to constrain the sediment 

pathways and accommodation development during the MSM deposition. The key 

conclusions of the thesis are then presented together with a brief account of this 

study's implications for hydrocarbon exploration. 
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Chapter Two 

Generic Setting and Previous Research 

2.1 Introduction 

The Magnus Sandstone Member (MSM) is a lithostratigraphic unit, which forms a 

component part of a deep-water depositional system, deposited in an active 

extensional basin in the Northern North Sea. Examining the interplay of the different 

structural elements during the development and evolution of the extensional basin 

best assesses the control of active faulting on the deposition of MSM. This chapter 

aims to review and summarize the structure and sedimentology of rift basins in 

general, and evaluate their relevance for the MSM depositional system in particular. 

The objectives of this review are divided into three parts: (i) The structural evolution 

of rift basins and in particular the growth of normal faults; (ii) Controls on syn-rift 

sedimentation in terms of accommodation space and sediment supply and (iii) The 

development of the Jurassic rift system and the stratigraphic and structural 

framework of the MSM depositional system. Their relevance to the aims of this 

research are then outlined in an attempt to unravel the role of syn-rift fault activity in 

controlling basin bathymetry and sediment dispersal of a deep-water depositional 

system. The results help constrain the extent and sediment source of the Magnus 

Sandstone Member. 

Chapter 2: Generic Setting and Previous Research 	 6 



2.2 	Development and Evolution of Rift Basins 

Structure and evolution of rift basins 

Extensional basins and their sedimentary fill are fundamental for our understanding 

of crustal stretching. These basins provide a record of the evolution of sedimentary 

systems in response to rifling, through the examination of chronological constraints, 

which in turn allows, the temporal and spatial distribution and dispersal of syn-

tectonic sediments to be assessed. 

In crustal lithosphere, extension is manifest into brittle failure in the form of normal 

faulting, while the sub-crustal lithosphere deforms plastically (e.g. Jackson & 

McKenzie, 1983). The response of brittle failure is the same whether the basin is of 

passive or active origin (e.g. Jackson & White, 1989). The mechanism and fault 

geometries associated with normal faulting are best studied when associated with 

earthquake ruptures. The best understood co-seismic normal fault is the Borah Peak 

earthquake in 1983 (Fig. 2.1). Stein and Barrientos (1985) showed that trying to 

restore isostatic forces after the Borah Peak earthquake lead to a planar high angle 

fault rupture with an uplift of 0.2m of the footwall and 1.Om subsidence of the 

hangingwall (Fig. 2.1b). 

Normal faults accommodate extension by dip-slip displacement on a planar surface 

dipping between 300  and 60° (Stein & Barrientos, 1985; Jackson, 1987) and fault 

geometries can be assessed to depths of 10 km at the time of movement (Jackson & 

McKenzie, 1983). Jackson et al. (1988), differentiates between an upper (brittle) 

seismogenic crust, in which deformation is by frictional sliding on faults, from a 

lower (ductile) aseismic crust where deformation occurs by creep or flow. The depth 

of the transition is typically in the range 8-15 km, and probably occurs at 

temperatures in the range 350 ± 100°C. 

Schlische (199 1) outlines three end-member types of extensional basin development. 

Detachment fault models might take the form of a listric normal fault that 
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(a) Schematic map of Borah Peak Earthquake site with the contours representing elevation change 
around the normal fault. 
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Figure 2.1: Coseismic slip distribution on a normal fault. The magnitude of footwall uplift is 
much lower than the accommodation generated by hangingwall subsidence (-1:4). (After 
Stein & Barrientos, 1985). 
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gradually sole into sub-horizontal detachment (e.g. Wernicke & Burchfiel, 1982) or 

consist of two planar fault segments (e.g. Jackson, 1987). In both types (Fig. 2.2a), 

translation onto the sub-horizontal detachment results in potential voids between the 

footwall and hangingwall blocks, which might lead to the collapse of the 

hangingwall and hence formation of half-graben. 

H(2\______ 

A 

FF ___________ 

L 

b 	 -ib' 	d I- 

a 

 

C I-• 	 .-, C' 
b I- 	 -lb 

d I- 	 d 

Figure 2.2: Models of extensional basin development. (A) In Detachment fault models the 

horizontal displacement on the detachment fault creates a potential void between the 

hangingwall and footwall, which is erased by the collapse of the hangingwall along vertical 

faults in (1) and antithetic faults dipping at 45 in (2). (B) In domino fault block models, the 

faults and the intervening fault blocks rotate during extension. (C) In fault growth models, the 

fault is represented by an ellipse in map view in which displacement is greatest at the fault 

centre and decreases to zero at the ends. Contours represent the elevation change (positive 

for dotted contours, negative for solid contours) of the originally horizontal free surface. L is 

the length of the fault, R is the radius of the fault. (Modified from Schlische, 1991). 
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In domino-style fault block model (Fig. 2.2b), both the faults and the blocks between 

the faults rotate above a detachment horizon in response to displacement 

accumulating on the faults during extension (e.g. Jackson et al., 1988). Due to 

rotation, there comes a point when additional slip on very low-angle (30°) normal 

faults, becomes mechanically impossible, and a second generation of high angle 

normal faults is initiated, cross-cutting the earlier generation (e.g. Jackson & 

McKenzie, 1983). 

Fault growth models represent the third type of extensional basin development (Fig. 

2.2c), and consist of basins that grow both wider and longer through time as the basin 

bounding faults lengthen and displacement accumulates (e.g. Watterson, 1986; 

Walsh & Watterson, 1987; Cowie & Scholz, 1990; 1992a, b, c). A universal scaling 

law was derived for the relation between fault length (L) and maximum displacement 

(D) of the form 

D= cL 

Where c is a constant related to the rock properties, and n is some exponent (e.g. 

Dawers et al., 1993). Schlische (199 1) concluded that the fault growth model appears 

to explain syn-rift stratal geometries better than the detachment or domino models. 

Extensional half-graben systems are seldom bounded by continuous normal faults. 

Instead, the faults typically occur in segments that step en echelon or change the 

polarity of their dip along strike (e.g. Jackson & Leeder, 1994). Jackson & White 

(1989), suggest that the maximum rupture length is typically in the region of 20 km, 

and that lengths are constrained by the thickness of the seismogenic layer in which 

they form. However, in very thick crust, rupture lengths or segmentation scale can be 

in the order of +100 km (e.g. Jackson & Blenkinsop, 1997) as seen in the East Africa 

rift system (e.g. Rosendahi et al., 1986) and Suez Rift (e.g. Patton et al., 1994). Half-

grabens are therefore bordered on one margin by the bounding fault system, which 

might consist of a network of normal slip faults; while the other margin ramps at a 

shallow inclination towards the bounding fault (Fig. 2.2c). There is a growing 

appreciation that extensional basins and their bounding faults are segmented (e.g. 

Gawthorpe & Hurst, 1993) and that basin evolution involves fault-tip propagation, 
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basin growth, and linkage of smaller subbasins (e.g. Bosworth, 1985; Morley et al., 

1990; Anders & Schlische, 1994). 

As half-grabens evolve, they flex to accommodate subsidence. This leads to the 

development of faults running perpendicular to normal faults. These have been 

termed release faults (Destro, 1995). He suggested they accommodate varying 

displacement along the strike of bounding normal faults as a result of the increase in 

length of the hangingwall by bending or flexure in the strike direction. Two main 

characteristics of release faults are: they form obliquely or perpendicularly orientated 

to the strike of the major normal fault, and that they die out within the hangingwall 

before reaching any other normal fault (Fig. 2.3). 

Figure 2.3: Development and geometry of release faults. Idealized structural contour maps, 
block diagram and cross-section of a basic type of release fault (From Destro, 1995). 

Geometry and growth of normal faults 

Normal faults are essentially brittle failures in the crust as accommodation of 

deformation in regions of active extension is attempted. Detailed studies of normal 

faults showed that maximum displacement occurs at or near the centre of the fault 

and diminishes to zero at the tips (e.g. Muroaka & Kamata, 1983; Barnett etal., 

1987; Dawers et al., 1993), leading to a bell-shaped pattern for a displacement-length 

profile along the fault strike (Fig. 2.4a). 
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Schematic illustration of the typical "bell-shaped" profile of displacement (D) variation with 
length (L) for a normal isolated fault. 
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Figure 2.4: Displacement variation on a normal fault plane. Note that maximum displacement 
occurs at the centre of a single propagating normal fault, and tapers off towards the tips. 
Displacement distributions normalised by L for various faults and separated into three 
classes based on Dmax/L ratios are shown in (b). Once the segments start to interact and link, 
the ideal profile is distorted and the maximum displacement shifts from the centre of the 
fault. Faults represented in (b) and (c) are from the Volcanic Tablelands, California. 
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Prior to the early 1990's, fault growth models focused on bilateral propagation of a 

single fault. To quantify this, a universal scaling law governing the relation between 

the maximum displacement on a fault (D) and the fault length (L) had been proposed 

to be of the form D= cL, where c is a constant related to rock properties and n is 

some exponent whose value ranges between 1 and 2 (Watterson, 1986; Walsh & 

Watterson, 1987; Marrett & Allmendinger, 1991; Cowie & Scholz, 1992a,b; Dawers 

et al., 1993; Cartwright et al., 1995). 

The results from work done on estimating the value of the exponent n may be 

divided into two models. In the first model, and assuming uniform repeat time for 

slip events, the maximum displacement per slip event increases arithmetically with 

time giving a non-linear relationship between D and L and n =1.5-2 (e.g. Walsh & 

Watterson, 1987; Marrett & Allmendinger, 1991; Gillespie et al., 1992). In the 

second model, which also takes into account the physical properties of the rock and 

the tectonic setting of the fault forming, the maximum displacement per slip event 

remains constant through time and the basin linearly deepens with time with the 

consequence that n =1 (e.g. Cowie & Scholz, 1992a,b). Schlische et al. (1996) has 

compiled a data set comprising 547 displacement-length profiles from ancient and 

modern faults within compressional and extensional systems. The best-fit correlation 

between maximum displacement and fault length is D= 0.03L1°6, which 

approximates to a near linear relationship. 

Detailed studies of the displacement-length profile along en echelon fault arrays have 

revealed some unexpected anomalies (e.g. Peacock & Sanderson, 1991; Dawers & 

Anders, 1995; Gupta & Scholz, 2000, McLeod et al., 2000). The maximum 

displacement of a segment might not be scaled to the length of the segment, and the 

position of maximum displacement is shifted along strike away from the basin 

centre. Realizing that extensional basins and their bounding faults are seldom 

continuous, (e.g. Gawthorpe & Hurst, 1993; Jackson & Leeder, 1994), and that some 

faults do not rigidly adhere to a given displacement-length scaling law (e.g. Peacock 

& Sanderson 1991; Cartwright et al., 1995) lead researchers to put forward a new 

model for fault growth. The new model proposed that basin bounding faults evolve 
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from the propagation, interaction and eventual linkage of en echelon fault segments 

(e.g. Anders & Schlische 1994; Wu & Bruhn, 1994). 

Fault growth by segment linkage results in departures from an idealized 

displacement-length (D-L) profile, in a step-like pattern (e.g. Childs etal., 1995; 

Cartwright et al., 1995). Cartwright et al. (1995), investigated the scatter in (D-L) 

profiles using a data set from Canyonlands Grabens of SE Utah, and suggested that 

during the initial stage of segment linkage, faults segments grow towards each other 

by radial propagation (Fig. 2.5a). As overlap occurs and before segments link, they 

interact mechanically due to stress perturbations as slip on one segment affects slip 

on a neighbouring segment (e.g. Willemse, 1997; Cowie, 1998; Gupta & Scholz, 

2000 and Fig. 2.5bi). Linkage then follows with the newly linked segments 

experiencing increased length but not maximum displacement, causing their profile 

to deviate beneath the growth line (Fig. 2.5bii). The final stage is marked by the 

accumulation of displacement on the linked segments with little or no increase in 

length, allowing the linked fault profile to re-join the ideal trajectory (Fig.2.5biii). 

This leads to the conclusion that steps in the (D-L) profile represent linkage of two 

segments. However, Dawers and Anders (1995), showed that even in the case of a 

linkage-dominated system, the overall (D-L) profile is essentially the same as 

expected from a single isolated fault of the same length (Fig. 2.4c), which suggests 

that faults are kinematically linked. 

This evolution of bounding fault systems causes the hangingwall to conform to 

subbasins separated by intrabasinal highs, with a maximum displacement at the 

centre of each subbasin and decreasing towards the intrabasin highs. The recognition 

of relay ramps and/or intrabasin highs (Fig. 2.6) is the best way to mark the location 

where two originally isolated fault segments linked together (Anders & Schlische, 

1994; Cartwright etal., 1996). 

The effects of interaction between evolving normal faults were further addressed. 

Cowie (1998) described the evolution of segments from an initial nucleation stage of 

many isolated small segments to a final stage where deformation is localized along a 
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Figure 2.5: Fault growth models: growth by radial propagation vs segment linkage. Note how 
interaction between segments produces skewed displacement profiles and that the 
displacement (D) and length (L) characteristics evolve so that the throughgoing fault has 
similar characteristics to those of an isolated fault segment, see text for more discussion 
(modified from Cartwright etal., 1995 and Gawthorpe & Leeder, 2000). 
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Figure 2.6 Relay Ramp Structures. Hangingwall breached relays are characterized by the 
inactive splay fault and ramp attached to the footwall, whereas footwall breached relays are 
characterized by the ramp and splay fault being coupled to the motion of the hangingwall 
(After Cartwright, 1996). 
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few major faults with other faults becoming inactive. Her work was based on 

integrating the role of stress feedback on segment interaction. Gupta et al. (1998) 

utilized this model to explain that changes in tectonic subsidence rates associated 

with the transition from 'rift initiation' phase to 'rift climax' are referenced to fault 

interaction and linkage. Prosser (1993) had related this transition to the switch from 

low subsidence rates, where sedimentation keeps pace with subsidence, to higher 

subsidence rates, when the basin becomes sediment starved. The application of 

Gupta etal. (1998) was further expanded by Cowie etal. (2000) detailing a four-fold 

evolution, each with a different spatial variation in fault displacement rates 

producing distinct hangingwall depocentre geometries. This evolution is associated 

with an overall increase in displacement rate on the large linked faults that remain 

active. Relating this increase in displacement to hangingwall subsidence, the idea of 

'rift initiation' to 'rift climax' transition was emphasised in relation to the formation 

of large linked fault systems and localisation of extension within the basin. Dawers 

and Underhill (2000) also utilized this concept in their work on the East Statfjord 

fault in the Northern North Sea, and showed that the fault grew from the linkage of 

several en echelon segments and that the growth of the fault controlled syn-rift 

sedimentation. 

Folds develop as a direct consequence of extensional evolution. Transverse folds in 

particular, occur normal to or at a high angle to the strike direction and are associated 

with the variations in displacement along strike (Walsh & Watterson, 1987; 

Schlische, 1995). In the hangingwall of normal faults, transverse synclines define 

displacement maxima, whereas transverse anticlines are associated with 

displacement minima at segment boundaries (Gawthorpe & Hurst, 1993; Schlische, 

1995). Longitudinal Folds, in contrast, are parallel to their associated faults and 

include drag folds, reverse-drag folds and rollover folds. Drag folds commonly form 

as a result of fault propagation into monoclinal warps present at the fault tips. Early 

depocentre geometries are very much affected by the steep, monoclinal limbs of the 

folds, which have a fundamental effect in the basin evolution and sediment dispersal 

patterns (Schlische, 1995; Gawthorpe et al., 1997). Reverse drag folds develop 
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because displacement decreases with distance from the fault surface whereas rollover 

folds result from movement along listric faults. 

2.3 Sedimentation during extensional faulting 

Sequence stratigraphy has become a fundamental methodology in quantifying basin 

fill using a hierarchy of stratal units separated by chronostratigraphically significant 

surfaces (unconformities with their correlative conformities and marine flooding 

surfaces). Initial interpretations, predominantly based on seismic stratigraphy studies, 

highlighted sea-level fluctuations as the main control on sequences in passive margin 

systems (Vail, 1987; Posamentier & Vail, 1988; Van Wagoner et al., 1990). 

However, in active extensional settings, sea level changes are not always spatially 

consistent (e.g. Galloway, 1989; Gawthorpe et al., 1994). This variation in sea level 

change is due to fault movement causing uplift of some areas and subsidence of 

others, this therefore varies the net effect of sea level change, hence the character of 

sedimentary sequences deposited from one locality to the next. Sediment supply is 

also invoked as a fundamental factor in sequence stratigraphy as the role of sediment 

supply in the development of transgressions and regressions is crucial (e.g. Schlager, 

1991; 1993). 

Stratigraphic architecture in extensional basins is therefore a result of complex 

interactions between the rate at which accommodation is generated by fault-

controlled subsidence and sea-level fluctuations, and the rate of sediment supply (e.g. 

Schlische, 1991; Schlager 1993; Gawthorpe, etal., 1994; Contreras etal., 1997). The 

complexity of extensional system evolution has an important impact on the 

morphology of the hangingwall depocentres, the extent of footwall highs, the 

potential for scarp-sourced sediments, general drainage patterns and sediment supply 

routes. McLeod (2000) working on the >60 km long Strathspey-Brent-Statfjord 

throughgoing fault in the Northern North Sea emphasises that, the source, dispersal 

patterns and loci of deposition of syn-rift sediments evolved throughout the Late 

Jurassic extensional event. The migration of the loci of deposition is related to the 

growth of the fault populations: depocentres were small and widely distributed 
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initially, but as rifling progressed, they widened and depend until the entire half-

graben acted as a single depocentre during the rift climax stage. 

Controls on accommodation generation 

For any given sediment supply rate, the distribution of sedimentary facies is 

controlled, at first order, by the rate of sea-level change and the pattern and rate of 

tectonic subsidence (being fault-controlled, isostatic, due to compaction or flexural 

loading), creating accommodation space (e.g. Schiager 1993; Gawthorpe, etal., 

1994; Hovius & Leeder, 1998). Only the highest rates of glacio-eustatic sea-level fall 

are likely to outpace subsidence adjacent to major normal faults and result in a 

relative fall in sea level. Many studies conclude that the principal control on creating 

accommodation space in extensional settings is tectonic subsidence (Leeder & 

Gawthorpe, 1987; Schlische, 1991; Gawthorpe etal., 1994; Gawthorpe & Leeder, 

2000 and Fig. 2.7). 

The tectonic component of accommodation results from the interplay of co-seismic 

hangingwall subsidence and footwall uplift (e.g. Stein & Barrientos, 1985; Jackson, 

1987), and since faults are dynamic, the generated accommodation will evolve 

temporally and spatially following the growth of the fault. This is achieved primarily 

through the spatial and temporal lateral variations in displacement gradients along 

growing fault segments. 

Lateral spatial variations in displacement gradients have a two-fold impact on 

generating accommodation space. The highest displacement occurs at the centres of 

segments and decrease towards the tips and/or intrabasin highs. A fall in sea level 

might be either balanced or outpaced by subsidence leading to maintaining a constant 

relative sea level or even a relative sea level rise in localities of maximum 

displacement/subsidence (Gawthorpe etal., 1994). Towards the tips and intrabasin 

highs, subsidence rates might be lower than the rate of relative sea level fall. The 

different amount of accommodation generated in the two locations will lead to 

different stratigraphic sequences deposited. 
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Figure 2.7: Spatial variation in accommodation generation within a segmented normal fault 
system. Two half grabens are separated by an interbasin transfer zone. The pairs of graphs 
for locations 1-5 illustrate the variation in uplift or subsidence (top) and the resulting 
accommodation (bottom) for different structural locations. The inset shows the simplified 
fourth-order glacio-eustatic sea-level curve (based on Quarternary glacio-eustatic sea-level), 
which was used to generate the accommodation curves (From Gawthorpe et al., 1994) 

Schlische (1995) investigated the generation of accommodation space through the 

creation of extensional folds. In the hangingwall, variations in along-strike 

displacement produce fault-bounded, wide, scoop-shaped synclines at local 

displacement maxima with hinges perpendicular and plunging towards the fault (Fig. 

2.8). These synclines are separated by anticlinal intrabasin highs, which form at local 

displacement minima. Broad, elongate anticlines, plunging away from the fault, are 

present in the footwall. Some may be fault-bound and hence, serve to 

compartmentalise the footwall structure (e.g. McLeod et al., 2000). 
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Figure 2.8: Accommodation generated by extensional folding. (a) idealised geometry of 
transverse folds. (b) Growth of a single isolated fault. (c) Growth of two overlapping synthetic 
fault segments by linkage. See text for discussion on stacking patterns of sediments filling 
the basin (From Schlische, 1995). 

For a single isolated fault growing by fault-tip radial propagation, Schuische (1995) 

shows that the hanging wall syncline will grow deeper and wider as the fault accrues 

displacement and lengthens (Fig. 2.8b). Sediments deposited during the growth of 

fold will fill in the depression with a resultant stratigraphy onlapping the flanks of 

the syncline with a maximum thickness at the location of highest displacemenet at 

the centre of the fault. In a segmented fault system, as the fault tips propagate and 

begin to overlap, displacement is distributed between the segments, reducing net 
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basin subsidence, and forming intrabasin highs (Fig. 2.8c). As the segments link to 

form a single strand, the subbasins also link with the consequence that the point of 

maximum displacement migrating to the centre of the new strand, previously an 

intrabasin high and point of minimum accommodation space. 

Other folds with a direct impact on accommodation space generation are monoclines, 

which are related to ductile deformation above the propagating normal fault, or at the 

tips of faults as displacement tapers off (Schlische, 1995; Gawthorpe et al., 1997) 

(Fig. 2.9). Various researchers have investigated the effects of these monoclines on 

the evolution of syn-rift settings. Gupta etal. (1999) working on the Miocene, Abu 

Alaqa group, from the Suez rift documented that syn-rift sediments show onlap, 

convergence and the development of laterally restricted erosional truncation surfaces 

towards the crest of the monoclines. Away from monoclines, syn-rift strata expand 

into the hanging wall syncline. Progressive rotation of syn-rift strata on the flanks of 

the folds is also recoded, pointing towards the response of sediments to a continually 

steeping monocline. Sharp et al. (2000b) drew similar conclusions from his work on 

an adjacent area in the Suez rift (Fig. 2.10). 

Lateral temporal variations in displacement gradients associated with the evolution 

of fault arrays exert an important control on syn-rift sedimentation. Lower 

displacement rates characterise the early phase of fault evolution as displacement is 

distributed on numerous small faults. As faults interact and link, displacement rates 

rise (Fig. 2.11), as deformation is localized onto fewer major bounding faults 

(Cowie, 1998; Cowie et al., 2000). 
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Figure 2.9: Folding evolution and its effect on sequence stratigraphy in extensional regions. 
(A) Temporal evolution of experimental clay model of extensional fault propagating, normal 
fault, dipping at 600  involving a rigid basement and a ductile sedimentary cover (A-D). 
Surface deformation above the blind normal fault is characterised by a growth monocline and 
the presence of high-angle to locally reverse secondary faults and fractures in the immediate 
hangingwall. (E) Strike variability in surface deformation for an idealised half fault segment. 
The fault tip is associated with the development of monoclinal fold above the blind, 
propagating normal fault. B, C and D represent the spatial position of cross-section that 
would be equivalent to the structure illustrated at stages (B), (C) and (D) in the temporal 
evolution (From Gawthorpe & Leeder, 2000). 
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The figure represents field demonstration of sequence geometries supporting theoretical and 
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propagation (monocline growth). See text for more explanation (From Gawthorpe eta!, 
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Figure 2.11: Control of lateral temporal variation in displacement gradients on 
accommodation generation. (A) fault initiation stage, characterised by a large number of 
small-displacement normal fault segments. (B) Fault interaction and linkage stage, where 
stress feedback between segments influences growth, and deformation in the fault array 
begins to become localised along major fault zones. (C) Throughgoing fault zone stage, 
where deformation is localised along major border fault zones giving rise to major half 
graben and graben depocentres (After Gawthorpe & Leeder, 2000). 
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Controls on sediment supply 

Sediment supply is considered to be one of the main controls on the stratigraphy of 

basin fills. The supply can be strongly influenced by the nature of pre-rift drainage 

networks and variations in bedrock lithology (Gawthorpe et al., 1994). The rate of 

sediment supply to a depositional basin is determined by complex interactions 

between rock uplift, weathering, erosion and downslope transport in the feeder 

catchment (e.g. Hovius & Leeder, 1998; Leeder et al., 1998). Spatial changes in 

supply within sedimentary basins results from contrasts in catchment geology and 

tectonic evolution, particularly the effects of fault or fold propagation, tilting and 

topography variations (Jackson & Leeder, 1994; Leeder et al., 1996; Gupta, 1999). 

Changes in supply over time result from tectonics and climate variations. One way of 

determining the spatial variations in sediment supply is through the analysis of 

drainage catchments in the hinterland of sedimentary basins (Eliet & Gawthorpe, 

1995). Gawthorpe et al. (1994) presented a conceptual model of the interaction 

between drainage, deposition and fault evolution in a marine half graben (Fig. 2.12). 

In this conceptual model, drainage patterns may be divided into lateral or axial fills. 

Lateral drainage systems shed sediments in a direction normal to the strike of the 

fault and may be footwall or hangingwall derived. Drainage basins developed on the 

footwall scarp are generally small, steep and short with limited sediment supply, 

which results in small size fans. In contrast drainage basins developed on the more 

gently dipping hangingwall dip-slope are generally larger reflected in aluvial fans/fan 

deltas (Leeder & Gawthorpe, 1987; Gawthorpe & Colella, 1990). 

The low relief associated with transfer zones can serve to localize footwall-derived 

drainage and make them the ideal sites for major axial systems entering the rift zone 

(Gawthorpe & Hurst, 1993). The location and elevation of these localized sediment 

entry points is clearly controlled by interactions between en echelon fault segments. 

Uplift and back tilting of footwalls have a direct influence on the pre-existing 

antecedent drainage network. In situations where the rate of downcutting is 

insufficient for the river to maintain its course, a diversion or reversal of drainage 

direction may take place (e.g. Leeder et al., 1991). On the other hand, where major 

rivers have a high downcutting potential, and/or where the bedrock is easily eroded, 

Chapter 2: Generic Setting and Previous Research 	 25 



interaction with developing fault systems may have a limited impact on the course of 

the river. 

Axial drainage systems are oriented parallel to the strike of the fault and exhibit 

much gentler slopes than lateral systems. They mainly consist of axial fluvio-deltaic 

systems, which typically migrate and avulse towards the basin-bounding fault in 

response to continued tilting of the hangingwall (Leeder & Gawthorpe, 1987; 

Alexander et al., 1994; Peakall et al., 2000). 
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Figure 2.12: Interplay of drainage, deposition and fault segmentation in controlling sediment 
supply (After Gawthorpe etal., 1994). 

Within rift basins, the elevation of footwall is approximately one tenth of the 

subsidence of the hangingwall (e.g. Jackson & McKenzie, 1983) resulting in the 

volume of uplifted strata being much less than the accommodation created in the 

hangingwall. The volume and rate of sediment supply from footwall scarps and 

hangingwall dip slope is therefore low and alone cannot fill the generated 

accommodation (Stein etal., 1988; Contreras etal., 1997). Axial systems from a 

distant source, either fluvial systems in non-marine settings or axial turbidity currents 

in marine settings, are considered to be the most effective means of sediment supply 
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(e.g. Prosser, 1993) during the early syn-rift evolution. Rift climax, is the period of 

maximum rate of displacement generation, and it is likely that sedimentation would 

be outpaced by subsidence during this phase. The rift climax is usually characterised 

by the retreat of depositional systems to the margins of the basin, and the deposition 

of widespread mud-prone strata. Coarser material is confined to basin margins 

although locally, sand-prone lobes may prograde from major sediment entries (e.g. 

Prosser, 1993; Ravnâs & Steel, 1998). Rates of extension decrease towards the end 

of rifting. If there is sufficient sediment yield, sediment supply may eventually equal 

or exceed the accommodation generation, allowing progradation of siliciclastic 

systems. In deep marine settings this phase can be heralded by the appearance of 

sharp-based, basinward-stepping turbidite systems (Ravnâs & Steel, 1997). Fig. 2.13 

gives an idealized log of basin rift successions. 
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Figure 2.13: Idealised log of rift basins deposits (After Prosser, 1993). 
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Gawthorpe etal. (1994) integrated models of the structural evolution of rift systems 

with the theories of sequence stratigraphy advocating a conceptual model of 

sequence geometry development in particular structural settings (Fig. 2.14). In the 

centre of border fault segments, sequences stack in aggradational sets and are 

dominated by highstand systems tract where sequence boundaries are poorly 

developed (locations 1 & 5). Where sediment supply is high, due to say antecedent 

drainage systems deposition (location 1), type 2 sequences may form with shelf 

margin, transgressive and higstand systems tract. Depositional systems sourced from 

hangingwall dip-slope may be subjected to tectonic subsidence (location 4), or uplift 

(location 2) depending on the interaction between adjacent fault blocks. When 

subjected to subsidence, the sequence-stacking pattern is progradational to slightly 

aggradational. Where a former hangingwall is uplifted, sequences stack in a pattern 

dominated by offlap, creating a falling stage sequence set in which earlier formed 

sequences are exposed and incised and only their distal portions are preserved. The 

high sediment input from intrabasin transfer zones (location 3), will produce 

progradational to aggradational stacking patterns. The tilting and subsidence of the 

hangingwalls to normal faults will hugely influence axial system stacking patterns 

(e.g. Leeder & Gawthorpe, 1987). 

2.4 Application to the Late Jurassic Rift System in the North Sea 

During the Mesozoic period, the Northern North Sea and adjacent areas underwent 

two episodes of extension dated as Permo-Triassic and Middle Jurassic-Early 

Cretaceous (e.g. Badley et al., 1984; 1988; Yielding et al., 1992). The Magnus 

Sandstone Member was deposited during the Jurassic-Cretaceous extensional 

episode (Shepherd etal., 1990; Frseth, 1996), in a time when the Late Jurassic rift 

system was dominated by a subaqueous, deep-water setting (e.g. Rattey & Hayward, 

1993). The structural and stratigraphic evolution of the Jurassic rift system may be 

described as a conflict between sediment supply and deposition rates and tectonic 

subsidence rates during the development of the rift system. The overall pattern is of 

episodic drowning of the sediment supply and starvation of the basin as the 

diachronous faulting propagated. However, during certain times sedimentation was 
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able to keep pace with tectonic subsidence and locally substantially exceed it. Hence 

accommodation was controlled by the interplay of tectonic subsidence, sediment 

influx, and eustacy (Rattey & Hayward, 1993). 

The evolution of the North Sea Jurassic rift system may be outlined within three 

major phases. The initial phase in the rift development is related to the onset of the 

pre-rift regional thermal uplift within the period of Aalenian to Bajocian (Ziegler, 

1982; Underhill & Partington, 1993, 1994; Rattey & Hayward, 1993; Underhill, 

1998). This thermal uplift is thought to have caused a dramatic sea level drop in 

some areas of the North Sea, and significant increase in coarse elastic sediment 

supply into the depocentre. In the Northern North Sea, this led to progradation of the 

Brent Group and deposition of its component lithofacies; The Broom, Rannoch, 

Etive and Ness were deposited into the topographic low. The deposition of the Ness 

Formation is considered to record the last part of the main phase of northward 

progradation of the Brent delta and the onset of its retrogradation, which is 

represented by the overlying Tarbert Formation. 

The Tarbert Formation is a time transgressive unit at the top of the Brent Group, and 

is of Latest Bajocian to Early Bathonian age. It demonstrates a marked backstepping 

(retrogradational) profile, interpreted as resulting from a punctuated southerly-

directed marine transgression of the former Brent delta. Some evidence has been 

presented to suggest that the Tarbert Formation is a separate stratigraphic unit from 

the underlying Brent Formations (e.g. Ninian Field; Underhill etal., 1997). It is 

separated from them by an unconformity and shows a different spatial distribution, 

being restricted to down flank areas of the tilted fault blocks. It is interpreted as 

representing the early stages of footwall uplift and hangingwall subsidence, 

associated with extensional movements of the fault-block-bounding faults (Underhill, 

1998; Davies et al., 2000). However, in terms of basin evolution, syn-Brent 

extension is considered negligible (c.1% only according to Yielding et al., 1992). 

The latest Bajocian to Late Kimmeridgian marks the second phase of rift evolution, 

when faulting actively controlled sedimentation (Ziegler, 1982; Underhill, 1991 a,b; 
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Rattey & Hayward, 1993). This phase commences with a rapid rise in relative sea 

level, which may relate to the deflation of the thermal dome, and initiation of the 

main phase of extensional faulting. The onset of faulting and break-up of the pre-rift 

thermal dome was diachronous, starting at the extremities of a three-armed rift 

system (Viking Graben, Central Graben and Moray Firth) and propagating in 

towards the cores of the pre-rift thermal dome (Fig. 2.15). The rift arms consist of 

numerous normal fault segments that were overlapped to form relay ramps or linked 

through transfer faults. Each fault segment defined a fault block that was 

characterised by coeval hangingwall subsidence and major footwall uplift. The 

resultant accelerated subsidence proclaimed significant shoreline retreat and basin 

deepening in all three-rift arms. 

The Late Jurassic extension is characterised by wedge-shaped packages of sediment 

that partially infill tilted fault block topography, created by further movement on the 

major normal faults that bound the underlying Triassic half-grabens. Most of the 

major faults are reactivated basement faults, which involved the N-S trending faults 

of the Permo-Triassic rift episode. A significant component of the faulting, however, 

occurred on a NE-SW trend and in the NE (e.g. Quadrant 35 of the Norwegian sector 

of the NNS), this fault trend cuts basement unaffected by the Permo-Triassic rift 

phase (Badley et al., 1988). The onset of further block tilting within the Late Jurassic 

rift system was not synchronous throughout the basin, occurring as late as 

Kimmeridgian on the Northern Horda Platform (Badley et al., 1988). 

The Northern North Sea experienced about 10-15% extension during the Bathonian-

Volgian (e.g. Yielding, 1990; Roberts etal., 1993). The strain was mainly 

accommodated on large normal faults with displacement typically up to a few 

kilometres (e.g. Yielding etal., 1992) and spacing in the range of 5-30km (Yielding, 

1990). Uplift of the footwalls of the extensional faults led, in many cases, to 

pronounced erosion and fault scarp degradation. Yielding et al. (1992) using 

quantitative models, showed that only the largest fault blocks (e.g. Snorre) were 

uplifted above sea level and hence substantially eroded. For smaller fault blocks, 

footwall uplift rates were far less than likely erosion rates, and so footwall crests 
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Figure 2.15: Tectonic elements of the Late Jurassic to early Cretaceous rift event 

around the Penguin half graben. The study area is highlighted by the red square 

(Redrawn from Roberts etal., 1990) 
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would have collapsed into adjacent deep water faster than they could have been 

uplifted above sea-level. 

Widespread deposition of the Late Jurassic Humber Group sediments, record the 

drowning of previous Callovian shoreline sites (Underhill, 1998) and represent the 

syn-rift fill of the second phase of rift evolution. Heather and Kimmeridge Clay 

(Draupne) Formations comprise the Late Jurassic sequences, and consist of 

mudstones of marine origin, with grains settling direct from the water colunm. The 

Heather Formation mudstones are sillier with sporadic thin stringers of limestone or 

dolomitic limestones, which distinguish them from the overlying organic-rich 

mudstones of the Kimmeridge Clay Formation. Several geographically distinct and 

prospective sandstone units occur interbedded within Heather and Kimmeridge Clay 

Formations, as the sediments of the Humber Group are known to be deposited during 

the most significant phase of the syn-rift extensional activity (e.g. Underhill, 1998). 

One of the direct results of syn-rift activity was the development of fault scarps on 

the tilted fault blocks. Their occurrence led to the erosion and degradation of 

footwall areas and the accumulation of very coarse-grained clastic sediments in basin 

margin positions as seen, for example, in the Brent Province (e.g. Ninian, Brent and 

Statfjord fields; Lee & Hwang, 1993; Underhill et al., 1997), where it was coeval 

with deposition of the Heather Formation. 

The Kimmeridge Clay Formation, in general, represents marine hemipelagic 

deposition in an anoxic environment, which favoured the accumulation and 

preservation of organic material resulting in a very widespread source-rock 

deposition (Richards etal., 1993; Underhill, 1998). Several reservoir sandstones, 

which were deposited in submarine fans including basin floor fans/sheets, or shallow 

marine shelves are contained within the Kimmeridge Clay Formation (e.g. Richards 

et al., 1993; Rattey & Hayward, 1993; Underhill, 1998). The Magnus Sandstone 

Member in the Magnus Province is an example of these sandstones (De'Ath & 

Schuyleman, 1981; Ravnás & Steel, 1997). 
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The sediments of the Magnus Sandstone Member are generally considered to be 

sourced from the Nordfjord High (De'Ath & Schuyleman, 1981; Ziegler, 1990a), 

which is a major structure of the More Basin (Fig. 2.15). The More Basin is located 

at the transition from the Viking Graben into the shelf basin of Mid Norway and 

grades into the Faeroe-Shetland Basin in the southwest. The Nordfjord High was 

uplifted during the Kimmeridgian by mantle-derived melts at the mantle/crust 

boundary. Subaerial erosion of the Triassic and earliest Jurassic successions is 

reflected by the southward shedding of the Magnus Sandstone Member sediments 

into the subsiding Viking graben. 

The third phase of rifling records the transfer of extension out onto the Atlantic 

margin. This commenced in the Portlandian during which time the North Sea records 

the onset of the thermal subsidence accompanied by a drop in relative sea level 

without associated faulting (Ziegler, 1990a; Rattey & Hayward, 1993). The transfer 

of rifling into the Atlantic Margin comprised intensified rifling in the Faeroe-West 

Shetland Trough and the Mid-Norway Basin and was paralleled by the rapid 

subsidence of the Nordfjord High (Fig. 2.15) along a set of listric normal faults 

(Nelson & Lamy, 1987; Ziegler, 1990b). Large-scale NE-SW-oriented and NW 

down-throwing faults of the Magnus Province were developed (Ziegler, 1990b). The 

N-S-oriented ridge representing the footwall of the Magnus fault-block became 

truncated by the NE-SW-striking faults, which bound the Magnus Basin (Badley et 

al., 1988; Ferseth et al., 1997). The rapid differential subsidence in the Viking 

graben resulted in the development of a submarine relief of some 1 000m, which was 

gradually filled with deep-water shales with small amount of pelagic carbonates. 

During the Early Cretaceous, a general rise in sea level resulted in the progressive 

overstepping of basin edges and a gradual decrease in elastic input into the North Sea 

area. Rifling in the North Sea continued to diminish in the Late Cretaceous, whereas 

the Norwegian-Greenland Sea and the Faeroe-West Shetland rift system remained 

active. 

Chapter 2: Generic Setting and Previous Research 	 34 



2.5 	Tectono-Stratigraphic framework of the Magnus depositional 

system 

The MSM is a deep-water system deposited within the Penguin half graben, which 

forms part of the Magnus Province in the northwestern margin of the East Shetland 

Basin (Fig. 2.16). The system is located in the footwall of the End of the World 

Fault, the basin-bounding fault of the Magnus Trough/Basin. Movement along the 

End of the World Fault has been argued to postdate the deposition of MSM and to be 

related to rifting and footwall collapse along the Atlantic Margin in the Latest 

Jurassic - Early Cretaceous (Emery et al., 1990; Young, 1992). The Penguin half 

graben is bounded by the Penguin Horst (Markel Horst) and Tern-Eider Horst to the 

east and south respectively. 

The Magnus depositional system has a complex structural history. It has been 

influenced by NE-SW faulting triggered during the Early Cretaceous opening of the 

More basin superimposed on reactivation of some of the older Permo-Triassic, N-S 

striking faults (Shepherd et al., 1990; Ravnás & Steel, 1997). During the Early and 

Middle Jurassic, the Magnus province was a gently subsiding, relatively stable basin. 

During Late Jurassic, tectonic activity in the Northern North Sea increased markedly. 

Older established faults were reactivated and new ones generated. Reactivation of the 

Tern-Eider Horst-Penguin Horst fault system (Fig. 2.15) in Oxfordian times led to 

southeast tilt of the Magnus province. This tilting caused uplift and subsequent 

erosion of the North Shetland Ridge and North Shetland Platform. 

In latest Jurassic to earliest Cretaceous times, a major new rift system developed to 

the north, where the End of the World Fault and the deep half grabens of the North 

Shetland Trough formed (Shepherd et al., 1990). The late Jurassic to Barremian 

period of faulting and erosion resulted in a structural high over the central part of the 

Magnus Field with early Cretaceous strata onlapping the structure. Mid-Cretaceous 

erosion (Turonian) removed lower Cretaceous and Jurassic sediments from the 

northern area of the Magnus Field (Ziegler, 1990a). More recently, the presence of a 

series of localized WNW-ESE normal faults and the N-S aligned fault-activated 
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Figure 216: Regional setting of the Penguin half graben. The Magnus and Penguin-A fields 
are the most northern fields in the Northern North Sea. 
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Brent High was revealed through 3-D seismic mapping of the Magnus Field (Rattey 

& Hayward, 1993; Morris etal., 1999). The WNW-ESE trending faults are 

interpreted as early Cretaceous (Rattey & Hayward, 1993). However, all of these 

structures are thought to have been intermittently active during the late Jurassic, and 

have influenced MSM deposition (Morris etal., 1999). Following the Mid-

Cretaceous event, rapid subsidence and deposition prevailed. 

2.5.1 Stratigraphic framework of the Magnus Depositional System 

Lithostratigraphy 

The structural evolution of the Northern North Sea has been the fundamental control 

on the deposition of sediments within the Penguin half graben (Rattey & Hayward, 

1993; Underhill, 1998). The studied interval encompasses the Oxfordian-Ryazanian 

Kimmeridge Clay Formation of the Late Jurassic Humber Group. The Kimmeridge 

Clay facies represent marine hemipelagic deposition in an environment of anoxic 

bottom waters, which favoured the accumulation and preservation of organic 

material (Underhill, 1998). 

In the Penguin halfgraben, the Kimmeridge Clay Formation was punctuated by the 

deposition of Magnus Sandstone Member (which is found only in this northern area 

of the East Shetland Basin). The MSM has generally been interpreted as deep-water 

turbidite fans, which have been sourced from the northwest or north and were 

derived from the erosion of the Triassic and Jurassic on the uplifted Nordfjord High 

area (De'Ath & Schuyleman, 1981; Shepherd etal., 1990). This thesis questions and 

modifies these existing interpretations. 

Sequence Stratigraphy 

The Magnus Sandstone Member has been identified as a basin floor fan play system 

in the sequence stratigraphy framework erected by Partington et al., (1993b) for the 

North Sea Late Jurassic. The framework relies upon identifying genetic stratigraphic 

sequences, bounded by maximum flooding surfaces, which within biostratigraphic 

limits represent basin-wide isochronous events. 
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The MSM is considered a major cycle of sand input into the basin, bounded by 

Tectonically Enhanced Maximum Flooding Surfaces (TEMFS), which represent 

major periods of basin floor reorganisation. The intervening maximum flooding 

surfaces temporarily switch off sediment supply to the basin but do not offset 

depocentres. The TEMFS are interpreted as response to tectonic subsidence during 

maximum sea-level rise, whereas maximum elastic progradation occurs from basin 

margin uplift during relative seal-level fall. 

The genetic sequences of the MSM are (J63-J66) as outlined by Partington etal., 

(1993). The correlation panel represented by Fig. 2.17 gives an example of the 

identification of the maximum flooding surfaces within the member using three of 

Magnus Field wells. The MSM is encased within two TEMFS, these are: Fittoni 

TEMFS located at the top of the UKCF and Eudoxus TEMFS at the top of LKCF. 

Three genetic sequences have been identified. Each genetic sequence corresponds to 

the deposition of a lobe within the Magnus Sandstone Member. The lobes are 

separated by two MFS, which are Autissiodorensis between lobes one and two and 

Hudlestoni between lobes two and three. However these subdivisions have not been 

applied to the Penguin-A Field and this study aims at verifying these divisions and 

extending them into the Penguin-A Field. 

Biostratigraphy 
Shell "in-house" biostratigraphic analyses on three of the Penguin-A wells (211/13-3, 

211/13-9, & 211/13-10) concluded that the analysed sections contain a surprisingly 

large amount of reworked faunal and floral material, mainly from the lower 

Oxfordian. The results indicate that the Penguin-A reservoir section is lower Volgian 

to upper Kimmeridgian in age and provide good evidence that the entire reservoir 

section lies between two regional maximum flooding events. The lower Volgian 

FJTJ575 Maximum Flooding Surface (Hudlestoni Maximum Flooding Surface of 

Partington et al., 1993b) is identified using biostratigraphy and a high gamma peak in 

the shales (Kimmeridge Clay Formation) and immediately overlies the MSM in the 

Penguin-A Field. The FJU475 Pannosum MFS (Eudoxus MFS of Partington et al., 

1993b) identified using biostratigraphy and a high gamma peak in the informal 

Lower Shale reservoir unit, underlying the reservoir (Fig. 2.18). 
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Nine field-wide bioevents are recognised in the Magnus Field (Morris et al., 1999). 

The bioevent scheme (Fig. 2.18) provided the basis for chronostratigraphic and 

genetic sequence stratigraphic subdivision of the MSM and allows the recognition 

and calibration of three maximum flooding surfaces. The three maximum flooding 

surfaces are, in ascending order, the pre MSM 'Eudoxus' of Partington et al. (I 993b), 

which is the upper limit of 'Lower Kimmeridge Clay Formation'; the intra reservoir 

'Autissiodorensis' ('B-shale'); and the supra-reservoir 'Hudlestoni' (upper limit of 

the 'H unit'). 

An important point to be noted here is the slight discrepancy in the maximum 

flooding surfaces identified in the upper parts of the MSM depositional system. 

Detailed biostratigraphy results obtained by Shell "in-house" and Morris et al., 

(1999) paper indicate the Hudlestoni MFS to overlie the top of MSM, while 

Partington et al., (1993b) picks it between lobes two and three of the MSM. 

2.5.2 Petroleum Geology of the Magnus Depositional System 

The Upper Jurassic Magnus Sandstone Member has proven to be a highly 

prospective system in the Northern North Sea, where it forms the main reservoir in 

both the Magnus (BP) and Penguin-A (Shell) fields. The Magnus Field is located on 

the crest of the End of the World fault footwall, hangingwall to Penguin Horst, while 

the Penguin-A Field is located on a collapsed terrace of the Penguin Horst (Fig. 2.16) 

approximately 10km east of the Magnus Field. Earlier interpretations of the system 

indicated a submarine fan depositional environment generated to the northwest 

during the Jurassic syn-rift period with the Penguin-A Field receiving sediments 

from the distal fan portion (De'Ath & Schuyleman, 1981). More recent models 

favour deposition in an axial system orientated north-south (Ravnás & Steel, 1997), 

still with a north-west provenance beyond the End of the World Fault but the entry 

point being narrower and to the north of Penguin-A Field. 

The reservoir is a combined structural and stratigraphic trap; towards the north and 

south of the Magnus Field, the MSM is seen to stratigraphically pinchout, while at 

the crest of the field, the MSM is truncated and eroded by the Base Cretaceous 
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unconformity (Shepherd et al., 1990). Within the Penguin-A Field, the MSM is 

observed to shale-out towards the Penguin Horst, and eventually pinchout against it 

(Shell in-house report). The MSM in the Magnus Field consists of thick 

amalgamated channel deposits and thinly bedded turbidite sand of moderate to high 

reservoir quality and various fine-grained mudrocks (De'Ath & Schuyleman, 1981). 

In the Penguin-A Field, however, numerous slumped beds and deformed strata are 

recognised. The seal is the unconformable Cretaceous mudrock that drapes the 

structure. The source rock is the Kimmeridge Clay Formation with the kitchen 

occurring off-structure in the basin. Petroleum fill occurred at approximately 75 Ma 

(Emery et al., 1993). 

Diagenesis 

The diagenetic history of the Magnus Sandstone Member can be conveniently 

divided into three phases: initial shallow burial during the Late Jurassic rift event, 

minor uplift and erosion during the Lower Cretaceous as footwall uplift continued on 

the main NE -SW trending faults in response to rifling in the West Shetlands, and 

renewed burial toward the present day depth during the Later Cretaceous through the 

early Tertiary as the whole basin thermally subsided (Emery et al., 1993). Early 

diagenesis of the MSM occurred during and shortly after deposition, with the 

precipitation of non-ferroan calcite and pyrite (Emery et al., 1993). The next phase of 

diagenesis occurred when the MSM was subaerially exposed during the early 

Cretaceous, allowing entry of meteoric water causing K-feldspar dissolution, and 

precipitation of Kaolinite, hence the creation of secondary porosity (Emery et al., 

1990). The entry of meteoric waters also allowed isotopic differences and caused the 

stratification of pore waters in the MSM (Macaulay etal., 1992). The pore waters 

remained stratified from the time of the sandstone subaerial erosion until reservoir 

charging time (at 70Ma, Emery et al., 1993) and the whole sequence of the 

Kimineridge Clay Formation including the MSM behaved as a closed system during 

diagenesis. The MSM was subsequently re-buried and compacted, although 

negligible cementation or deep burial diagenesis occurred until the first oil reached 

the sandstone (Emery et al., 1993). The MSM is dominated by quartz, ankerite and 

kaolinite cements that all grew immediately prior, and during, the early stages of oil- 
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filling (Worden & Barclay, 2000). The MSM was found to contain large proportions 

of quartz cement especially in the water leg, which was related to major K-feldspar 

alteration. The alteration is attributed to an influx of externally (source rock) derived 

CO2, although the silica in the quartz cement was derived internally in the sandstone 

(Worden & Barclay, 2000). 

Heavy Mineral Studies 

Heavy minerals studies, also conducted by Shell, conclude that the Magnus 

Sandstone Member appears to have been deposited as two different systems draining 

different source regions or it exhibits unroofing within a single source area. 

Sandstones from the upper parts of the Member are characterised by heavy mineral 

assemblages sourced from the Triassic strata such as the Cormorant Formation. The 

lower parts of the Member sandstones, in contrast, have undergone extensive 

weathering before deposition and indicate a source from the Statfjord Formation. 

Analysis of well 211/8b-3, to the northwest of the Penguin-A Field, more typical of 

the BP Magnus Field, indicated no change throughout the Magnus Sandstone with 

the heavy mineral assemblage being identical to that in the upper parts of the 

Penguin-A Field. No heavy mineral information is available to the study from the BP 

Magnus Field. 

2.5.3 Reservoir zonation of the Magnus Sandstone Member 

There are considerable discrepancies in terms of the MSM reservoir zonation 

between the Magnus and Penguin-A fields. Within the Magnus Field, Shepherd et al. 

(1990) had divided the MSM into three lobes separated by shale units and topped by 

a transition zone, while the BP in-house scheme differentiates between depositional 

units A-H (as seen in Fig. 2.18). In Penguin-A Field, the basal Magnus sandstone 

unit is not considered a reservoir unit due to its poor sand quality; the remainder of 

the sand units are divided into three main reservoir units separated by shale intervals 

(Fig. 2.18). The basal sandstone unit in Penguin-A is the equivalent of Unit A sand in 

Magnus Field, and is thought to be genetically different from the overlying sand 

units (Morris et al., 1999). This interpretation is based on the presence of reworked 

material from Lower Heather Formation whereas the other sand units contain mixed 

Chapter 2: Generic Setting and Previous Research 	 43 



Heather and Lower Kimmeridge Clay material. This distinction may be related to a 

point sourced, canyon fill origin for the 'A-sands' in contrast to the younger units, 

which might have been sourced from multiple feeder systems emanating from the 

North Shetland Platform (Morris et al., 1999). 

2.6 	Aim of Research 

The Late Jurassic (Oxfordian-Ryazanian) Humber Group represents main syn-rift 

strata interval in Northern North Sea. It was deposited during the interval when 

extensional fault systems developed and linked. Despite the prospectivity of 

interbedded sandstone intervals, relatively little is known of the control on deposition 

of these evolving fault systems. The Magnus depositional System from the Magnus-

Penguin-A area provides excellent opportunity to examine interaction and feedback 

between tectonic and sedimentation. Various aspects of the system from the BP 

Magnus Field are the subjects of a number of publications (e.g. De'Ath & 

Schuyleman, 1981; Shepherd et al., 1990; Emery et al., 1990, 1993, Young, 1992, 

Morris et al., 1999), but little is known on the system within the Shell Penguin-A 

Field. 

The system has been previously interpreted as a submarine fan prograding eastwards 

with the Magnus Field located at the middle-fan location (e.g. De'Ath & 

Schuyleman, 1981; Shepherd et al., 1990), and the Penguin-A Field receiving 

sediments from the distal or outer portion of the fan being located further east. 

Recent models in contrast, favour a more axial N-S orientation of the system with 

sediments shed from the North (Ravnâs & Steel, 1997). Transfer zones between fault 

segments along the End of the World fault that lay to the NW are thought to have 

acted as conduits for sediment gravity flows initiated along the Nordfjord High and 

entering the Penguin half graben (Ravnâs & Steel, 1997). Heavy minerals studies 

indicate the possibility of more than one provenance for the system, which might 

imply two completely distinct depositional systems for different intervals of the 

MSM (Shell in-house report). 
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Although there is little doubt that the tectonic evolution is the prime control on syn-

rift sedimentation patterns and geometries, little account has previously been given to 

quantifying rift timing or its control on the deposition of the Magnus depositional 

system through temporal and spatial variation in accommodation generation. 

Investigation of depositional scenarios, as influenced by differences in the rates and 

amounts of extension on the basin bounding faults, would add a great deal to the 

understanding of the basin development and, in particular, the extent and origins of 

the Magnus Sandstone. 

The aim of this research is to use well-calibrated 3-D seismic data, electrical logs and 

detailed core descriptions to provide insights into structural controls on sedimentary 

processes and products in Northern North Sea, and to test validity of existing models 

that profess to describe sedimentary dispersal systems in the area, and the Magnus 

depositional system in particular. The study employs excellent 3-D seismic data from 

three seismic surveys, shot at 12.5m spacing and covering more than 780 m 2  and 

calibrated with more than 58 exploration and production wells, in order to accurately 

map the evolution of identifiable fault populations and hence, to provide new 

constraints on sediments sources, dispersal and deposition during syn-rift. This will 

serve, in turn, to place the MSM depositional system within a fault growth 

framework within the Northern North Sea and generic models that attempt to 

describe structure and stratigraphy of rift systems. 

Detailed sedimentological descriptions of all available cores in the area undertaken 

during this research were integrated to better characterise the Magnus Sandstone 

Member and further test and refine the idea of the existence of more than one 

depositional system within the area. The analysis also compares and contrasts the 

different depocentres within the region, unravels the depositional processes of the 

MSM depositional system, and constrains the sediment pathways. This analysis is all 

been evaluated within a biostratigraphic framework, which is used in conjuction with 

heavy mineral data, as an aid to creating a correlation framework for well and core 

data integrated with the seismic interpretation. 
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Chapter Three 

Late Jurassic Seismic Sequences 

3.1 Introduction 

The generation of accommodation space in extensional settings has been attributed 

primarily to tectonic subsidence (e.g. Leeder & Gawthorpe, 1987; Schlische, 1991; 

Contreras et al., 1997; Gawthorpe & Leeder, 2000). The transition from slow 

subsidence rates during the initial stage of fault development to high subsidence rates 

during the rift climax stage has been accredited to the interaction and linkage 

processes of fault segments (Gupta et al., 1998; Cowie et al., 2000). The spatial 

development and temporal evolution of fault segments have a direct impact on the 

stratigraphic architecture in extensional basins (Schilsch & Anders, 1996; Dawers & 

Underhill 2000). The development of folds is now recognised as an important 

consequence of extensional basins evolution where along strike variations in fault 

displacement result in transverse and longitudinal folds. The folds develop at high 

angles and parallel to the fault's strike direction respectively (Walsh & Watterson, 

1987; Schlische, 1995). The folds are described by hangingwalls geometry 

conforming to transient subbasins (isolated depocentres) separated by intrabasin 

highs, which amalgamate during fault segments linkage. 
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Patterns of synrift sedimentation document the interaction between accommodation 

creation and the rate of sediment supply within extensional settings (e.g. Leeder & 

Gawthorpe, 1987; Schlische, 1991; Prosser, 1993; Gawthorpe etal., 1994). The 

temporal and spatial variations in sediment supply may influence the distribution and 

stratal architecture of synrift sediments. Important factors controlling sediment 

supply include the pre-rift drainage networks, variations in bedrock lithology, 

climate and the size of catchment area (e.g. Gawthorpe et al., 1994; Gawthorpe & 

Leeder, 2000). 

This study aims to document the temporal and spatial evolution of the Late Jurassic 

Penguin half graben in the Northern North Sea. This objective is best achieved by 

integrating structural and stratigraphic studies to reconstruct the evolution of the 

graben. This chapter is a documentation of the seismic character and distribution of 

sediments in the Penguin half graben during the Late Jurassic-Early Cretaceous rift 

phase. The study concentrates on the highly prospective Magnus Sandstone Member, 

which was deposited at the latest stages of the rift event. The Magnus Sandstone 

Member is analysed and mapped in more detail in order to constrain the source 

direction and areal extent. The research utilizes subsurface seismic data sets and 

employs seismic stratigraphic techniques aided by petrophysical evaluation of 

wireline logs. By combining an investigation into the distribution of syn-rift 

sediments and their thickness variations during the Late Jurassic-Early Cretaceous 

rift phase (this chapter) with an understanding of the spatial distribution, temporal 

evolution of and feedback between the structural trends (Chapter 4), the evolution 

history of the Penguin half graben may be understood and quantified. 

3.2 Geological Setting 

The basin under study is the Late Jurassic Penguin half graben within the Magnus 

Province in the Northern North Sea (Fig. 2.15). The Northern North Sea constitutes 

one arm of the trilete, failed rift system of the North Sea, which experienced 10-

15% extension during the Late Jurassic-Early Cretaceous rift event (Yielding 1990; 
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Roberts et al., 1993). Much of the strain was accommopdated on large normal fault 

arrays with displacement in excess of i km (e.g. Yielding etal., 1992) and spacing of 

5-30km (Yielding, 1990). The Magnus Province is located towards the northwest of 

the East Shetland Basin ans is characterised by northeast-southwest structural trend. 

The Penguin half graben is bound bt the Penguin Horst to the east, the Magnus Fault 

to the wesr, End of the World Fault to the north and the Tern-Eider Horst to the south 

(Fig. 3.1). The overall structure is of a simple tilted fault block, bounded to the east 

and west by majoe normal faults and dipping to the east-southeast at approximately 

110 (e.g. De'Ath and Schuyleman, 1981). The Penguin Horst is an early syn-rift fault 

of the Late Jurassic rift event whereas the Magnus Fault is argued to be a Late Jurassic 

Early Cretaceous trend (e.g. Badley et al., 1988; Shepherd etal., 1990). 
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Figure 3.1: Structural framework of the Penguin half graben. The Penguin cluster 
comprises four fields but the MSM only occurs in the Penguin-A Field. 
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The lithostratigraphy of the area follows the nomenclature published by Richards et 

al. (1993) and is presented in Fig. 3.2. The Brent Group and underlying stratigraphy, 

including the Dunlin and Banks groups, were deposited during the thermal 

susbsidence period following a Permo-Triassic rift phase and represent pre-rift 

sediments to the Late Jurassic extensional episode. The early four component 

formations of the Brent Group form a progradational fluvial system. Tectonic 

subsidence following thermal doming (e.g. Underhill & Partington, 1993; 1994) led 

to drowning of the pre-rift Brent delta and marked the onset of Jurassic rifting (e.g. 

Helland-Hansen et al., 1992; Mitchener et al., 1992; Rattey & Hayward, 1993). This 

was followed by deposition of the early syn-rift, back-stepping, transgressive 

(retrogradational) shallow marine Tarbert Formation, the fifth component of the 

Brent Group (e.g. Yielding etal., 1992; Davies et al., 2000) and the subsequent 

deposition of the deep marine Humber Group. The latter is composed of Heather and 

Kimmeridge Clay formations, which were dominated by mudstone deposition 

indicating a prolonged period of sediment starvation. However, elastic supply was 

evidently maintained at times with the development of important elastic bodies 

interbedded within the Kimmeridge Clay Formation. Reactivation of the Tern-Eider 

Horst and Penguin Horst fault system in Oxfordian times resulted in southeast tilting 

of the Magnus Province area (Shepherd etal., 1990). This tilting caused uplift and 

subsequent erosion of the North Shetland Ridge and North Shetland Platform. Sands 

shed from this region punctuated the deposition of the Kimmeridge Clay Formation 

within the Magnus Province and formed the Magnus Sandstone Member submarine 

complexes (Shepherd et al., 1990). 

Following this rifling pulse, the rate of crustal extension across the North Sea Graben 

system diminished gradually. During the early Cretaceous, continued differential 

subsidence in the North Sea grabens was accompanied by the gradual infilling of its 

relief with deep-water shales and minor pelagic carbonates that onlaped and draped 

over major basin-bounding faults. 

The Magnus Province, therefore, has been interpreted to be sediment starved during 

much of the Late Jurassic rift event with tectonic subsidence outpacing sediment 
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supply (e.g. Ravnás & Steel, 1998). Following the deposition of Late Jurassic 

mudstones, movement along the End of the World Fault associated with the abrupt 

subsidence of the North Shetland Trough, caused uplift, tilting and erosion of much 

of the Jurassic sequence (e.g. De'Ath and Schuyleman, 1981). 

3.3 Datasets and methods 

Seismic and wireline logs data set 

The study area is defined by the areal extent of two 3D seismic surveys over 

Penguin-A (sw98087) and Magnus (sw97 115) fields as shown in Fig. 3.3. The 

migrated surveys have typical line spacing of 12.5m for the NNE-SSW/ WNW-ESE 

oriented crosslines and WNW- ESE/NNE-SSW oriented inlines. The total area of 

coverage is about 780km2. The quality of data varies between the two surveys, as do 

the processing parameters and frequency with the Penguin-A survey exhibiting 

generally better data quality. However, the migration process fails towards the west 

for the Penguin-A survey and the data is stretched. This creates some problems for 

integrating the two surveys especially as the stretched data occurs at the overlap zone 

with the Magnus Field survey. In addition the Magnus survey quality also 

deteriorates for the last 100 inlines to the east, which adds to the problem of 

integrating the two surveys. The data is of poor quality towards the northwest and the 

northern limit of the Magnus Field survey. The seismic coverage within the Penguin-

A survey extent is not complete with some areas with no seismic coverage in the 

southwest as well as in the northeast (see Fig. 3.3). The vertical resolution of the data 

is 10-30ms (c. 15-45m). The data was interpreted using GeoQuest IESX software at 

the University of Edinburgh. Further details on the surveys can be found in Appendix 

1, Table 1.1. 

The 3D seismic data was interpreted by identifying key reflectors at well locations 

and tracing them through the seismic volume. Inlines and crosslines were interpreted 

at least every 10th line (Appendix 1, Table 1.2 for interpretation density) before being 

auto-tracked to cover the area of interest. To aid the interpretation, traverses and 
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loops that link the different wells in various orientations, and seismic slices were 

used. Wireline logs of more than 58 exploration, appraisal and production wells 

within the two fields and surrounding areas were incorporated within the study (Fig. 

3.3 & Appendix 1, Table 1.3). The majority were available as composite and velocity 

logs. For the purposes of this thesis, the seismic interpretation (in TWT ms) has not 

been depth converted and although velocity variations may affect the patterns 

observed in syn-rift sediments thicknesses, the closely spaced well control in both the 

Penguin-A and Magnus fields indicate that these variations will not have considerable 

affect on the general observations and conclusions. 
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Figure 3.3: Extent of the subsurface dataset used for the study. The two seismic volumes 

used for structural interpretation are outlined and the wells available to the study located. 

The faults shown follow published data to date (e.g. Sepherd etal., 1990) 

and will be reviewed in chapter four. 
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Identifying reflectors on wire/me logs 

Horizons were identified from composite wireline logs for each of the fifty-eight 

wells incorporated within the study (Appendix 1, Table 1.4). These horizons were 

picked from the log character and the classification supplied by the logs in terms of 

group, formation and member status (a detailed log analysis is covered in Chapter 5). 

For each horizon the depth was noted and, using the velocity logs calibrated with 

check shots, a Two Way travel Time (TWT) value to the horizon was calculated. 

These TWT values were inserted into the seismic data as surface markers and 

displayed at each well location to identify the horizons. Variations between the TWT 

values as calculated from wireline logs and the surfaces interpretation in seismic data 

were noted (Appendix 1 ,Table 1.5) and an appropriate shift to the wells was applied 

in order to match the two. Velocity logs of some of the wells were not available, so 

for these wells no markers were identified (Appendix 1, Table 1.3), but their 

composite logs served to compare thicknesses relative to other wells. 

Errors in the velocity logs of some wells were detected. The errors are mainly related 

to the depth on the velocity log being recorded from Mean Sea Level (MSL) rather 

than Below Derrick Floor (BDF), resulting in a shift in the logs depth by the 

respective DF elevation above MSL (Appendix 1, Table 1.3). For example, well 

211/13 -10  velocity log depths have been recorded from MSL, resulting in a shift in 

the logs by 85 feet, which is equivalent to the height of the DF elevation above MSL. 

These errors were taken into account when calculating the TWT for these wells. 

Polarity and Phase considerations 

Phase and polarity are important considerations in seismic interpretation as they 

affect the identification of the horizons at well locations and the correlation between 

wells. The Penguin-A data from Shell was provided as zero phased (pers comm. Bert 

Heijna at Shell). The polarity and the phase of the seismic data, as processed by 

Shell, had to be verified and matched to the horizon signatures from the wells using 

knowledge of the expected signature. 
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The seismic data polarity was initially calibrated and confirmed using the sea floor 

seismic signature. The sea floor represents an increase in acoustic impedance due to 

the increase in velocity as the seismic rays go from seawater to sediments of the 

seabed, and is represented by a trough in the Penguin-A seismic data. This is 

confirmed by checking the seismic signature of the horizon top Balder Formation. 

Balder Formation is a tuffaceous layer encased within shale and, since there is again 

an increase in velocity and hence acoustic impedance, as the seismic rays go from 

shale to Balder, top Balder Formation should be represented by a trough. Using the 

Society of Exploration Geophysicists (SEG) convention (Fig. 3.4a), the Penguin-A 

seismic data is confirmed to be zero in phase and reversed in polarity (Appendix 1, 

Fig. 1). In contrast, the Magnus Field seismic data is established to be minimum in 

phase with reverse polarity. Fig. 3.4b represents the contrasting signatures 

anticipated for the various stratigraphic tops encountered in a typical well within the 

area. These signatures were used to cross check the well markers and their 

consistency within the seismic data. A shift of about +l5ms was applied to the 

Magnus survey in order to integrate the surveys with one another and to tie wells to 

the seismic volumes. Only well 211/8b-3 is within the overlap area between the two 

seismic surveys, and was used for the integration. 

Seismic Reflectors 

A representative composite section across the Penguin half graben, illustrating the 

main horizons interpreted and the typical characters of normal faults mapped within 

the area is shown as Fig. 3.5. The Penguin half graben, with its asymmetric shape, 

forms a classic example of tilted fault block rift geometry. The graben forms 

hangingwall to the basin bounding Penguin Horst to the east and the footwall to the 

Magnus Fault and End of the World Fault to the west and northwest respectively. On 

the footwall to the Magnus Fault, the succession dips towards the east southeast into 

the Penguin half graben, levels off in the centre of the graben, before being uplifted 

eastward onto a collapsed terrace of the Penguin Horst. The overall effect is to form 

an asymmetric wedge-shaped geometry with a steepened eastern flank. The Penguin 

Horst has the highest relief in the northern area of the seismic data and reduces to the 

south. In particular, the Penguin Horst relief and character changes markedly 
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Figure 3.4: Seismic signature of the stratigraphy mapped. (a) SEG Convention used to define 
the phase and polarity of the seismic data. (b) Expected seismic signature of the different 

lithologies encountered by a typical well in the study area. 
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between the two wells 211/13-3 and 13-9 within the Penguin-A Field. The crest of 

the Penguin Horst is severely denuded in some areas, and is observed to step 

backwards (by up to 1 km) from the fault trace location. 

In total, seven seismic reflectors have been mapped within the syn-rift package. Two 

main reflectors envelope the package and are identified as the Base Cretaceous and 

top Brent Group. The Base Cretaceous reflector, which is a strong positive peak, 

represents an onlap surface marking the top of the syn-rift package. It is an 

unconformity in the north over the Penguin Horst and Magnus Fault but is 

conformable (a correlative conformity marked by severe condensation) in the centre 

of the graben and the south. Cretaceous strata are seen to clearly onlap the 

unconformity on the backs of the fault blocks. The top pre-rift is the deepest surface 

mapped within the seismic volumes and is an onlap surface that separates the 

strongly imaged pre-rift stratigraphy from the chaotic and transparent strata of the 

syn-rift. Stratigraphically, the reflector is tied to top of the Brent Group. Although 

Tarbert Formation is thought to have experienced about 1% extension (e.g.Yielding 

et al., 1992; Underhill et al., 1997, Davies etal., 2000) during the early stages of the 

Late Jurassic rift event, for the purposes of this thesis, top Tarbert Formation is still 

considered top of the pre-rift sediments. This is a pragmatic decision because the 

Tarbert Formation is encountered/differentiated in a few wells only within the basin 

(Chapter 5 for more details), and is therefore problematic to map seismically. 

Within the syn-rift succession, the five mapped reflectors are identified as the top 

Magnus Sandstone, top Intra-Magnus Shale (Lower-Shale as defined in Chapter 5), 

top Lower Magnus Sandstone (MSM Unit 1), base Magnus Sandstone (equivalent to 

top Lower Kimmeridge Clay Formation) and top Heather Formation. All these 

surfaces (except Base Cretaceous Boundary) are mapped only within the eastern 

hangingwall of the Penguin Horst and on to the footwall of the Magnus Fault in the 

Magnus survey. Information from all exploration, appraisal and production wells in 

both in the hangingwall of the Penguin Horst and in the neighbouring vicinity of the 

area have been included in the interpretation. 
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3.4 	An Overview of the Late Jurassic Syn-rift Sediments 

Base Cretaceous Boundary (Top Syn-rift) 

The Base Cretaceous boundary is a regional prominent seismic marker of intra-Late 

Ryazanian age. It results from a sharp acoustic impedance contrast between 

carbonates of the Lower Cretaceous Cromer Knoll Group and the underlying 

geologies, which are mainly the hot shales of the Kimmeridge Clay Formation. It is 

also thought to form in response to a dramatic change in the regional tectonic style 

within the North Sea: 
from extension-dominant in the Jurassic to post-rift thermal 

subsidence in the Early Cretaceous (Glennie & Underhill, 1998). However, in the 

Atlantic margin to NW Europe, the boundary is seen to mark a major crustal 

extension and faulting, inherited from the final failure of the North Sea Jurassic rift 

basin. The nature of the Base Cretaceous boundary varies greatly within the North 

Sea; however, the boundary is typically conformable with a complete but highly 

condensed section preserved. Over most of the North Sea, the boundary is considered 

a minor sequence boundary lying within the North Sea post-rift sequences. In the 

Northern north Sea the pelagic mudstones of the Kimmeridge Clay Formation 

underlie highly condensed pelagic carbonates of the Cromer Knoll Group. In the 

Central North Sea the Kimmeridge Clays are overlain by deep marine Cretaceous 

strata that infill the remaining marine topography (Rattey & Hayward, 1993). 

Within the study area, the reflection from the Base Cretaceous boundary is generally 

of good quality and can be mapped with confidence over most of the area. However, 

its character in the Magnus Field does vary updip, which is attributed either to the 

absence, due to erosion, of lower Cretaceous sequences or to a subcrop of the 

Magnus Sandstone Member. In the Penguin half graben, the boundary is a major 

unconformity on the footwalls of Late Jurassic faults. The top of the Penguin Horst 

has been eroded (Fig. 3.5) and Cretaceous strata directly overlie the Triassic 

Cormorant Formation, with all the Jurassic succession missing. It is difficult to 

assess the amount of erosion, if any, beneath the Base Cretaceous Unconformity in 

the centre of the Penguin half graben. Indeed in most west-east seismic lines the 

succession appears to be conformable with the overlying Cretaceous succession. In 
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the Magnus Field, and as Fig. 3.5 illustrates, the Base Cretaceous boundary is 

observed to have an unconformable contact with the Upper Kimmeridge Clay and 

the Magnus Sandstone Member is in contact with the Cretaceous. To the northwest, 

the major End of the World Fault displaces the Base Cretaceous boundary and the 

down-thrown side falls outside the seismic data coverage boundary and hence cannot 

be mapped (Fig. 3.5). 

A map (in TWT ms) to the Base Cretaceous boundary (top of syn-rift) is presented in 

Fig. 3.6a. This surface represents the topography of the basin at the end of the fault 

activity in the Late Jurassic rifling phase and reflects the underfilled nature of the 

basin, which was sediment starved for much of the period of fault activity. A dip-

azimuth map of the Base Cretaceous Boundary surface is shown in Fig. 3.6b and 

emphasises the impact of Late Jurassic faults on the deposition of Cretaceous strata 

by outlining the major fault trends within the area. NNW-SSE oriented trends are 

observed but a more detailed account of the fault trends will be provided in Chapter 

4. The series of lows and highs depicted in Fig. 3.6a correspond to the hangingwalls 

and footwalls of the different fault trends shaping the basin. The Penguin Horst 

clearly marked by absence of interpretation, is the major structural feature in the 

Penguin half graben. The horst strikes almost N-S in the northern area but then 

curves to a NNW-SSE strike direction further south. This created the two major 

depocentres clearly observed in the top syn-rift map (Fig. 3.6a): an axial depocentre 

running almost N-S, which is considered to be the main depocentre (see later 

discussion) and a secondary depocentre in the southeast that trends NNW-SSE. 

In the Magnus survey, the Base Cretaceous boundary surface rises to shallower 

depths westwards and is also influenced by Late Jurassic faults. These Late Jurassic 

faults mainly trend NNW-SSE and create some small depocentres that are still 

recognizable at Base Cretaceous level. However, in the northwest of the Magnus 

survey, this Base Cretaceous surface is truncated and eroded due to footwall uplift on 

the End of the World Fault that was active in Early Cretaceous (more details in 

Chapter 4). Therefore the northwestern edge of the Base Cretaceous boundary is an 

erosion limit and, in the area between this erosion limit and the End of the World 
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Figure 3.6: Base Cretaceous. (a) Time map (in TWI ms) to top of the syn-rift represented by 
the Base Cretaceous Boundary. Two depocentres are seen (light purple), one trending 
almost N-S whereas the other has a NNW-SSE direction. Also shown are the locations of 
some seismic sections. (b) Dip-Azimuth map of the Base Cretacous Boundary, which 
illustrate the major fault trends within the area. 
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Fault, a composite surface is mapped which describes the top of a fault scarp 

degradation complex. Over the End of the World footwall crest, in the north of the 

Magnus Field, Heather, Brent or Triassic sequences are the subcrop to the fault scarp 

degradation complex. Fig. 3.7 represents a crossline within the Magnus survey 

demonstrating the composite nature of this surface, whereas the areal extent of the 

composite surface is shown in Fig. 3.8. The identification and interpretation of the 

composite surface is confirmed by the completion log of well 211/7-2, which shows 

strata of the Cretaceous Shetland Group directly overlying Triassic sequences with 

all Jurassic sediments and Cromer Knoll Group sediments absent. Well 211/12-7 

provides a control point for the composite surface interpretation with the Cromer 

Knoll Group encountered and proves the southwestern limit of the surface. 

Mid-Cretaceous Turonian erosion is also identified (Fig. 3.8) and Lower Cretaceous 

and Jurassic sediment were removed during this phase of erosion. In well 211/12-6, 

conglomerates of Turonian age directly overlie the Kimmeridgian Magnus Sandstone 

Member. Three areas of the Turonian erosion were mapped (Fig. 3.8) and the seismic 

section in Fig. 3.9 illustrates the character of the erosion surface as seen in the 

Magnus seismic volume. 

An investigation of the stratigraphy to the eastern side of the Penguin Horst is 

important in any study of the extent of the Magnus Sandstone Member especially 

when the source direction of the sediments is questioned. Seismic survey mn960 1, 

predominantly located in the Norwegian sector was therefore incorporated into the 

study. The Base Cretaceous Boundary was mapped in (mn960 1) survey as an initial 

step to tie this third survey with the other two surveys. The Base Cretaceous surface 

across all the surveys is shown in Fig. 3.10. Well 211/8-2 and the Norwegian wells 

33/5-1, -2, were used to later verify the existence of the Magnus depositional system 

to the east of the Penguin Horst. The succession on either side of the horst is 

significantly different as illustrated by Fig. 3.11. To the west, the Upper Jurassic 

succession is thick (up to 800m) with the deep-water Magnus depositional system 

encased within Kimmeridge Clay Formation. To the east, the Upper Jurassic 

succession is thinner (about 300m at thickest locations) and is mostly condensed 
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Figure 3.8: Fault scarp degradation complex and Turonian erosional limits superimposed on 
Base Cretaceous depth map. 
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Figure 3.10: Time map (in TWI ms)to top of the Base Cretaceous Boundary.The figure 
shows the surface across the Magnus, Penguin and the Norwegian (mn9601) survey. The 
Norwegian survey was added to the study to verify the extent of the MSM northeast and east 
of the Penguin Horst. however, the MSM was not found in these areas. See text for further 
discussion. 
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and/or truncated with no deep-water siliciclastic depositional systems identified. 

Since the MSM was not encountered in the eastern side of the Penguin Horst, the 

interpretation of all horizons and surfaces and the investigation of control of rifling 

on the deposition of sequences is limited to the Penguin half graben, west of the 

Penguin Horst. 

Brent Group (Top Pre-rift) 

The Brent Group generally represents pre-rift sedimentation within the basin 

although a small amount of extension ( 1%) is thought to occur during the 

deposition of the Tarbert Formation, which is the last deposited formation within the 

Brent Group (Yielding et al., 1992). The Brent Group is known to form a regressive-

transgressive package of marine and coastal sediments, which record the 

progradational outbuilding and subsequent retreat of a delta system. A five-fold 

subdivision of the group outlines the constituent formations of the group, which are 

from the base upwards: Broom, Rannoch, Etive, Ness and Tarbert. Broom, Rannoch, 

Etive and lower Ness Formations are considered part of the northerly prograding 

regressive section of the succession, while the overlying upper Ness and Tarbert 

formations encompass sediments deposited during the southward retreat of the 

system in response to a relative sea level rise during the initiation of the Late Jurassic 

rift episode (e.g. Richards, 1990; Underhill, 1998). 

Within the study area, some wells indicate the existence of a complete Brent Group 

succession while others prove the erosion of the uppermost Tarbert Formation and 

sometimes even successions of the Ness Formation (Chapter 5 for more details). In 

view of this, the Top-Brent reflector mapped represents the top of the group rather 

than a particular formation within it. Seismically, sub-parallel reflectors of good 

lateral continuity characterize the Brent Group. The top Brent reflector was identified 

from well ties in the Magnus Field and followed across the Penguin half graben to 

the Penguin-A Field. The top Brent reflector signature used for mapping is 

characteristically marked by a strong positive loop followed by a couple of weaker 

loops (Figs. 3.4 & 3.5 for variations on the pick between the two surveys). Mapping 

of the top Brent surface was relatively straightforward within the Magnus survey as a 
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number of wells encountered the horizon. However in the Penguin survey, fewer 

wells encountered the Brent Group ans as seen from the dustribution of wells in Fig. 

3. 1, no wells are drilled within the central part of the Penguin half graben. The lack of 

well ties made tracing the reflector in the main depocentre somewhat problematic. 

Details of the Brent Group wireline log character and its occurrence in the different 

wells within the study area are covered in Chapter 5, whereas Table 1.4 in Appendix 1 

provides depth picks to top of the Brent Group in the different wells. 

A depth map (in TWT ms) to top of the Brent Group (top pre-rift) is presented in Fig. 

3.12. The map shows a series of depocentres trending NNW-SSE, which illustrate the 

predicted form of the hangingwall sediments dipping into faults (marked by purple 

higher TWT values). The dominance of the NNW-SSE trending depocentres 

demonstrates the Late Jurassic rift event structural grain in the Penguin half graben. 

However, some almost N-S trending faults are seen to crosscut this grain; as observed 

with the Penguin South Fault and the normal faults constituting the Penguin Horst 

(Chapter 4 for more details). TWT values are greatest (up to 4000ms) in the 

hangingwall to the Penguin South Fault. The Penguin South Fault was therefore most 
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Figure 3.12: Top of pre-rift depth map (in TWT ms). The surface is tied to top of the Brent Group and is 
seen to be offset by a series of NNW-SSE oriented faults. Higher TWIs are obsereved in the 
hangingwalls to these faults with the highest values at the centre of the Penguin half graben. 

Chapter 3: Late Jurassic Seismic Sequences 	 67 



influential in shaping the basin. These observations contrast with the more widely 

held belief that the Penguin Horst bounds the Penguin half graben to the east. This is 

also clearly demonstrated in Fig. 3.5, where the Heather-Upper Kimmeridge Clay 

Formation shows the greatest thickening into NNW-S SE_S 15 and the Penguin South 

Fault. 

Brent Group sediments are absent from the top of the structure in Penguin-A Field 

and the Penguin Horst due to uplift and subsequent erosion associated with 

development of the Base Cretaceous Unconformity. The Brent Group thickens to the 

east, downdip from the Penguin Horst as seen within the seismic data and confirmed 

by well analysis. Well 33/5-2 to the northeast contains about 120 metres of Brent 

Group commencing in the Rannoch Formation. Wells 211/14-1 and 14-2 to the 

southeast also encounter the Brent Group although well 14-2 is the only one to 

encounter the Tarbert Formation. In well 14-1 the Ness and Tarbert Formations are 

absent and the Brent Group is represented by the Etive-Broom formations. 

Syn-rift Sequence 

An isochron map of the syn-rift succession has been produced from measuring the 

difference in TWT between top syn-rift (Base Cretaceous) and top pre-rift (top Brent 

Group) reflectors. The thickness map represented as Fig. 3.13 illustrates a general 

thickening into the centre of the Penguin half graben with a superimposed series of 

wedge shaped syn-rift successions that thicken into the major NNW-SSE and N-S 

trending faults. The syn-rift succession has a maximum thickness of almost 900ms 

TWT (c. 1350m) in the immediate hangingwall to the N-S trending Penguin South 

Fault, which extends from south to the middle of the Penguin half graben. This 

maximum thickness is encountered adjacent to the position of maximum 

displacement on the fault (Chapter 4 for more details). Similar thickness values are 

observed towards the northeast of the graben within the hangingwall to a northern 

NNW-SSE striking fault. The syn-rift succession is subdivided into two main 

intervals; the Heather and Kimmeridge Clay formations by mapping the reflector 

Top Heather Formation. These sequences are addressed in more detail in the next 

section. 
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3.5 	Distribution of Late Jurassic Syn-rift Sedimentation 

Heather Formation 

The Heather Formation consists of medium to dark grey to brown, marine mudstones 

and siltstones with sporadic thin stringers or concretions of pale grey-brown 

limestone or dolomitic limestone (Richards et al., 1993). In the East Shetland Basin, 

the lower part of the formation is generally composed of hard, micaceous, calcareous 

silty mudstones, while the upper part is more carbonaceous and has more limestone 

stringers. The Heather Formation is interpreted to have been deposited at time of 

major sediment starvation. The average sedimentation rate for the Heather Formation 

undecompacted sediments is 25mm/ka (Appendix 1, Table 1.6), which is relatively 

high compared with modern rates of 5-15 cmlka (Stow et al., 1996). 

Within the study area, the Heather Formation is always overlain by mudstones 

ascribed to the Kimmeridge Clay Formation. The Heather Formation is seismically 

characterised by poorly imaged and often discontinuous reflectors (Fig. 3.5). In 

general, the Heather Formation represents the greater proportion of the syn-rift 

sediments and is observed to thicken substantially into the major basin-bounding 

faults. This thickening is represented by the divergence of seismic reflectors towards 

the faults. The development of divergent forms is related to growth on the Penguin 

half graben boundary fault system and continued tilting of the hangingwall. 

Consequently it is evident that the faults were active during the deposition of the 

Heather Formation. This geometry is demonstrated within the seismic composite 

section in Fig. 3.5 and again in the traverse represented by Fig. 3.9. In these two 

figures the Heather Formation is seen to thicken towards the faults NNW-SSE_S15 

and NNW-SSE _5 respectively. In addition the Heather Formation displays the 

characteristic dip slope onlap onto the Brent Group (pre-rift) reflector (Fig. 3.5), 

which results from and represents the early infill of the basin and the truncation of 

reflectors against the hangingwall low-angle dip slope. 

The Heather Formation is eroded within the Penguin-A Field and none of the wells 

in this field encounter the formation. Depth (in TWT ms) to top of the Heather 
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Formation is displayed in Fig. 3.14, which demonstrates the continued NNW-SSE 

structural grain control on sediment deposition and the dominance of the Penguin 

South Fault. An isochron map of the Heather Formation (Fig. 3.15) illustrates 

Heather Formation thicknesses ranging between 30 and 550ms (c. 45-825m). 

Maximum values are encountered in areas adjacent to major basin-bounding faults. 

The formation is also observed to thicken into individual and isolated depocentres 

that are mainly NNW-SSE oriented. These depocentres range between 2-6km in 

width. 

Kimmeridge Clay Formation 

The Kimmeridge Clay Formation (KCF) as defined by the Northern North Sea 

nomenclature of Richards et al. (1993) and comprises dark grey brown to black, non-

calcareous or slightly-calcareous, moderately to highly organic-rich mudstones. Thin 

laminae and streaks of siltstone and sandstone occur locally. The formation is known 

to be of Kimmeridgian to late Rya.zanian (early Cretaceous) in age. The character 

and sedimentology of the KCF within the study area are investigated and discussed 

in detail through wireline log analysis and core descriptions of the interval in 

Chapters 5, 6 and 7 of this thesis. Estimates of KCF sedimentation rates within the 

study area generally range between 1 5-38mmlka (Appendix 1, Table 1.6). These are 

the average values based on undecompacted sediments, though sedimentation rates 

for this interval can be as low as 1 .66mmi'ka. 

Within the seismic data, the Kimmeridge Clay Formation is characterised by strong, 

well-imaged and mostly continuous reflectors, which facilitates its differentiation 

from the transparent and chaotic reflectors of the underlying Heather Formation (Fig. 

3.5). The top of the Kimmeridge Clay Formation represents the top of the syn-rift 

and coincides with the Base Cretaceous surface producing a prominent positive 

seismic reflection. The Kimmeridge Clay Formation is well developed in the south of 

the study area and attains thicknesses of more than 300m (such as in well 211/12-15), 

but thins towards the north (to thicknesses of about 10-30m), and over the crests of 

intra-basinal fault blocks and terraces. The formation is absent over the crest of the 

Magnus Field due to erosion associated with the Base Cretaceous Unconformity, and 
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Figure 3.15: Heather Formation isochron map (in TWT ms). Depocentres oriented NNW-SSE 
are emphasised and thicknesses of more than 550ms are encountered in the centre of the 

Penguin half graben and to the northeast. 
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within these eroded areas, the characteristic high amplitude reflection becomes 

weaker as the MSM subcrops the Cretaceous mudstone successions. This character 

may be seen in the Magnus survey crossline seismic section represented by Fig. 3.8, 

where the erosion of the Upper Kimmeridge Clay and subcrop of Magnus Sandstone 

Member are highlighted. The Kimmeridge Clay Formation isochron map (Fig. 3.16) 

is calculated from the difference in TWT between the Base Cretaceous reflector 

(equivalent to top Kimmeridge Clay Formation) and top Heather Formation. The 

series of highs and lows represent footwalls and hangingwalls to the major fault 

trends within the basin. The figure indicates a maximum thickness of more than 

400ms (c. 650m) at the centre of the Penguin half graben and towards south. This 

thickness variation may be partially attributed to erosion of the KCF in the northern 

area associated with the Base Cretaceous Unconformity. 

The Magnus Sandstone Member is encased within the Kimmeridge Clay Formation, 

leading to the subdivision of the Kimmeridge Clay Formation into upper and lower 

Kimmeridge Clay units (UKCF and LKCF). Fig. 3.17 represents the isochron map of 

the UKCF measured from Base Cretaceous to top Magnus Sandstone Member 

reflector. The general trend of increasing thickness towards the south is maintained 

and well 211/12-15 encounters approximately 134m of UKCF. An outline of the 

UKCF erosional limit by the Base Cretaceous Unconformity within the Magnus 

Field is also shown in Fig. 3.17. Some discrepancy between this limit and the 

outlined extent of the UKCF is observed. This is due to the isochron map being 

calculated with reference to the mapped top MSM that represents the depositional 

top and not including the areas affected by Turonian erosion. 

Lower Kimmeridge Clay Formation is identified as the package between the base 

Magnus Sandstone Member and top Heather Formation, and its isochron map is 

presented in Fig. 3.18. The figure indicates a general trend of increase in thickness 

towards the centre of the graben. However, particularly low thicknesses, which are 

not in accord with the structural trends of the basin, are mapped in the Magnus Field 

around and to the east of well 211/12-9. This is interpreted to relate to erosion of the 
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3.6 	Distribution of the Magnus Sandstone Member 

The Magnus Sandstone Member is a deep-water depositional system within the 

Kimmeridge Clay Formation. It consists predominantly of sub-arkosic to arkosic, 

fine to coarse grained, locally granulitic, generally poorly sorted sandstones (De'Ath 

& Schuyleman, 1981; Chapters 6 and 7 of this thesis). The Magnus Sandstone 

Member has been shown to have been deposited during Kimmeridgian to Volgian 

times and its occurrence is restricted to the Magnus Province in the northwestern part 

of the East Shetland Basin (Richards et al., 1993). 

The MSM has proven to be highly prospective as it forms the reservoir sands in both 

the Magnus and Penguin-A fields in the Northern North Sea. The MSM reservoir 

sands form both structural and stratigraphic traps. In the Magnus Field, and to the 

north and south the reservoir is limited by the stratigraphic pinch-out (depositional 

limit) of the Magnus Sandstone Member. On the crest of the field, in contrast, the 

Base Cretaceous Unconformity truncates the reservoir sands. Similarly, in the 

Penguin-A Field, the MSM forms an updip stratigraphic pinch-out trap against the N-

S trending Penguin Horst, which binds the Penguin-A Field to the east. The Magnus 

Sandstone is seen to onlap and eventually pinches out against the horst, which 

implies that the structure formed a high throughout the period of Magnus Sandstone 

deposition. As the Penguin Horst changes strike to NNW-SSE south of the Penguin-

A Field, the extent of MSM is constrained by the Penguin South Fault, which runs 

almost N-S (Chapter 4 for more details on structural interpretation). 

Four seismic horizons define the framework of the MSM reservoir unit and, in 

combination with well data (Chapter 5 for more details); these have been used to 

map the reservoir surfaces and geometry (Fig. 3.19). These horizons are: top Magnus 

Sandstone, top Intra Magnus Shale (Lower-Shale), top Lower Magnus Sandstone 

(MSM Unit 1) and base Magnus Sandstone. No other intra-Magnus sandstone 

surfaces could be resolved seismically. 
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The boundary of MSM with the Upper Kimmeridge Clay Formation (UKCF) is often 

transitional (Chapter 5 for more details) and therefore the acoustic impedance 

contrast marking the top of the MSM gives a weak and often complex signature. A 

decent reflection is usually present where the overlying UKCF is thick, whereas a 

thin UKCF and the Magnus sandstones interact to produce a complex waveform. The 

base of the MSM is easily mapped when it defines the boundary between clean sands 

and Lower Kimmeridge Clay Formation (LKCF) mudstones. However, when this 

boundary is somewhat transitional and incorporates shaley sands or sandy LKCF 

then the acoustic impedance contrast diminishes and mapping the horizon becomes 

problematic. The reflection also deteriorates updip towards the crest of the Magnus 

Field as it rises to form the subcrop to the Base Cretaceous, where the intersection 

defines the western limit of the field as seen in Fig. 3.7. 

The top of Intra Magnus Shale (Lower-Shale) defines the top of the widely spread 

shale unit (Fig. 2.18) that corresponds with the Autissiodorensis Maximum Flooding 

Surface of Partington et al. (1993b). Top Intra Magnus Shale is represented by a 

strong positive peak in the Penguin-A Field, which ties with a zero-crossing from a 

positive to a negative reflection in the Magnus Field (Fig. 3.4). The top of the lower 

Magnus Sandstones reflection (MSM Unit 1) define the top of the lower sand unit 

within the Magnus depositional system, below the wide-spread Lower-Shale, and 

whose base marks the base of the MSM. Within seismic data, the top of the Lower 

Magnus Sandstone is defined as a trough directly below the Magnus Intra-Shale 

peak. 

Within the Penguin seismic volume, strike sections (crosslines orientation) indicate 

that the MSM is continuous (Fig. 3.20) but dip sections (mimes orientation) show it 

to be highly faulted and broken (Figs. 3.5 and 3.11). Internal structures are generally 

continuous and of high amplitude although some mounded features are also seen. 

These may be fault controlled or due to slump depositional processes. 
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in (a). The figure illustrates the thickening of the MSM upper succession towards the north, 
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Fig. 3.21 displays depth (in TWT ms) to top of the Magnus Sandstone Member and 

illustrates a N-S trending central depocentre. The depth to top MSM varies between 

2600ms TWT at the crest of the Magnus Field and 3250ms at the deepest point in the 

basin and indicates an axial trend of deposition for the Magnus Sandstone Member. 

The depth to the base of MSM varies between 2700ms and 3600ms TWT as 

portrayed by Fig. 3.22 but still demonstrate the axial trend of deposition. A striking 

observation is the offset of the MSM top and base by the cross faults running across 

the Penguin half graben. Despite this displacement, structural interpretation 

(presented in Chapter 4) reveals that only one of these faults controls the deposition 

of the MSM. In particular WNW-ESE_4 was only active during the deposition of the 

Lower Magnus Sandstone unit (MSM Unit 1). Maps to top of the Lower-Shale and 

top of the Lower MSM unit show the same axial trend of deposition as the top and 

base of MSM and are therefore included in Appendix 1, as Fig. 2 and Fig. 3 

respectively. The MSM is seen to occur within well 211/12-8 (33m) to the southwest 

within the hangingwall to the major NNW-SSE-5 fault, indicating that some of these 

Jurassic NNW-SSE trending faults continued to be active till Latest Jurassic. 

An isochron map of the MSM is represented in Fig. 3.23 and shows thicknesses of up 

to 220ms TWT (c. 330m) in the central part of the Penguin half graben. High 

thickness values are also observed east of well 12-9 and a small depocentre is 

recognised to the southwest around well 12-5 within the Magnus Field. The isochron 

map illustrates the control of the Late Jurassic rift event on the deposition of the 

MSM, as the thickest successions of the MSM conform to depocentres created by the 

NNW-SSE Jurassic trending faults (Fig. 3.24). These faults are therefore interpreted 

to influence the MSM sediments dispersal patterns especially to the north of the 

Penguin half graben, where distinct variations in the MSM thicknesses are recorded. 

This control is further demonstrated by Fig. 3.24 representing the dip-azimuth map 

of top MSM. The control of normal faulting on the deposition of the MSM is 

illustrated and discussed in more detail in Chapter 4. 

The subdivision of the MSM by the Lower-Shale interval aids mapping the upper 

and lower MSM successions (Fig. 3.19 & 3.20). The upper succession consists of the 
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Figure 3.21: Time to top Magnus Sandstone Member map (in TVVT ms). The axial trend ot 
deposition is demonstrated and the influence of the cross faults 

across the Penguin half graben is recognised. 

Figure 3.22: Time to base Magnus Sandstone Member map (in TWI ms). The axial trend of 
the depcentre is demonstrated. 
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Figure 3.23: Magnus Sandstone Member isochron map (in TWI ms). The map indicates an 
axial trend of deposition with greatest thicknesses (more than 200ms TWT) 

towards the centre of the Penguin half graben. 
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Figure 3.24: Top Magnus Sandstone Member dip azimuth map. The surface is seen to be 
influenced by NNW-SSE trending faults intersected by cross faults running WNW-ESE 

across the Penguin half graben. 
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MSM sequences from top Magnus Sandstone to top Lower-Shale, whereas the lower 

succession extends from top lower Magnus Sandstone unit (MSM Unit 1) to the base 

of Magnus Sandstone Member. 

Fig. 3.25 is an isochron map for the upper succession and illustrates a thickness 

variation of up to 1 4Oms (c. 21 Om) at the centre of the Penguin half graben and 

towards north. The figure confirms the axial trend of the MSM deposition. Thickness 

variations demonstrate the influence of the NNW-SSE Jurassic structural grain, 

particularly in the northern area, where the upper MSM succession is seen to thicken 

into some of these faults (Fig. 3.20, NNW-SSE-6 Fault). This observation is used to 

support that this succession had a source direction from the north or northeast. Fig. 

3.26 displays the lower MSM succession isochron, illustrating thicknesses of up to 

1 OOms (c. 15 Om).  In contrast to the upper MSM succession the lower succession 

indicates a single sourced confined flow deposition generated from the west. The 

system has a depositional unit/lobe that extends from the Magnus Field around well 

12-9 to the centre of the Penguin half graben. The depositional unit/lobe is seen to 

increase in thickness very rapidly just east of well 12-2 in the Magnus Field, but the 

underlying LKCF is very thin in this area. Therefore the flows that deposited the 

MSM lower succession eroded the LKCF. The estimated limit of erosion is plotted 

onto Fig. 3.26. On the southwest side of the depositional unit/lobe a more gradual 

variation in thickness is observed and internal reflections from the lower MSM unit 

are seen to onlap onto the base of the MSM (Fig. 3.9). However, further west the 

deposition of the Lower MSM unit is controlled by a WNW-ESE trending fault and 

greater thicknesses are present to the northeast of this fault (Fig 3.26). 

The internal character of the MSM is best illustrated by flattening seismic reflection 

sections at top MSM level at various orientations. Fig. 3.27 for example, illustrates a 

flattened inline across the Penguin half graben and the semi-continuous internal 

reflectors suggest a shingled character within the upper MSM succession. The lower 

MSM succession displays an onlap of the internal reflectors onto the Penguin Horst. 
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Figure 3.25: Upper Magnus Sandstone Member succession isochron map (in TWI ms). The 
map illustrates the axial trend of deposition with thicknesses of more than 120ms TWI 
towards the north and at the centre of the Penguin half graben. A smaller depocentre may be 
recognised to the southwest. Cross Faults and some of the NNW-SSE trending faults are 
also emphasised. 
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Figure 3.26: Lower Magnus Sandstone Member isochron map (in TWI ms). A focused single 
westerly source direction is demonstrated for the succession with a thickness of up to 90ms 

east of 211/12-9 and into the centre of the Penguin half graben. 
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passes through well 211/13-3 within the Penguin-A Field. Semi-continuous 
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3.7 Controls on the Late-Jurassic syn-rift sedimentation 

The Penguin half graben basin in the Northern North Sea responded to the Late 

Jurassic strain perturbation by a characteristic NNW-SSE structural grain with an N-

S superimposed trend (Chapter 4). These trends shaped the graben and influenced the 

sediments dispersal patterns. Numerous isolated sub-basins oriented NNW-SSE to 

NW-SE are recognised within the basin and are interpreted to have formed in 

response to the initial strain accommodation. These basins are characterised by low 

rates of subsidence. As the rates of subsidence increased, some of these sub-basins 

are proposed to have deepened, widened and consequently linked. 

Syn-rift sediments that infihled the accommodation generated by active subsidence 

were demonstrated by deep marine shales and may be divided into two units namely: 

the Heather and Kimmeridge Clay formations. These two units exhibit very different 

distribution patterns and character despite being both of deep marine origin. The 

Heather Formation, which represents the earlier syn-rift sedimentation, is the thicker 

of the two formations and its distribution is clearly tectonically controlled. The 

Heather Formation display onlaps onto the hangingwall dip slope and a wedge-

shaped geometry thickening into the major basin-bounding faults. The Heather 

Formation thicknesses reach more than 550ms (c. 825m) adjacent to these faults 

whereas the Kimmeridge Clay Formation is thinner, with maximum thickness of 

450ms (c. 675m). 

Numerous studies in the Northern North Sea (e.g. Dawers & Underhill, 2000; 

McLeod et al., 2000), East African rift (e.g. Jackson & Blenkinsop, 1997) and Gulf 

of Suez (e.g. Gupta et al., 1999) illustrate several tectonic and stratigraphic 

characteristics that are similar to those observed in the Penguin half graben. In 

marine and lacustrine extensional settings, the facies distribution predicted is one of 

shallow marine or fluvial sediments deposited during the early stages of the basin 

initiation, overlain by deeper water shales (e.g. Schlische, 1991; Prosser, 1993; 

Ravnâs & Steel, 1998). The shale-prone sequences are traditionally associated with 

the aggradational stratal geometries indicative of high subsidence rates due to 
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displacement rates creating accommodation more rapidly than it can be filled with 

sediment. Deep-water shales are then overlain by sand-prone successions as a 

tectonic quiescence period is resumed at the end of rifling. 

The stratigraphic and sediment infihl motif of the Penguin half graben is very similar 

to the proposed rift-basin sequences. Shallow marine sandstones of the Tarbert 

Formation overlain by the deepwater shales of the Heather and Kimmeridge Clay 

formations and topped by the deepwater Magnus Sandstone Member conform to the 

predicted basin infihl. The Tarbert Formation although not mapped seismically was 

identified in some wells in the study area. This limited distribution of the Tarbert 

Formation is consistent with it being deposited across a region of distributed faulting 

early in the rifling phase (Yielding et al., 1992; Davies et al., 2000). The wedge 

shaped deposition of the deep marine Heather Formation in isolated, synclinal 

depocentres (Fig. 3.15) suggests that the Heather Formation forms an integral part of 

sediment infill of the rift initiation phase. The Kimmeridge Clay Formation, in 

contrast, with more focused sedimentation in a major N-S trending depocentre may 

be attributed to the enhancement of displacement rates as hangingwall subsidence 

rates increased due to individual fault segments interaction and linkage. The 

deposition of the Magnus Sandstone Member represents a period of increased 

sediment supply during a time of widespread shale deposition. 

3.8 Conclusions 

- 	The Penguin half graben developed in response to extensional syn-rift activity 

during the period of latest Bajocian to early Ryazanian. The half graben is 

interpreted to be an underfilled basin and sediment starved for the majority of the 

syn-rift period. Shale-prone sequences of the Heather and Kimmeridge Clay 

formations dominate the basin fill with deep marine sandstone (MSM) topping 

the syn-rift stratigraphy. The extremely low sedimentation rates (maximum c. 

30mmlka) support the underfilled character of the basin. 
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- 	Tectonic subsidence associated with rifling is considered the prime control on 

sedimentation during deposition of the deep marine Heather and Kimmeridge 

Clay formations. Both formations exhibit divergent wedge-shaped geometries 

associated with major basin bounding faults and onlap the hangingwall dip 

slope. According to models presented for deep marine rift-basins, the Heather 

and Kimmeridge Clay formations were deposited in the "rift climax" period 

when interactions between individual fault segments caused increased 

hanginwall subsidence rates and in turn enhancement of displacement rates. The 

Heather Formation also forms an integral part of the sediment deposited during 

the "rift initiation" period, as isochron maps of the Heather Formation indicate 

thickness increase in isolated depocentres associated with the NNW-SSE early 

Jurassic structural grain. 

- 	Mapping of syn-rift sequences (Heather and Kimmeridge Clay formations) and 

examination of their thickness trends demonstrates NNW-SSE trending 

depocentres. Therefore the Late Jurassic-Early Cretaceous rift event structural 

grain was NNW-SSE. However N-S trends are superimposed on this main trend. 

- 	Syn-rift sedimentary architecture and depocentre trends lead to the conclusion 

that the rift climax shale deposition is associated with fault segment interaction 

prior to their full linkage in latest Jurassic-earliest Cretaceous. 

- 	Detailed interpretation of the 3D-seismic data demonstrates that the reservoir 

sandstones of the MSM are deposited as two major depositional units separated 

by a widespread shale interval. The upper MSM depositional unit appears to form 

an integral part of an axial, north to northeast-derived depositional system. 

However the lower MSM depositional unit is envisaged to be part of a westerly-

derived submarine fan/slope system. 
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- 	Control of normal faulting on the deposition of the MSM as revealed from the 

seismic interpretation, may be summarised as: 

A general and dominant influence of the NNW-SSE Late Jurassic faults on 

the deposition of the MSM as observed from the MSM isochron map. A 

major depocentre is observed at the Penguin half graben centre, but smaller 

depocentre are also recognised to the southwest influenced by the major 

NNW-SSE faults (more details in Chapter 4). 

Control of the WNW-ESE_4 cross fault on the deposition of the lower MSM 

depositional unit, as the unit is seen to vary in thickness across the fault. 

Reactivation of some Early Jurassic NNW-SSE trending faults controlled the 

MSM upper depositional unit as a trend of increased thickness is observed in 

the southwest. 

Initiation of Late Jurassic late syn-rift faults trending NNW-SSE faults also 

controlled the deposition of the Upper MSM succession as thicker 

successions are observed towards the north. 
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Chapter Four 

Development and Evolution of Structural Styles 

4.1 Introduction 

Significant attention has been paid recently, to distinguishing the tectonic control on 

deposition from any eustatic signature in rift provinces. Consequently, in the past 

few years, numerous studies have stressed the important role that tectonic subsidence 

had on generating accommodation space in extensional settings (e.g. Leeder & 

Gawthorpe, 1987; Schlische, 1991; Prosser, 1993; Gawthorpe & Leeder, 2000) and 

its direct impact on the temporal and spatial patterns of sediment dispersal. The syn-

rift successions preserved in extensional basins provide a record of the interaction 

between fault-controlled subsidence and sediment supply (e.g. Leeder & Gawthorpe, 

1987; Schlische, 1991; Prosser, 1993). Assuming the rate of sediment supply keeps 

pace (or exceeds) the rate of accommodation generation, the sediments' dispersal 

pattern will document the coeval growth of the fault populations. Therefore, detailed 

mapping of stratigraphically defined packages within the syn-rift succession and 

examination of their sedimentology allows reconstruction of the accommodation 

space generated through the rift event. The evolution of an extensional basin has 

been shown to develop from a "rift initiation" phase dominated by a large number of 

faults with low throws to fewer faults with higher throws due to segments interaction 

and linkage in the "rift climax" stage (e.g. Gupta etal., 1998; Cowie et al., 2000). 
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This study aims to map fault distributions and evaluate their time of activity within 

the fault populations that characterise the study area with particular emphasis on the 

control they have on the deposition of the Magnus Sandstone Member. Examining 

rates of propagation and linkage of the various segments throughout the Late Jurassic 

rift event adds a great deal to the understanding of the rift evolution and contribute to 

fault activity timing assessment. 

This chapter describes the interaction between sedimentation and tectonic activity 

and demonstrates the structural control and fault evolution within the Penguin half 

graben. Using two excellent 3-D seismic surveys, the different fault populations are 

described, mapped and their main trends determined. Displacement-length scaling 

relationships of some segments are used to constrain the timing of faults in 

combination with stratigraphic evidence. A detailed account of the distribution of the 

syn-rift successions and of the Magnus Sandstone Member depositional system in 

particular based on seismic data is presented in Chapter 3. 

The dominant trend of early syn-rift faults in the Penguin half graben is NNW-SSE. 

A superimposed N-S trend resulted from the interaction and linkage of some early 

NNW-SSE faults. Some NNW-SSE trending faults, especially in the north and west 

of the area, exert control on deposition of the upper parts of the MSM. A cross fault 

population, running almost perpendicular to the strike of the main basin-bounding 

faults, and listric faults with cuspate fault traces are also recognised. 

4.2 Geological Setting 

The Penguin half graben forms part of the Magnus Province, which is located in the 

northwest part of the East Shetland Basin of which it formed a component part 

during the Late Jurassic (Fig. 4.1). The Penguin half graben also lies adjacent and 

transected by the Cretaceous NE-SW trending More Basin to the northeast. The East 

Shetland Basin flanks west of the Viking Graben, one arm of the failed trilete graben 
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systems of the North Sea, which underwent 10-15 % extension during the Late 

Bathonian - Latest Volgian (Yielding 1990; Roberts et al., 1993). In the basin, 

extensional stresses appear to have been predominantly accommodated on large, N-S 

oriented normal faults in the south but trending NNE-SSW to the north (e.g. Lee & 

Hwang, 1993; Rattey & Hayward, 1993). The extension overprinted and, to some 

extent reactivated, earlier Permo-Triassic rift structures (e.g. Ferseth, 1996). The 

displacement on these major faults is typically in the range of a few kilometres (e.g. 

Yielding et al., 1992) and the spacing between faults is in the order of 5-30 km 

(Yielding, 1990). 
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Figure 4.1: Tectonic elements of the Late Jurassic to early Cretaceous rift event 

around the Penguin half graben. The study area is highlighted by the red square 

(Redrawn from Roberts et al., 1990) 

The overall Penguin structure is of a simple tilted fault block dipping to the east-

southeast at approximately 110  (e.g. D&Ath and Schuylernan, 198 1) and bounded to 

the east and west by major normal faults. The Penguin Horst, bounding the Penguin 

half graben to the east, is an early syn-rift structure of the Late Jurassic rift event. 
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The Penguin half graben is now situated on the footwall to the End of the World 

Fault, the basin-bounding fault of the Magnus Trough/Basin. The End of the World 

Fault is argued to be a Late Jurassic-Early Cretaceous trend (e.g. Badley et al., 1988; 

Ziegler, 1990b; Shepherd etal., 1990). The graben is bounded by the Magnus Fault 

and Tern-Eider Horst to the west and south respectively. The Penguin Horst trends 

N-S while the Tern-Eider horst, similar to the End of the World Fault and Magnus 

Fault, trends NE-SW. 

Increased rifling activity along the entire Arctic-North Atlantic rift system occurred 

at the transition from the Jurassic to the Cretaceous. The NE-SW trend of faults is 

associated with the rapid early Cretaceous tensional collapse of the Nordfjord High, 

which was accompanied by the subsidence of basement-involving rotational fault 

blocks (Ziegler, 1990a). To the north the Faeroe-West Shetland Basin grades into the 

More Basin. A major structure of the More Basin is the Nordfjord High, which was 

uplifted during the Kimmeridgian. Subaerial erosion of the sand-prone Triassic and 

earliest Jurassic successions on this uplifted high was reflected in the southward 

shedding of the Magnus sands into the continuously subsiding Viking Graben 

(Ziegler, 1990a). Latest Jurassic-Early Cretaceous intensified rift activity in the 

Faeroe-West Shetland Trough and the mid-Norway Basin was accompanied by the 

rapid subsidence of the Nordfjord High along a set of listric normal faults (e.g. 

Nelson & Lamy, 1987). 

4.3 Datasets and Methods 

The structural analysis presented in this chapter relies on seismic interpretation of 

two 3D migrated seismic data surveys, sw98087 over Penguin-A Field and sw97 115 

over Magnus Field (Fig. 3.3). Both hydrocarbon fields have oil accumulations in the 

Late Jurassic Magnus Sandstone Member. Line spacing within the surveys is 

typically 12.5-25m, and the vertical resolution of the data is 10-30ms (c.15-45m). 

The seismic data, which represent in total 780km2  was interpreted using GeoQuest 

IESX software at the University of Edinburgh. Further details on the surveys can be 

found in Appendix 1, Table. 1.1. 
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The throw on the top pre-rift surface (top Brent Group) is the key element used in 

mapping the initial trends of fault populations. The throw is consistently used as a 

proxy for displacement because the seismic interpretation is in TWT, and is not 

depth converted, therefore the dip of a fault is indefinite. Throw (in TWT ms) is the 

vertical component of the total displacement vector and introduces an underestimate 

of the displacement. This underestimate is c.20% for faults with a dip of 60° and 

throw of 1.5 km. Faults active during the deposition of the MSM are mapped at the 

Base Magnus Sandstone level. 

The throw of a fault is calculated from identifying the cut-off point of the reflector by 

the fault trace in the footwall and hangingwall and assigning a contact up or contact 

down value accordingly. The throw is measured on every 10th  line/traverse running 

perpendicular to the strike of the fault and, with the surveys having a 12.5m spacing 

between its mimes and crosslines, the distance over which throw-length 

measurements were recorded is c. 100-125m. Contact values for the individual faults 

are included in Appendix 2, Table 2.1. 

Seismic interpretation was based on well ties and the extrapolation of key seismic 

reflectors throughout the study area. Many wells from the Penguin-A and Magnus 

fields and the surrounding blocks were available to the study (Fig. 3.3). However, 

most wells were drilled at structural highs, the majority of the Penguin half graben 

and especially the central deeper parts of the graben were not drilled. A few of the 

wells do encounter some of the faults mapped by this study, but none actually cored 

the faulted intervals. Coring focused on the prospective MSM in wells drilled to the 

west of the Penguin Horst and on the Brent Group for wells drilled to the east of the 

Horst. Similarly in the Magnus Field, coring was focused on the MSM. Fig. 3.5 in 

Chapter 3 represents a composite section across the two fields and provides a good 

example of the form and character of faulting in the area. 
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4.4 Structural Styles 

Five main structural trends are observed within the study area. Four of the five fault 

trends responded to stresses variation during the evolution of the Late Jurassic rift 

episode whereas one is considered to be a Late Jurassic- Early Cretaceous event. 

These structural trends are grouped into fault populations that represent activity 

during the same period. In total three populations are recognised in the Penguin half 

graben and may be summarised as: 

Jurassic early syn-rift faults: these faults were active from the early stages of the 

Jurassic rift system (Late Bathonian). This population comprises faults trending 

almost N-S, such as the Penguin Horst and Penguin South Fault and faults 

running NNW-SSE, NW-SE and NE-SW, which offset the Brent Group and 

continue to be active during Heather Formation deposition. This fault population 

in mapped at top Brent Group, which represents the top of the pre-rift surface 

and are presented in Fig. 4.2. 

Jurassic late syn-rift faults: which are Magnus Sandstone Member syn 

sedimentary faults. Some of these control the deposition of the MSM and may 

be further subdivided into two parts: 

- 	Faults that controlled the deposition of the lower unit of the MSM (WNW- 

ESE-4 Cross Fault). 

- 	Faults that only affect the upper Magnus Sandstone units' thickness (NNW- 

SSE trending faults to the north and west of the study area). 

The population is mapped at base MSM level and is presented as Fig. 4.3. 

Post Jurassic rift faults (Early Cretaceous): which are observed to transect all 

previous trends and run NE-SW, displacing the entire Jurassic sequences. The 

Magnus Fault and End of the World Fault are examples of this late fault 

population. The listric slump faults, initiated in response to increased slopes, 

following back-tilting of the footwalls to the Magnus and End of the World 

Faults are included in this population. The population is mapped at base 

Cretaceous except where this horizon is eroded and then the top of the 
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composite surface representing a fault degradation complex is used (Chapter 3 

for more details on the composite surface). The faults mapped in this 

population are illustrated in Fig. 4.4. 

Each one of the individual structural trends, within these assigned fault populations, 

is illustrated, described in detail and the timing of activity interpreted in a separate 

section within the chapter. The actual outline of the faults mapped is plotted at the 

fault trace contact-down position unless otherwise stated. The amount of throw on 

the various structural trends is presented as throw-length profiles, which are 

analysed, whenever appropriate, with respect to the structural growth models to 

provide insights into the growth patterns of the different faults. Gradstein et al. 

(1994) is the published timescale used to estimate the timing and longevity of 

activity along the faults identified in this study. 

4.4.1 Late Jurassic Early Syn-rift Fault Population 

Penguin Hors! Fault 

The Penguin Horst Fault is the western normal fault making up the Penguin Horst 

and is the main basin-bounding fault of the Penguin half graben, extending for more 

than 40 kilometres across the Penguin survey. The Penguin Horst has the highest 

relief over the northern area of the Penguin survey (in the vicinity of wells 13-10 and 

13-3) where it strikes almost N-S and the relief decreases southward as the bounding 

fault changes strike to NNW-SSE (Fig. 4.2). This change in strike direction occurs 

about 7.2km south of the northern edge of the seismic survey and 1.5km north of 

well 211/13-9. In cross section, the Penguin Horst Fault trace is planar (Fig. 4.5) and 

is mapped by identifying the downthrown contact of the western normal fault making 

up the Penguin Horst with the Brent Group (pre-rift surface) over most of the 

Penguin seismic volume. However, within the northern area of the seismic volume, 

the Brent Group is eroded and the Penguin Horst Fault is mapped using the contact 

with the base of the Magnus Sandstone Member. The point where the change takes 

place is labelled in Fig. 4.2. 
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In the northern area of the Penguin survey, Cretaceous strata overlie Triassic 

sequences at the crest of the Penguin Horst and all Jurassic strata are absent (well 

211/13-1 picks in Appendix 1 Table 1.4 and Chapter 5 for more details). The crest of 

the Penguin Horst is also substantially eroded in some other areas with the crest front 

always observed to be stepping eastward over much of the seismic volume (up to a 

kilometre in some areas) especially where the horst exhibits the highest relief (Fig. 

4.5 & 3.5 from Chapter 3). Erosion of the Jurassic succession at the crest of the horst 

(including pre-rift Brent Group sequences) has prevented mapping of the up thrown 

contact of the Brent Group with the Penguin Horst. The top of the pre-rift sequence 

is encountered at a depth of 3500-4000ms within the Penguin seismic volume (Fig. 

4.5 & 3.12 from Chapter 3) and any stratigraphically lower successions are difficult 

to resolve seismically. Therefore although the Penguin Horst Fault contact with the 

Brent Group could not be mapped over the entire study area, the top Brent reflection 

was the most appropriate surface to use. 

The Penguin Horst Fault is not mapped in great detail in this study. However, 

evidence from the plan view suggest that the fault was highly segmented and the 

length of more than 40km is most probably a product of the interaction and linkage 

of a number of smaller faults. A structural interpretation is undertaken only to the 

west of the Penguin Horst Fault because the investigation is principally invested in 

the fault control on the MSM deposition. The MSM is present in the Penguin half 

graben west of the Penguin Horst. The Penguin Horst consists of major basin 

bounding normal faults with subsidiary synthetic and antithetic faults. Some of these 

faults trend almost N-S whereas others trend NNW-SSE to NW-SE, and will be 

discussed in later sections (Fig. 4.2). 

Within the southern part of the Penguin half graben, syn-rift sequences of the 

Heather and Kimmeridge Clay Formations are observed to terminate against the 

Penguin Horst Fault. However, little thickening of the syn-rift succession is seen 

within, and the Heather and Kimmeridge Clay formations display consistently low 

thicknesses as seen in Figs. 3.13, 3.15 and 3.16 from Chapter 3. The northern half of 

the Penguin half graben is divided into two parts in terms of the syn-rift sequence 
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deposition. In the Penguin-A Field (in the vicinity of wells 211/13-10, -3 and -9) the 

Heather Formation is absent and the Kimmeridge Clay Formation overlies Statfjord 

Formation in wells 13-3 and 13-9, but overlies Dunlin Group in well 13-10. The 

Kimmeridge Clay does exhibit some thickening into the Penguin Horst Fault in this 

area (Fig. 3.5). Within the most northern part of the Penguin half graben (in the 

vicinity of well 211/8-1), Heather Formation is encountered again against the 

Penguin Horst. However, seismic mapping of the Heather Formation in this area was 

problematic due to intense faulting and stopped at the lower contact with the Penguin 

South Fault (Fig. 3.11). More details on the evolution of syn-rift sequences will be 

covered in following sections, as other major faults within the basin are analysed. 

Penguin Horst Northern Synthetic Faults 

This group of three faults strike N-S and are synthetic to the Penguin Horst. They are 

located within the northern terrace separating the Penguin South Fault from the 

Penguin Horst Fault (Fig. 4.2). In cross section, the faults display planar fault trace 

geometry (Figs. 4.5 and 3.5). These synthetic faults displace certain reflectors but it 

is difficult to map the displacement because none of seismic markers such as top 

Brent Group or top Heather Formation were present within the terrace. Therefore the 

faults are mapped by identifying their contact with the base of the Magnus Sandstone 

Member, and generally display very low throw values at this level, if any (Fig. 4.5). 

Consequently neither syn-rift trends nor throw-length profiles were constructed for 

these faults. The purpose of mapping these faults is to record their presence and to 

highlight the highly faulted form of the terrace. 

Penguin South Fault (N-S trending fault) 

The Penguin South Fault is a major N-S trending, basin-bounding fault that extends 

for most (17km) of the Penguin survey length. The fault extends from the south of 

the Penguin seismic survey to just west of the well 211/8-1 in the north. It is mapped 

on Fig. 4.2 by plotting the down and up-thrown contact with the top Brent Group 

reflector in the southern area. In the northern area only the down-thrown contact is 

used because the Brent Group is eroded. The Penguin South Fault runs parallel to the 

Penguin Horst in the northern part of the study area. Towards the south, and as the 

Chapter 4: Development and Evolution of Structural Styles 	 103 



Penguin Horst changes strike from N-S to NNW-SSE, a large terrace is created 

between the Penguin South Fault and the Penguin Horst Fault with numerous faults, 

mainly trending NNW-SSE, filling the terrace. The Penguin South Fault has a planar 

fault trace geometry in cross section (Fig. 4.7) and displays maximum throw at top 

Brent Group level. 

The Penguin South Fault, along strike, throw-length profile is presented in Fig. 4.8 

along with some of the neighbouring faults. The throw-length profile for the 

Penguin South Fault is constructed for the southern part only, a distance of about 

8km from the southern tip to just east of well 211/12-9 (Fig. 4.2). This is because the 

Brent Group has been eroded in the northern area and hence the upper contact of the 

fault trace with the pre-rift reflector was not established. For an isolated single fault 

growing by radial propagation, the variation of throw with distance represents a 

normal distribution, which is often referred to as a "bell shaped" profile (e.g. 

Peacock & Sanderson, 1991; Dawers et al., 1993 and Fig. 2.3). Fig. 4.8 displays the 

expected profile of increasing throw with distance with a maximum throw in excess 

of 800ms (equivalent to 1 .2km) at the centre of the fault (c. 4 kilometres distance 

from the southern end of the fault). The profile, however, then diverts from the 

anticipated profile and abruptly records much lower values of throw. These lower 

values are coincident with a curve in the Penguin South Fault trace to the east, and 

the very close presence of a fault extending to the north-northwest (Fig. 4.2). The 

NNW-SSE trending fault (termed Penguin—South-Splay) occurs in the hangingwall 

to the Penguin South Fault and the fault trace is seen to displace the syn-rift 

successions. 

The throw-length profile of the splay (Fig. 4.8) demonstrates that the greatest throw 

of the fault is towards the southeastern end where the splay meets with the Penguin 

South Fault. Throw decreases along the length of the splay until it diminishes 

completely 3 kilometres further to the northwest. The fault location and character of 

the throw-length profile is interpreted to indicate that the splay fault represents the 

palaeo-tip of a normal fault which, following "hard-linkage" with the earlier Penguin 

South Fault segment, was abandoned in the hangingwall to the new longer Penguin 
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South Fault. This form of linkage is termed "footwall breaching" by the model 

presented by Cartwright et al. 1996 and Fig. 2.6. A profile of the summed throw of 

the Penguin South Fault and the splay is plotted in Fig. 4.8, which results in a much 

smoother decrease in throw for the Penguin South Fault. Most of the other 

neighbouring faults show a profile indicative of growth in isolation from the 

dominant Penguin South Fault and some of these profiles are analysed in more detail 

in coming sections. 

The Penguin South Fault throw-length profile displays some serration, despite 

generally being bell shaped. Local throw minima occur at 2.8-3.6km intervals with 

vertical variations of up to 495ms (c. 740m), producing subdivision of the Penguin 

South Fault into three sections (Fig. 4.8). The location of throw minima for the 

second section corresponds with the location of the abandoned palaeo-tip of the splay 

fault mentioned earlier. Displacement maxima and minima have been interpreted in 

previous studies to infer the centres and tips, respectively, of individual fault strands 

that have linked to form a single throughgoing fault segment (e.g. Peacock & 

Sanderson, 1991; Anders & Schlische, 1994; Dawers & Underhill, 2000; McLeod et 

al., 2000). Applying this concept to the Penguin South Fault profile suggest that the 

fault is composed of at least three main strands that linked to form a single 

throughgoing fault (the present Penguin South Fault). The three sections are 

therefore interpreted to represent distinct individual structures. Prior to linkage these 

strands might have been up to 6-7km in length. This is judged from the length of the 

second strand, which is interpreted to have an abandoned tip of 3km, and the 

knowledge that fault strands do not necessarily link from tip to tip, but may grow 

into an overlapping geometry first (e.g. Cartwright et al., 1995). As the throw-length 

profile presented and discussed here is for the southern half only of the Penguin 

South Fault, it is predicted that the entire length of the fault (including the northern 

half) is composed of 6-8 strands that linked and formed the present Penguin South 

Fault. The northern part of the Penguin South Fault profile is not constructed due to 

the pre-rift sequences being eroded in this area. Indeed the presence of a bend in the 

Penguin South Fault trace south of well 211/13-9 (Fig. 4.2) suggests that the fault is 

composed of at least two main strands joined by a jog/transfer fault that is 
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represented by the curve in the fault trace. The two main strands may be identified as 

northern and southern strands with the profile constructed for the Penguin South 

Fault representing the southern strand and part of the jog/transfer fault in between. 

Analysing the throw-length profile of the Penguin South Fault in relation to the pre-

rift surface morphology (Fig. 4.9) indicates a good correlation between the 

displacement maxima on the fault profile and the depocentre (the structurally 

controlled topographic low represented by the purple colour) described by the pre-rift 

surface. The location of the splay fault also correlates with the decrease in throw 

values on the Penguin South Fault profile. The syn-rift sequences of the Heather and 

Kimmeridge Clay Formations display a considerable thickening into the Penguin 

South Fault at the centre of the Penguin half graben and towards the north in the 

Penguin survey (Chapter 3, Fig. 3.13). From the syn-rift thickness trends within the 

Penguin half graben, it is predicted that the throw-length profile of the Penguin South 

Fault would have displayed another major maxima towards the northern area of the 

graben to correlate with the northern depocentre as indicated by Fig. 4.9. However, a 

high (area represented by the green lower TWT values) is shown to occur between 

the two main depocentres in the graben (Fig. 4.9). This high corresponds with the 

footwall of the NNW-SSE_S15 fault, which is a significant fault within the area with 

a relatively large sized depocentre trending NNW-SSE. 

Constraining the timing of activity and linkage of the main Penguin South Fault with 

the splay relies on the examination of the seismic stratigraphic architecture of syn-rift 

deposits. In the first order this involves the recognition of thickening trends of the 

syn-rift sediments into active faults and sedimentation across the trace of inactive 

faults. Syn-rift sequence thickening trends indicate that the Heather Formation is the 

main syn-rift sequence to thicken directly into the Penguin South Fault as shown by 

Fig. 3.15. Kimmeridge Clay Formation and the Magnus Sandstone Member, as 

individual units, also display thickening into the Penguin South Fault superimposed 

on an overall southward thickening (Figs. 3.16 & 3. 23). 
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Heather Formation thickens into the two depocentres created by the Penguin South 

Fault; one at a south-to-central position within the Penguin half graben and the other 

located at the far north (Fig. 3.15). The Heather Formation also indicates some 

thickening into the NNW-SSE SI 5 fault. The morphology of the basin at the onset 

of the Kimmeridge Clay Formation deposition may be described as an axial 

elongated syncline. The central depocentre combined the depocentres associated with 

the NNW-SSE S15 and the southern strand of the Penguin South Fault (Fig. 3.14). 

The lower Kimmeridge Clay Formation was therefore thickening into the Penguin 

South Splay rather than the Penguin South Fault at this time as illustrated by Fig. 4.9. 

The lower Magnus Sandstone Member succession has a similar pattern of thickness 

trends to the Lower Kimmeridge Clay Formation within the central part of the basin 

(Fig. 3.26). In contrast, the upper Magnus Sandstone Member succession, displays 

more variable thickeness trends as follows (Fig. 3.25): 

- 	In the central part of the graben, upper MSM thickens towards the Penguin South 

Splay and the NN W-SSE S15 but not the Penguin South Fault. 

- 	To the north of the graben, the upper MSM displays considerable thickening in 

the depocentre created by the Penguin South Fault and which is placed about 1km 

away from where the MSM actually meets the fault trace (Fig. 3.11). 

The upper Kimmeridge Clay Formation thickness trends emphasises three distinctive 

depocentres (Fig. 3.17). A major depocentre is recognised against the Penguin South 

Fault in the south, extending against the Penguin South Splay in the central part of 

the graben. Two smaller depocentres are shown against the NN W-SSE 5 15 and the 

Penguin South Fault in the north of the Penguin half graben. 

Individual syn-rift units display different thickness trends but all are observed to 

thicken into the Penguin South Fault. The Penguin South Fault offsets the lower 

succession of the Magnus Sandstone Member in the northern part of the graben, 

whereas a branch of the Penguin South Fault (termed M Penguin South Fault St2, 

Fig. 4.3) is observed to displace the entire syn-rift succession in the northern part of 

the Penguin survey (Fig. 3.5) including the Magnus Sandstone Member. The above 

observations imply that the Penguin South Fault was active from the initiation of the 
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Late Jurassic rifting in Bathonian time to at least the early stages of upper 

Kimmeridge Clay Formation deposition in the Volgian. The period of activity is 

therefore estimated to be c. 22 Myr. 

Fig. 4.10 illustrates the character of the syn-rift sediments across the Penguin South 

Fault and its splay. Heather Formation thickens into both the Penguin South Fault 

and the splay, whereas the Kimmeridge Clay Formation and the Magnus Sandstone 

Member are observed to thicken into the splay and thin towards the Penguin South 

Fault. The splay is observed to displace the lower successions of the Magnus 

Sandstone Member but not the top of the member, suggesting that the activity ceased 

during deposition of the upper successions of the MSM. Using syn-rift thickness 

trends and an examination of offset, linkage of the Penguin South Fault and the splay 

is estimated to occur very late in the rift history, in the early Volgian. Consequently, 

linkage is estimated to have taken place at least 18 Myr after rift initiation. 

Furthermore, thickness trends suggest that the northern strand of the Penguin South 

Fault was active till the latest stages of rifling in the latest Volgian, whereas the 

southern strand seems to have become inactive sometime in the late Kimmeridgian. 

N-S Fault 

A major N-S trending fault is mapped within the southern terrace between Penguin 

Horst and Penguin South Fault and extends for 8km (Fig. 4.2). The fault down 

throws to the west and has a planar cross sectional geometry (Fig. 4.11). 

Throw-length profiles of the N-S Fault and two nearby faults within the terrace are 

presented in Fig. 4.12. The N-S Fault profile has an overall bell shaped geometry, 

with a maximum of 347ms (c. 520m) throw at the centre. Although generally bell 

shaped, some throw deficit points result in a serrated N-S Fault profile. The throw 

deficit points define successive minima points in the profile and subdivide the profile 

into four sections of 1.5-2.25km in length (Fig. 4.12). The displacement minima are 

between 136-251ms less than the displacement maxima, and 59-176ms less than 

local maximas. The sections have skewed profiles to the north, and subunits of 

lengths of 0.4-1.125km may be identified within each section (Fig. 4.12). 
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Figure 4.12: Throw-length profile for the N-S Fault and neighbouring faults. The profile 
indicates that the N-S Fault is composed of 4 main strands, with smaller units within each 
strand. The summed profile of the N-S Fault and close by faults gives a much smoother 

throw variation on the fault. 

The N-S Fault profile throw-length suggests that the fault is composed of four main 

strands that linked to form a single throughgoing fault (the N-S Fault). The subunits 

recognised within each section are interpreted as shorter strands that formed earlier 

still in the rift history, and linked to form the larger strands. 

The profile also indicates some abrupt decrease in the throw values recorded some 

4.5km from its southern tip. This abrupt decrease in throw together with the overall 

deficit in the bell shape of the profile may be explained by the close presence of two 

NNW-SSE trending faults in the area. The throw-length profile of the two faults in 

shown in Fig. 4.12 and in general they exhibit low throw values of no more than 

65ms (c. 98m). However, their close presence to the N-S fault seems to have caused 

stress localisation and distribution between the three faults, leading to the profile 

observed. Summing the throw of the N-S Fault together with the two NNW-SSE 

faults results in a much smoother bell shaped overall profile (Fig. 4.12). 
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Syn-rift sequences of the Heather and Kimmeridge Clay Formations display some 

thickening into the N-S Fault as illustrated by the syn-rift successions isochron map 

in Fig. 3.13 (Chapter 3), and illustrated by Fig. 4.11. However, the thickness of the 

syn-rift package, especially the Heather Formation, is incomparable with the 

observed thicknesses for the formation against the major faults within the basin. 

Hence the N-S Fault was active from mid Callovian to late Kimmeridgian, an 

interval of 10 Myr. Unfortunately, there is insufficient evidence for the timing of 

strand linkage because the Heather and Kimmeridge Clay Formations thickness 

trends show little variability in the hangingwall to the N-S Fault. 

NNW-SSE to NW-SE Trending Faults 

Groups of NNW-SSE to NW-SE trending faults are mapped within the Penguin and 

Magnus seismic volumes. In the Penguin survey, forty-seven faults are mapped 

within the western hangingwall to the Penguin Horst. Eighteen of the faults are 

synthetic, while twenty-nine faults are antithetic to the Penguin Horst Fault (Fig. 

4.2). 

The overall distribution of the NNW-SSE trending faults within the Penguin survey 

is shown to be broadly divided into two clusters; a northwest and a southeast cluster 

with the Penguin South Fault acting as the main divider axis (Fig. 4.2). In the 

southeast cluster, synthetic faults are dominant and longer than the antithetic faults. 

In contrast, numerous short antithetic faults are prevalent in the northwest cluster. 

Fig. 4.7 illustrates a number of these faults within the southern part of the Penguin 

seismic volume. Fig. 4.5 and Figs. 3.5 & 3.7 in Chapter 3 illustrate some of the faults 

within the northwest cluster. 

Within the Magnus survey, eleven NNW-SSE trending faults have been mapped 

(Fig. 4.2). The faults are concentrated in the southern half of the survey and vary 

greatly in length. All of NNW-SSE trending faults in the Magnus survey throw to the 

southwest except for one (NNW-SSE-6), which results in a small horst being created 

in this area. 
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Throw-length profiles of these faults at top pre-rift level are shown in Fig. 4.13a for 

the Penguin survey and in 4.13b for the Magnus survey. The profiles are plotted 

along a horizontal axis parallel to the strike of the faults. Most of the faults in the 

Penguin survey have throw values ranging between 20 and I OOms (c.30-150m), and 

display a highly serrated profile. However a couple of the faults (both of which are 

synthetic faults) throw by much higher values reaching 1 8Oms (c. 270m). These two 

faults are NNW-S SE_S 10 and NNW-S SE_S 15 and their profiles will be examined in 

more detail to illustrate the form of variation in the throw-length profiles for the 

NNW-SSE trending faults. 

NNW-S SE_S 10, within the southern cluster, has a profile that shows a consistent 

increase in throw, with an overall shape resembling a truncated bell shape. Analysing 

the profile in more detail, however, reveals a series of minima and maxima points, 

which divide the profile into sections (Fig. 4.13a). The distance between successive 

displacement minima is between 0.625km and 1.25km, with the difference in their 

displacement and the unit maxima varying between 70-140ms and the difference 

with local maxima ranging between 30-72ms. The maxima points within each 

section are skewed to the NNW. 

NNW-SSE_S15 is from the northwest cluster and its profile is mainly composed of a 

couple of highly serrated but bell-shaped sections (Fig. 4.13a). The two sections 

extend for 3.5km and display 15 5-1 87ms variation between their unit maxima and 

minima. Within each section, however, smaller subunits may be identified that 

extend between 0.5 and 1 k in length and the difference between local maxima and 

minima values varies between 20-187ms. The unit's extent is marked for one of the 

sections in Fig. 4.13a. 

The described geometries for the throw-length profiles are characteristic features of 

segment interaction and linkage into throughgoing faults (e.g. Peacock & Sanderson, 

1991; Dawers & Underhill, 2000). The individual strands "soft-link" during the 

interaction stage producing skewed profiles (e.g. Cartwright et al., 1995) before the 

ductile structures that separate the individual faults are breached and strands link to 
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produce throughgoing faults. The different sections observed within a single fault 

throw-length profile represent the preserved profiles of the individual strands. The 

subunits may be interpreted as second order faults that existed even earlier in the rift 

history and linked to form the strands. Almost all of the NNW-SSE trending faults 

indicate these characteristic features of segment interaction and linkage as may be 

seen from the throw-length profiles (Fig. 4.13a). 

NNW-SSE trending faults in the Magnus survey also exhibit highly serrated throw-

length profiles (Fig. 4.13b). NNW-SSE _5 and NNW-SSE-8 display the highest 

throws. A NE-SW traverse across the southern part of the Magnus survey (Fig. 4.14) 

illustrates the form of these above two faults. NNW-SSE-5 displays the "bell 

shaped" throw-length profile expected from a single isolated fault. However, a 

neighbouring fault to the southeast, NNW-SSE-6 (Fig. 4.2), displays a skewed 

profile to the NNW (Fig. 4.13b), suggesting stress interaction between the two faults. 

NNW-SSE-5 displays a maximum throw at top pre-rift level, decreasing at lower 

stratigraphic levels. Heather Formation is shown to thicken against the fault whereas 

the Magnus Sandstone Member and Upper Kimmeridge Clay Formation are 

displaced by the fault (Fig. 4.14). This indicates that the fault NNW-SSE-5 was 

active from top Brent Group level and throughout the Late Jurassic rift event period. 

NNW-SSE-8 exhibits two broad "bell shaped" sections in its profile (Fig. 4.13b). 

This is indicative of two strands that linked later in the fault's history. Vertical 

variations in the throw that identify individual units within the two strands suggest 

earlier smaller segments existed and linked to form the strands. Syn-rift successions 

also exhibit thickening across NNW-SSE _8 as illustrated by the seismic section in 

Fig. 4.14 and the isochron map in Fig. 3.13 (Chapter 3). 

Analysis of the pre-rift surface map (Fig. 3.12, Chapter 3) reveals numerous NNW-

SSE oriented depocentres within the Penguin and Magnus surveys. The location of 

these depocentres correlates with the thickest syn-rift successions as indicated by the 

isochron map presented in Fig. 3.13. The depocentres also correlate with the location 

of some of the major NNW-SSE synthetic trending faults (e.g. NNW-SSE—S6, _SlO 
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& _S 15). The Kimmeridge Clay Formation and the Magnus Sandstone Member as 

well as the Heather Formation thicken into the NNW-SSE trending faults. For 

example the NNW-SSE_S 15 (Figs. 4.5) displaces the entire MSM, whereas NNW-

SSE—S12 displaces the lower layers of the MSM only (Fig. 4.7). This implies that 

some of these NNW-SSE trending faults were active from very early on in the Late 

Jurassic rift history and activity continued throughout the rift period. Faults such as 

NNW-S SE_S 12 were active from early Bathonian to early Ryazanian, an interval of 

approximately 23 Myr. The Heather Formation is also seen to thicken into some of 

the antithetic hangingwall faults such as NNW-SSE_A15 & _A17 (Fig. 4.5 & 3.5 in 

Chapter 3). These antithetic faults displace the early Heather Formation sediments, 

but are never seen to offset the top of the Heather Formation, implying that fault 

activity ceased during the formation deposition. Therefore these faults were active 

only in the early syn-rift period between early Bathonian and early Callovian, an 

interval of 4-6 Myr. 

The numerous NNW-SSE trending faults are relatively short, at 2-6km in length, 

compared to the N-S throughgoing structures such as the Penguin South Fault 

(17km) and the 12km N-S Fault. The NNW-SSE trending faults form a graben 

geometry within the Penguin half graben. These observations in association with the 

presence of depocentres recorded in the pre-rift reflector base map suggest that the 

NNW-SSE fault population forms the earliest structural grain to accommodate 

stresses of the Late Jurassic rift event in the Penguin half graben. 

NW-SE trending Faults 

A number of faults (5 in total) striking NW-SE and downthrowing to the southwest 

are mapped within the area where the Penguin Horst changes strike direction from N-

S to NNW-SSE. A crossline running NNE-SSW across the Penguin Horst illustrates 

the form of the NW-SE trending faults (Fig 4.15). 

Throw-length profiles of the NW-SE trending faults are presented in Fig. 4.16. The 

profiles exhibit a serrated but "bell shaped" character for the faults NW-SE_i, 3 and 

5. NW-SE-2 and 4 display a truncated bell shape profile with higher throw value to 
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the NW and SE respectively. The syn-rift Heather and Kimmeridge Clay formations 

thicken against the NW-SE faults as illustrated by Fig. 4.15 implying that these faults 

were active during the deposition of both formations. However, although the NW-SE 

faults are observed to displace the top of the Heather Formation, they are rarely seen 

to offset top of the Kimmeridge Clay Formation (Fig. 4.15), therefore activity ceased 

during the period of Kimmeridge Clay Formation deposition. In addition, the 

thickness increase of the Heather Formation against the NW-SE faults is far lower 

against some of the major faults within the graben (such as the Penguin South Fault). 

Hence, these NW-SE faults were probably active from mid Callovian to late 

Kimmeridgian, an interval of 10 Myr. 
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Figure 4.16: Throw-length profile for the NW-SE trending faults within the Penguin survey. 
The faults strike synthetic to the Penguin Horst Fault as it curves and changes direction 

from N-S to NNW-SSE. 
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Brent Fault 

The Brent Fault is the most significant Late-Jurassic fault mapped within the Magnus 

seismic volume. It was originally defined as a high structure (Brent High) across the 

Magnus Field that affected the Brent Group deposition (e.g. Shepherd et al., 1990; 

Morris etal., 1999). In map view the Brent Fault has a NNW-SSE strike direction 

but curves to an almost N-S strike direction in the southern part of the Magnus 

survey (Fig. 4.2). The Brent Fault strikes across the middle of the Magnus survey and 

extends for more than 12km. In cross section the Brent Fault, for most of the fault 

length, consists of a pair of faults that run together and downthrow to the southwest 

in a step-like style (Fig. 4.17). The western fault of the pair (Brent Fault) proves to be 

longer in length and have a higher throw, however, both fault traces are planar in 

form. 

The throw-length profile for the Brent Fault is based on the throw at top of the Brent 

Group level (Fig. 4.18). The fault displays increasingly higher throw values towards 

the NNW, with an overall pattern of a truncated "bell-shaped" form. A maximum 

throw of about I 2Oms (c. I 80m) is observed at the NNW end of the fault. The bell-

shaped throw-length profile of the Brent Fault is extremely serrated with throw 

variations of more than lOOms (>c. 1 50m). Again the profile indicates multiple 

strands, 1-2.4 km wide, identified by a series of minima and maxima. The minima 

values are between 96-11 4ms less than the throw maxima, whereas local minima 

throw variation ranges between 5-18ms, and local maxima vary between 52-68ms 

(Fig. 4.18). The Brent Fault is therefore composed of at least seven individual strands 

that linked to form the present Brent Fault. Brent Fault 2 displays relatively low 

throw values in comparison, with a maximum of 40ms (c. 60m) and the vertical 

variation in throw has a maximum of 30ms. 

From Fig. 4.17, syn-sedimentary thickening of Heather and Kimmeridge Clay 

formations including the Magnus Sandstone Member indicates that the Brent Fault 

must have been active from the earliest stages of the rift event until the earliest 

Volgian, a period of 18 Myr. However, examining a more northwestern seismic 

section of a similar orientation indicates a slightly different character for the 
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Figure 4.18: Throw-length profile for the Brent Fault. The profile indicates that the Brent Fault 
is composed of seven main strands that linked to form the present Brent Fault. 
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sediments deposited. Fig. 4.19 illustrates that the Heather Formation thickens into the 

Brent Fault and ends within the LKCF but the thickest MSM succession extends over 

the blind fault trace of the Brent Fault. This implies that the Brent Fault does not 

control the deposition of the MSM. The differing character between the two traverses 

may be explained by suggesting that the activity did indeed cease during the 

deposition of the Lower Kimmeridge Clay, and hence the sedimentation of the 

Lower MSM succession across the Brent Fault trace. However, renewed activity of 

the Brent Fault at its southeast end during the later stages of the MSM may have 

created accommodation for the upper successions of the MSM. Consequently, this 

may reduce the period over which the Brent Fault was active. 

NNE-SSW to NE-SW trending Faults 

A number of faults striking NNE-SSW are mapped within the Magnus survey (Fig. 

4.2). These faults throw to the southeast and are mapped at Brent Group level. Figs. 

3.5 and 3.7 illustrate the character of some of these faults, which display planar fault 

trace geometry in cross section and are shown to offset the top of the Brent Group. In 

map view they extend between 1-5km in length with the longer faults clustered 

within the northern half of the Magnus survey. 

The faults have a maximum throw of SOms (c. 80m) although the majority display 

throws values of between I 0-3Oms (Fig. 4.20, c. 15-45m). The throw is typically 

variable along the length of the NNE-SSW trending faults with no particular pattern 

or geometry recognised. However, one of the northern faults, NNE-SSW_4b (Fig. 

4.2) exhibits a truncated bell-shaped profile with a maximum throw of 11 ims (c. 

166m) at its northern end (Fig. 4.20). The northern end is mapped at the edge of the 

seismic data as the prominent End of the World and Magnus Faults are seen to 

transect the reflections and mapping faults becomes problematic. 

The Heather Formation thickens slightly into the NNE-SSW trending faults as 

demonstrated by Fig. 3.5, but the faults rarely offset the top of the Heather 

Formation. Their activity is therefore limited to the interval from late Bathonian to 
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Figure 4.20: Throw-length profile for the NE-SW trending faults within the Magnus survey. 
Most of the faults indicate an average throw of 1 0-3Oms except for NE-SW-4b which displays 

111 ms at its northern end. See text for more discussion. 
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early Callovian, a period of 4-6 Myr. Their period of activity is equivalent to the 

antithetic faults, trending NNW-SSE that were described from the Penguin survey. 

4.4.2 Late Jurassic Late Syn-rift Fault Population 

This fault population represents all the faults that displace the Magnus Sandstone 

Member and are thought to have been active during its deposition. Faults within this 

population are mapped at base Magnus Sandstone Member level and are illustrated 

in Fig. 4.3. The population is subdivided into the main trends observed and each 

individual trend is described in terms of its geometry, displacement profile and time 

of activity. The Penguin Horst Fault is not part of this population but is included in 

Fig. 4.3 for comparison with the trends of the Late Jurassic early syn-rift population. 

Penguin South Fault 

The Penguin South Fault is an early syn-rift fault, but activity of the fault is observed 

to continue until the late stages of the Late Jurassic rifling period. The fault is 

mapped at its contact with base Magnus Sandstone Member to represent its strike 

orientation at the late stages of the Late Jurassic rift event (Fig. 4.3). In the southern 

part of the Penguin half graben, the footwall of the Penguin South Fault represented a 

high during the period of the MSM deposition. The MSM was deposited in the 

synclinal hangingwall to the Penguin South Fault and onlaps and terminate against 

the fault (Fig. 4.7). The member is not encountered on the uplifted footwall of the 

Penguin South Fault. However, as the Penguin South Fault curves and strikes close 

to the Penguin Horst in the northern part of the Penguin half graben (Fig. 4.3), the 

MSM is observed to extend across the terrace created between the two faults (Fig. 

4.5). The Penguin South Fault is also observed to develop two branching strands that 

both displace the MSM. One strand is mapped in the south, whereas a longer strand 

is mapped in the north (Fig. 4.3). 

In general, movement along the Penguin South Fault does not introduce much 

displacement at base MSM level, except in certain areas. These areas are emphasised 

by the throw-length profile constructed for the Penguin South Fault and presented in 
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Fig. 4.21 . The figure illustrates that the Penguin South Fault displaces the MSM in 

the northern half of the Penguin half graben, at a distance of over 9km from its 

southern edge. A maximum of 1 96ms (c. 294m) throw is reached towards the 

northern end of the fault but the more typical throw values range between 1 O-9Oms 

(c.15-135m). The southern strand has throw maxima of 50ms (c. 80m), whereas the 

northern strand displays up to I 54ms throw (c. 231 m). Syn-sedimentary thickening 

trends against the Penguin South Fault have already been addressed in a previous 

section when analysing the fault as an early syn-rift trend and therefore will not be 

described again here. 
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Figure 4.21: Throw-length profile for the Penguin South Fault and its strands at base Magnus 
Sandstone Member level. Penguin South Fault profile is constructed for the northern part of 
the Penguin half graben only, as the MSM terminates against the fault in the southern part. 
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NNW-SSE trending Faults 

A group of faults trending NNW-SSE are mapped within the Penguin and Magnus 

surveys. Within the Penguin survey, the faults are mainly early syn-rift faults that 

remained active till the deposition of the Magnus Sandstone Member. These are 

represented by the faults NNW-SSE—S12 in the south of the Penguin survey and 

NNW-SSE_S15 in the north of the survey (Fig. 4.3). The latter developed a 

branching strand (termed NNW-SSE_S15_stl) that is also observed to displace the 

MSM (Fig. 4.5). In addition to these early syn-rift faults, a couple of pairs of 

synthetic and antithetic faults to the NNW-SSE trend are mapped (Fig. 4.3). These 

synthetic and antithetic faults are recognised to displace the MSM but rarely extend 

higher in the stratigraphy (Fig. 4.22). Indeed the faults are not observed to displace 

the top of the lower MSM succession. However, the faults are seen to displace the 

upper parts of the Heather Formation, and in other locations extend to just above the 

Brent Group. 

Within the Magnus survey, fifteen NNW-SSE trending faults are mapped and define 

northern and southern clusters (Fig. 4.3). Within the northern cluster, eight faults 

(ranging in length between 0.7-4km) are mapped. The most northern faults within the 

northern cluster are at the edge of the Magnus survey, and the resolution of the data 

did not permit further mapping of the faults, therefore the faults are relatively short. 

The southern cluster comprises seven faults that range between 1-6km in length. The 

NNW-SSE trending faults display planar fault trace geometry in cross section as 

illustrated by Figs. 3.19 and 3.20 for the northern cluster and Fig. 4.14 for the 

southern cluster. 

Some of the NNW-SSE trending faults mapped in the Magnus survey are observed to 

displace the entire Magnus Sandstone Member (e.g. M_NNW-SSE_12, Fig. 4.14). 

Others die out within the upper succession of the MSM and are never observed to 

offset the top of the member (e.g. M_NNW-SSE_7, Fig. 3.19). The MSM and 

particularly the upper succession of the MSM thicken into some of these faults 

(M—NNW-SSE-7, Fig. 3.19). This thickeness distribution is addressed in the next 

section, when the fault control on the MSM deposition is discussed. The NNW-SSE 
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trending faults rarely offset the top Heather Formation or extend any deeper. The 

Lower Kimmeridge Clay does not thicken against the NNW-SSE trending faults. 

Throw-length profiles for the NNW-SSE trending faults (Fig. 4.23) that indicate the 

greatest throw ofjust over 21 Oms (c. 315m) is recorded by the early syn-rift fault 

NNW-SSES15. The synthetic fault M_NNW-SSE_S2 has a maximum throw of 

111 ms (c. 167m). These two faults with the highest throw display a serrated profile 

comprising a multiple of successive minima and maxima. NNW-SSE_S1 5 has two 

major sections separated by local minima, one of which may be further subdivided 

into two units. Similarly, M_NNW-SSE_52 displays two sections separated by a 

local minima. These features are characteristic of segment interaction and linkage 

processes described in earlier sections. These two faults are each composed of two 

individual strands that linked earlier in the fault evolution. The majority of these 

faults however, display throws of between 10-30ms (c. 15-45m), with a few up to 

5Oms. 

The timing of activity on early-syn rift faults that remained active until the late stages 

of the Late Jurassic rift period (e.g. NNW-SSE_S12 & S15) has been estimated as 23 

Myr. The synthetic and antithetic faults to these NNW-SSE trends (mapped in the 

Penguin survey) indicate activity from mid Oxfordian to late Kimmeridgian, an 

interval of 4 Myr. In the Magnus survey, the NNW-SSE trending faults extend from 

the Lower Kimmeridge Clay Formation and into the Magnus Sandstone Member 

with some displacing the top of the MSM, suggesting active movement from mid 

Kimmeridgian to early Volgian; an interval of 4-5 Myr. 

NE-SW trending Faults 

Four faults, trending NE-SW are mapped in the southern half of the Magnus survey. 

In map view the NE-SW faults display linear to cuspate form (Fig. 4.3), whereas in 

cross section they show planar fault trace geometry (Fig. 4.14). The faults vary 

between 2 and 4km in length and are all located within a 2km wide corridor. 
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The NE-SW faults displace the base, but rarely the top of the MSM. The faults 

extend to deeper levels in the stratigraphy and displace top of the Heather Formation. 

The Lower Kimmeridge Clay Formation thickens against some of these faults (e.g. 

NNE-SSW-1, Fig. 4.14). Therefore, these were active faults as opposed to offset 

related to the effects of burial compaction above buried faults. 

Throw-length profiles for the NE-SW trending faults are displayed in Fig. 4.24. The 

profiles are serrated with typical throws between 10-30ms (c. 15-45m) and indicate 

an increase in throw towards their southwestern ends. Stress interaction and 

localisation between the NE-SW faults and the close by NNW-SSE trending faults 

may explain the increase in throw (Fig. 4.3). 

Syn-sedimentary thickening of the Lower Kimmeridge Clay Formation against the 

NE-SW faults indicate that the faults were active during its deposition and continued 

to be active till the early stages of the MSM deposition. The faults were active for 4 

Myr from the late Oxfordian to late Kimmeridgian. 
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Figure 4.23: Throw-length profile for the late syn-rift NNW-SSE trending faults. The faults are 
mapped at base Magnus Sandstone Member level. Most of the faults indicate a throw range 
of 10-30ms but the early syn-rift fault NNW-SSE_S15 displays the highest throw of 211 ms. 
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Figure 4.24: Throw-length profile for the late syn-rift NE-SW trending faults. Most of the faults 
indicate an average throw of 1 0-3Oms except for NE-SW — 4b which displays 111 ms at its 

northern end. See text for more discussion. 
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Brent Fault 

The Brent Fault is also an early Late Jurassic syn-rift fault that remained active till 

the late stages of the rift period. The Brent Fault strikes NNW-SSE across the 

Magnus survey and has been mapped at base MSM level to represent the strike 

variation during the late stages of rifting. In general the Brent Fault is observed to 

strike further eastward at the late stages of the rift event (Figs. 4.2 & 4.3). The Brent 

Fault displaces the lower succession of the Magnus Sandstone Member and the upper 

succession thickens towards the Fault (Fig. 4.17). The Brent Fault never displaces the 

upper succession or the top of the MSM. Displacement of the base MSM is in the 

range of 20ms (c. 30m) although there is little displacement of the base along most of 

the Brent Fault length. In the northern area of the Magnus survey the lower MSM 

extends across the blind fault trace of the Brent Fault (Fig. 4.19). 

The thickening of the upper succession of the Magnus Sandstone Member against the 

southern end of the Brent Fault is important. This southern portion must have been 

reactivated during the latter stages of the MSM deposition. This interpretation 

explains the thickness trends of the upper Magnus Sandstone Member calculated 

from wireline logs analysis (Chapter 5). 

WNW-ESE trending Cross Faults 

A group of six faults running WNW-ESE across the Penguin half graben have been 

mapped using both the Penguin and Magnus seismic volumes (Fig. 4.3). These faults 

form a small graben, approximately 7km wide, in the middle of and almost 

perpendicular to the N-S axis of the Penguin half graben. Two WNW-ESE faults 

have southwest throws and a set of three faults (4km away) down throwing to the 

northeast (Figs. 3.19 and 4.3). Another fault throwing to the northeast is mapped 

further to the southwest within the Magnus seismic volume. The faults range in 

length between 1-6.5 km and only two (WNW-ESE_1 & 3) extend across the two 

surveys (Fig. 4.3). The Cross Faults have planar fault traces in cross section and 

linear form in map view (Fig. 4.3). 
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These faults occur in the hangingwall to the Penguin South Fault/Penguin Horst Fault 

and extend west into the Magnus Field but tip out before reaching the Magnus Fault. 

The faults displace the top and base of the Magnus Sandstone Member and extend to 

the Lower Kimmeridge Clay Formation but only one (WNW-ESE_2) continues 

deeper, displacing the top of pre-rift (Brent Group) sequence. 

Throw-length profiles of the WNW-ESE faults at base MSM level plotted along a 

9km long horizontal axis are shown in Fig. 4.25. The plot axis is parallel to the fault 

strike and begins with the furthest west fault (WNW-ESE_4). In general the faults 

exhibit a very serrated profile, which suggests a segmented character for the faults, 

and each strand extends for 1.5-2 km. The strands within each single fault crudely 

conform to the anticipated "bell-shaped" profile expected of a normal fault growing 

by radial propagation. For example, WNW-ESE_l comprises five individual 

segments each displaying an increase in throw to the centre of the segment and a 

decrease to the tip (Fig. 4.25). Segment 1 shows generally lower throw values due 

to interaction with WNW-ESE _2 fault. The WNW-ESE_6 profile is skewed to the 

ESE, and interaction with the nearby NNW-SSE trending faults (Fig. 4.3) was the 

probable cause for the profile observed. 
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Figure 4.25: Throw-length profile for the WNW-ESE trending cross faults. The segmented 
character of the faults is illustrated. A good example is the fault WNW-ESE-1 which may be 
comprised of five strands; the three central strands display 'bell-shaped' profiles with 

maximum throw at the centre. 
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Increasing throw values for WNW-ESE_4 towards west are in accord with the 

expected profile for a propagating normal fault. Throw values decrease abruptly 

before higher values return. This marked change in throw occurs at a distance of 

1.85km from the fault's WNW end, within the area where the WNW-ESE-4 fault 

breaks away from the Brent Fault (Fig. 4.3). The throw variation is therefore related 

to interaction between these two faults with the low throw values indicating that 

stress localisation was divided between the two faults. 

No syn-sedimentary thickening of the Magnus Sandstone Member and Lower 

Kimmeridge Clay Formation against the WNW-ESE trending faults is observed. 

"W-ESE-4 is the exception and is observed to control the deposition of the lower 

succession of the MSM with greater thicknesses recorded in the hangingwall to the 

fault. The control of faulting on the MSM will be discussed in detail in the next 

section. The faults are interpreted to be active during the latest period of the Late 

Jurassic rift event. WNW-ESE-4 was active in the latest Kimmeridgian for a period 

of 1 -2Myr, whereas the remaining WNW-ESE faults were initiated later, probably in 

the mid to late Volgian. 

Based on geometry, orientation and timing of fault activity, the WNW-ESE trending 

faults are interpreted as accommodation structures taking up strain in the deepest part 

of the hangingwall to the Penguin South Fault! Penguin Horst Fault. The faults are 

analogous to the release faults described by Destro (1995), which were initiated in 

response to the increase in length of the hangingwall to major basin-bounding faults 

(Fig. 2.3). 

4.4.3 Late Jurassic Post-rift Fault Population (Early Cretaceous Syn-rift) 

The faults of this population were active during the earliest Cretaceous, post-rift to 

the Late Jurassic rift event and are mapped entirely in the Magnus survey (Fig. 4.4). 

The population is represented by two major faults, trending NE-SW, in the northern 

part of the Magnus survey and a group of small slump faults in the northeast and 

southeast of the survey. The two major faults are mapped at their contact with a 
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composite surface representing the top of the degradation complex. The slump faults 

are mapped at base Cretaceous level. The faults are described individually in terms 

of their geometry, throw-length profile and time of activity. 

Magnus Fault 

The Magnus Fault is the basin-bounding fault to the west of the study area, extending 

for almost 16km. The fault strikes NE-SW in the north but curves to almost a N-S 

striking direction to the south (Fig. 4.4). The cross-sectional geometry of the Magnus 

Fault is planar (Fig. 4.26), and the fault displaces the Jurassic sequence and much of 

the lower Jurassic successions were eroded during the formation of the Base 

Cretaceous Unconformity. 

The fault degradation complex (mapped in Chapter 3) represents sediments liberated 

by degradation and erosion of the footwall to the Magnus Fault (Fig. 3.7). As a 

consequence it was not possible to construct a throw—length profile for the Magnus 

Fault. However, the displacement of the Magnus Fault is in the range of 150-200ms 

(c. 225-300m) based on the throw of the composite surface (Fig. 4.26). 

Within the northern area of the Magnus survey, the stratigraphy offset by the Magnus 

Fault could not be differentiated due to poor well control and poor seismic resolution 

in this area. However, well 211/7-5 from Block 7, to the east of the Magnus Fault 

(Fig. 3.3), encounters Cretaceous strata overlying Dunlin Group, with all the Brent 

Group, Heather and Kimmeridge Clay Formations missing. This succession was 

eroded during the formation of the base Cretaceous Unconformity. To the west of the 

Magnus Fault, well 7-2 encounters Cretaceous strata from the Shetland Group 

overlying Triassic strata. Seismic interpretation of the western to southern part of the 

Magnus survey indicates that the southern tip of the Magnus Fault may displace the 

top Brent Group reflector. However due to the poor seismic resolution and poor well 

control, mapping of the top Brent Group reflector was problematic and difficult. No 

thickening trend could be established because the stratigraphy overlying the Brent 

Group was missing. Movement on the Magnus Fault was therefore initiated in the 

earliest Cretaceous period, following the end of rifting in the Late Jurassic. 
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End of the World Fault 

The End of the World Fault, is the bounding fault of the Penguin half graben in the 

north-to-northwest, strikes NE-SW in the northern part of the Magnus survey and 

continues beyond the seismic coverage (Fig. 4.4). The End of the World Fault is 

planar (Fig. 4.26) and has a throw in excess of 1000ms (c. >1500m). The location of 

the fault at the northwestern edge of the Magnus seismic volume made its mapping 

slightly problematical due to seismic edge effects and incomplete imaging of the 

fault trace. The downthrown (hangingwall) side is outside the seismic survey and the 

fault is mapped by marking the fault contact with the western limit of the composite 

surface defining the fault scarp degradation complex on the footwall to the End of 

the World and Magnus faults. The minimum length of the End of the World Fault 

mapped within the Magnus survey is 9km, although the fault is expected to be 

longer, judging by its throw and previous structural analysis of the area (e.g. Rattey 

& Hayward, 1993) 

A throw-length profile of the End of the World Fault was not constructed because the 

downthrown side of the fault is outside the seismic survey. Stratigraphic control 

based on wells drilled in the hangingwall to the End of the World Fault within Block 

7 (northwest of the Magnus survey) was the main tool in interpreting the End of the 

World Fault. Well 211/7-2 encounters the Cretaceous Shetland Group overlying 

undifferentiated Triassic strata, indicating that the well was drilled through the fault 

trace. The Shetland Group representing sequences in the hangingwall to the fault 

whereas the Triassic are strata from the footwall. Well 7-4 in the far northwest 

terminates in the Shetland Group, at about 1.8km depth, and unfortunately does not 

provide much information on the fault. However, seismic interpretation indicates that 

the Cretaceous sequences thicken substantially on the west side of the End of the 

World Fault and the Triassic strata encountered by well 7-2 are downthrown in the 

hangingwall to the fault, which is out of the seismic coverage. Stratigraphic control 

and seismic interpretation of the End of the World Fault suggest the fault initiated 

during the early Cretaceous period. Movement along the End of the World Fault is 

interpreted to take place sometime after the Magnus Fault activity ceased, because 

the displaced strata are Triassic rather than Jurassic. The Jurassic strata were 
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previously faulted by the Magnus Fault and severely eroded by the Base Cretaceous 

Unconformity. 

Lisiric slump Faults 

Four listric faults are mapped in the Magnus survey (Fig. 4.4). Two faults are 

mapped in the northeastern area of the Magnus survey and two in the south. The 

cross-sectional geometry of these faults is typically listric (Fig. 4.14). In plan view, 

the two northern faults display a NE-SW trending linear to cuspate form whereas the 

southern faults are linear and trending NW-SE (Fig. 4.4). The faults are mapped at 

base Cretaceous level. 

The throw on the listric faults varies between 10-30 ms (c. 15-45m) with a maximum 

recorded at 44ms (c. 66m). The Listric Faults offset the Base Cretaceous 

Unconformity reflector and the youngest of the Late Jurassic Magnus Sandstone 

Member units. In many cases the faults displace the Base Cretaceous reflector only 

(Fig. 3.7), whereas in other cases the offset extends into the upper MSM and 

diminishes within the Intra Magnus Shale, "Lower-Shale" (Fig. 4.14). None of these 

faults offset the entire MSM or displace lower stratigraphy. Consequently, the listric 

faults are interpreted to be Late Jurassic post-rift (early Cretaceous) faults. 

Movement was initiated and ceased during the early Ryazanian period. According to 

the Gradstein et al. (1994) time scale, their period of activity started at approximately 

143Ma and lasted at best for around one million years. 

These faults are interpreted to be aseismic and were probably initiated as a feed back 

mechanism related to the oversteepening of the footwall slope of the Magnus and 

End of the World faults. The faults are interpreted as large-scale slumps that affected 

the upper parts of the Late Jurassic sediments. 

Overview of the faults 

The structural styles of the fault populations and the timing of activity is of 

significance in determining the evolution history of the Penguin half graben. An 

integrated analysis of the structures and adjacent stratigraphy demonstrates that the 
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two main Cretaceous faults trending NE-SW are transecting all earlier fault trends. 

Movement on the Magnus and End of the World Faults caused backtilting of 

sediments in the Penguin half graben as the footwalls to these faults were uplifted. 

Uplift of the Magnus block above mean sea level is reported to have led to 

exhumation (Emery et al., 1993) causing erosion of Cretaceous and Latest Jurassic 

sediments and the subcrop of the Magnus Sandstone Member beneath the Base 

Cretaceous Unconformity. Based on the structural styles and stratigraphy distribution 

and architecture, this NE-SW trend is interpreted to be an early Cretaceous trend 

related to the opening of the More Basin in the North Atlantic (e.g. Ziegler 1990b; 

Roberts et al., 1990; Rattey & Hayward, 1993). As the fault block was uplifted and 

tilted, steepening of the slopes initiated listric slumps and the latest Jurassic to 

earliest Cretaceous sediments moved downslope. 

4.5 Control of normal faulting on the MSM deposition 

The MSM is Late Kimmeridgian-Early Volgian in age, and hence was deposited 

during the late stages of the Late-Jurassic rift event. Fig. 4.4 represents the faults that 

displace the Magnus Sandstone Member mapped at base MSM. Faults trending N-S, 

NNW-SSE and WNW-ESE are observed to control the deposition of the MSM (Fig. 

4.3). These faults are either early syn-rift faults that remained active and displaced 

MSM, reactivated early syn-rift faults, or late syn-rift trends that developed during 

the latest stages of Late Jurassic rifling. A further set of NE-SW trending faults was 

active after the deposition of the MSM (Fig. 4.4). 

The Magnus Sandstone Member onlaps the Penguin Horst (Fig. 4.5) implying that 

the horst formed a high throughout the period of MSM deposition. In the Penguin 

survey, in general, early syn-rift trends rarely offset the entire MSM. More 

commonly, faults offset base but not the top of the MSM. An example of these faults 

are the synthetic faults to the Penguin Horst Fault (Fig. 4.5 and 3.5 from Chapter 3). 

Using these observations the faults were either: 

- 	Active during the very early stages of MSM deposition but activity ceased 

at some point during the deposition of the lower succession of the MSM. 
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- 	The faults were active much earlier, and the throw observed at base MSM level 

is due to the effects of compaction above buried blind faults. 

The Penguin South Fault, although an early syn-rift fault, displaces the MSM. Some 

of the associated branching strands are also observed to displace the entire MSM. 

Syn-sedimentary thickening of the MSM against the strands supports the 

interpretation of movement of the strands during the MSM deposition. 

NNW-SSE trending faults mapped within the Penguin half graben have different 

activity periods and may be subdivided into: 

- 	Early syn-rift faults that remained active until the latest stages of the Late 

Jurassic rift event, displacing the MSM, and creating accommodation against the 

faults (e.g. NNW-SSE_S12 & S 15). 

- 	Early syn-rift faults that were reactivated during the latest stages of Late Jurassic 

rifting, such as the Brent Fault in the Magnus survey. The upper MSM thickens 

towards the Brent Fault on both seismic data and wireline log interpretations. 

- 	Late syn-rift faults that control the MSM deposition are mapped in the northern 

cluster of the NNW-SSE trend in the Magnus survey. The MSM upper 

succession is observed to thicken towards these faults (e.g. M_NNW-SSE_6 & 

7, Figs. 3.19 & 3.20) and a depocentre is created to the northeast as illustrated 

by Fig. 3.25. 

The WNW-ESE trending Cross Faults are interpreted as Late Jurassic late syn-rift 

faults that were initiated to accommodate increased stresses related to lengthening of 

the hangingwall to Penguin Horst and Penguin South faults within the Penguin 

survey. Most of these faults displace the entire MSM within the Kimmeridge Clay 

Formation, implying that the faults initiated sometime after the deposition of the 

MSM. However, one fault, WNW-ESE 4, controls the deposition of the oldest unit 

of the MSM (MSM Unit 1, Chapter 5, the MSM lower succession on seismic, 

Chapter 3, Fig. 3.19). Fig. 4.27 represents a series of inlines from the Magnus survey 

that run NNE-SSW and describes the geometry and form of the MSM. The sections 

trend westward at an interval of 100 mimes (1.25km). Going from east to west in the 

Chapter 4: Development and Evolution of Structural Styles 	 141 



top syn-rift 
(base Cretaceous) 

_ 

base MSM 

- 	- West 

\\IV
uj  

___  

(b) 	2121 21825  

top syn-rift 
(base Cretaceous) 

top MSM -- 

-3.000 

- 	- 
r2 - top Lower Shale 

co - Al Am- 
base MSM 

LY 
* 

-v -* 	- 
to 	Heather 

oft 	4W 
fA 

(c) 

Figure 4.27: Geometry of the lower succession of the Magnus 
Sandstone Member. In a traverse going from east to west, the 
geometry of the Lower MSM changes from a wide depositional 
lobe with internal reflectors onlapping the base of the member (a) 
to a confined geometry of a channel (c). Significantly the channel 
displays thickening into the WNW-ESE _ 4 Fault, suggesting that 
the fault was active during the deposition of the lower succession 
of the MSM.The production well 211112-M9 provides a control point 
on the interpretation of the reflectors. 
For location of the lines see Fig. 4.6b. 

(a) 

1km 

East 

Chapter 4: Development and Evolution of Structural Styles 	 142 



Magnus survey, the geometry of the lower succession of the MSM changes from a 

broad depositional lobe (Fig. 4.27a) to a constrained channel morphology (Fig. 

4.27c). Fig. 4.27c (cf. Fig. 3.26) demonstrates the significant thickening of the lower 

succession of the MSM against the WNW-ESE-4 Fault. This implies that the fault 

was active during the deposition of the lower unit of the MSM. Limited thickness 

variation is recorded for the upper succession of the MSM across the fault. 

A more comprehensive interpretation of the interaction between the sedimentation of 

the MSM and the evolution of the different fault trends will be covered in Chapter 8. 

The influence of the fault array evolution on the syn-rift sedimentation patterns will 

also be addressed in Chapter 8. 

4.6 Tectonic Evolution of the Penguin half graben 

The spatial and temporal evolution of the fault populations within the Late Jurassic-

Early Cretaceous rift event are reconstructed through the integration of structural 

observations and stratigraphic architecture of syn-rift sediments (Fig. 4.28). The rift 

event was initiated with the development of numerous short strands trending NNW-

SSE (Fig. 4.28a). This is demonstrated by the pre-rift surface map (Fig. 3.12) 

indicating depocentres created by the subsidence of the hangingwalls to these NNW-

SSE faults. Fig. 4.2 acts as a base map for the faults mapped at pre-rift surface and 

also indicates the dominance of small NNW-SSE trending faults within the Penguin 

half graben. Some faults down throw to the southwest (synthetic faults) whereas 

others down throw to the northeast (antithetic faults). As the rift event evolved, these 

short faults grew in length leading to overlapping geometries and interaction between 

the different strands (Fig. 4.28b). It is interpreted that due to processes of stress 

feedback (e.g. Cowie, 1998) between the evolving strands, some of the faults (such 

as the antithetic faults) became inactive. The interaction between faults is best 

illustrated by the lateral shift (skewness) in the position of maximum displacement 

(e.g. Dawers & Anders, 1995; Cartwright et al., 1995) observed in many of the 

throw-length profiles of the different faults examined in this study (for examples, see 

Figs. 4.12 strand 2 of the N-S Fault and 4.13b, fault NNW-SSE-6). 
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Figure 4.28: Schematic representation of the evolution of the Late Jurassic-Early Cretaceous 
rift event within the Penguin half graben. The faults nucleated as individual strands trending 
NNW-SSE and evolved into systems of N-S through-going faults through interaction and 
linkage of segments. See text for more discussion. 
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Continued lengthening and interaction of the strands led to the linkage of fault 

strands to form longer throughgoing faults (Fig. 4.28c). This is represented by the 

formation of the N-S trending faults in the Penguin half graben, which include the 

Penguin Horst Fault, the N-S Fault and the Penguin South Fault. The Brent Fault 

from the Magnus survey may have formed in this same way. Continued linkage of 

some fault strands led to the formation of major basin-bounding faults in the Penguin 

half graben, such as the Penguin Horst Fault and Penguin South Fault. As these faults 

linked, rates of subsidence of their hangingwalls increased, widening the synclinal 

depocentres. In order to accommodate the increasing hangingwall length, Cross 

Faults (WNW-ESE trending faults) were initiated. These Cross Faults run almost 

perpendicular to the strike direction (N-S) of the linked faults (Fig. 4.28d). The 

WNW-ESE Cross faults mapped within the graben are interpreted to be very late 

syn-rift faults within the Late Jurassic rift event based on the offset of MSM and 

Upper Kinimeridge Clay Formation. 

The development of the Cross Faults marks the end of the Late Jurassic rift 

movements in the Penguin half graben. However, Early Cretaceous extensional 

stresses related to the opening of the More Basin in the North Atlantic, resulted in a 

major fault, End of the World Fault, developing to the northwest of the Penguin half 

graben (e.g. Ziegler, 1990b; Roberts et al., 1990; Rattey & Hayward, 1993). Detailed 

seismic interpretation in this study reveals the development of two major faults that 

were initiated in the Early Cretaceous, which are the Magnus and End of the World 

Faults (Fig. 4.28e). The Magnus Fault displaces early Jurassic strata, whereas the 

End of the World Fault displaces Triassic strata with a throw of more than 1.5km. 

The evolution of an early population of numerous short strands into a late stage of 

fewer and longer faults of throughgoing character has been attributed by many 

workers to represent the transition from the "rift initiation" to "rift climax" phase 

(e.g. Prosser, 1993; Gupta etal., 1998, Cowie etal., 2000). The "rift initiation" phase 

is characterised by slow rates of subsidence compared to high rates of subsidence for 

the "rift climax" phase. Analysis of fault activity in this study, leads to the 

conclusion that the transition from "rift initiation" to "rift climax" phase must have 

Chapter 4: Development and Evolution of Structural Styles 	 145 



taken place very late in the Late Jurassic rift period (after the linkage of faults to 

form the Penguin South Fault). The transition is estimated to occur within the Late 

Kimmeridgian-Early Volgian period, an interval of approximately 1 8Myr after the 

rift initiation. The Penguin South Fault is a major basin-bounding fault within the 

Penguin half graben and its development involves the linkage of an abandoned 

palaeo tip fault. Therefore examining the rates of subsidence along the Penguin 

South Fault would give a reliable indication of the rates of subsidence for the 

Penguin half graben. Prior to linkage the 5km long palaeo-segment bounded by the 

splay fault (Penguin South Splay) probably had a maximum displacement of 520ms 

(c. 781 m) including the displacement on the abandoned tip. The linkage of the splay 

and the main Penguin South Fault took place in the late Kimmeridgian-early 

Volgian, indicating that the maximum pre-linkage displacement rate was 

43mm/kyr. The fault accumulated an extra 418.5m of displacement before becoming 

inactive in the late Volgian, suggesting displacement rates of 1 O4mmlkyr. The 

increase in the displacement rates is related to the transition from the "rift initiation" 

to "rift climax" phases of extension. Gibbs (1984) modelled extensional basins 

development as a linked system in which extensional movement was accommodated 

by major, transverse transfer faults on which substantial strike-slip motion occurred. 

This model is not supported by any observations made as part of this thesis research. 

Thickness trends of syn-rift strata do not suggest that linking, transverse faults play 

any role in controlling sedimentary thicknesses, facies or sediment dispersal patterns. 

Comparable studies that investigated the evolution of Late Jurassic fault systems 

within the Northern North Sea such as Dawers & Underhill (2000) on the Statfjord 

East Fault array and Young et al. (2001) on the Murchison-Statfjord North Fault 

system concluded that the evolution of isolated fault strands into fully linked single 

structures took an additional 1 7.5Myr after the initiation of faults. These time 

constraints are comparable to the timing of 1 8Myr concluded from this study. The 

fault systems addressed in this study are part of the same rift regime and the faults 

propagated through the same pre- and syn-rift lithologies, therefore the estimates 

appear consistent with the previous studies. 

Chapter 4: Development and Evolution of Structural Styles 	 146 



The Penguin South Fault, rather than the Penguin Horst Fault, is the basin-bounding 

fault for the Penguin half graben in the southern part of the Penguin survey. This is 

supported by syn-rift thickness trends and throw magnitudes and by the fact that the 

Penguin Horst has a relatively thin interval of the Heather Formation in its 

hangingwall. The thin interval of Heather Formation is encountered by the southern 

wells 211/13-7 and 13-8 (Appendix 1, Table 1.4 for stratigraphic picks in wells) and 

illustrated by Fig. 4.7. Within the northern area of the Penguin half graben, 

identification of the main basin bounding fault is much more difficult. This is due to 

the presence of a large number of faults in the terrace separating the Penguin South 

Fault from the Penguin Horst Fault and the absence of some of the pre- and syn-rift 

sediments from the terrace and the Penguin Horst. Wells (13-3 and 13-9) that drilled 

through the high terrace west of the Penguin Horst (Fig. 3.3) encountered the 

Kimmeridge Clay Formation overlying Statfjord Formation with all the Heather 

Formation, Brent and Dunlin Group sediments absent. Well 13-10, in contrast 

encounters a succession of the Dunlin Group underlying the Kimmeridge Clay 

Formation. Well 8-1 further north encounters Kimmeridge Clay Formation and 80m 

of Heather Formation overlying the Statfjord Formation. The absence of the Brent 

Group and Heather Formation from top of the terrace structure and the Penguin Horst 

indicates that these successions were either not deposited or eroded from these areas. 

Since the Heather Formation is encountered in the northern well 8-1, and the Dunlin 

Group is encountered in 13-10, the above observations may be explained by one of 

the following hypotheses: 

1. The Penguin South Fault was the main fault active during the early stages of 

the Jurassic rift event and uplifted the Brent Group sequences with the Penguin 

Horst Fault being a secondary fault within the uplifted footwall to the Penguin 

South Fault (Fig. 4.29a). The Brent Group was then eroded from top of the 

structure while the Heather Formation was thickening in the hangingwall to the 

Penguin South Fault. During the latter stages of Heather Formation deposition, 

localisation of stress led to the collapse of a terrace that was bound to the west 

by the Penguin South Fault. Activity was then transferred from the Penguin 

South Fault to the Penguin Horst Fault and the Kimmeridge Clay Formation is 
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deposited across the blind fault trace of the Penguin South Fault and thickens 

into a depocentre adjacent to the Penguin Horst Fault (Fig. 4.29b). From Fig. 

3.11, the Penguin Horst is mapped by the low TWT values at Base Cretaceous 

level, and is shown to extend further north suggesting that it is most influential 

in the northern part of the study area. This observation combined with the 

presence of the Heather Formation in the northern area overlying the Statfjord 

Formation supports the suggestion of the Penguin Horst Fault being active later 

in the rift event than the Penguin South Fault. 

The Penguin Horst structure developed very early in the Late Jurassic rift 

event with a collapsed terrace bound by the Penguin South Fault (Fig. 4.30a). 

The Middle Jurassic Brent and Dunlin Groups were eroded from top of the 

structures of the Penguin Horst and the collapsed terrace whilst the Heather 

Formation was deposited in the hangingwall to the collapsed terrace. This 

suggests that at this period the Penguin South Fault was the main active fault. 

Later in the rift evolution, activity was transferred to the Penguin Horst Fault 

and Kimmeridge Clay Formation was deposited across the Penguin South Fault 

and thickened into the Penguin Horst Fault (Fig. 4.30b). 

The Penguin Horst was a very early structure initiated during the Permo-

Triassic rift event with a collapsed terrace bound by the Penguin South Fault. 

The two faults displaced and uplifted Triassic strata. Jurassic sequences 

(Dunlin, Brent and Humber Group sediments) were therefore never deposited 

on the Penguin Horst or the collapsed terrace. The Middle Jurassic sequences 

and the Heather Formation were later on deposited in the hangingwall to the 

faulted terrace implying that the Penguin South Fault was the main active fault 

during the deposition of these sequences (Fig. 4.31a). Sediment supply never 

filled the accommodation produced by subsidence along these faults, hence 

Heather Formation was never deposited on the faulted terrace. As the rift event 

evolved, activity was transferred to the Penguin Horst Fault and Kimmeridge 

Clay Formation thickened towards the Horst (Fig. 4.3 ib). 
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The above three models serve equally to explain the distribution of sediments within 

the Penguin half graben. However, the presence of the Dunlin Group in well 13-10 

proves the deposition of at least the early geologies from the middle Jurassic 

sequences on the collapsed terrace. Therefore Model 2, which suggests the 

development of the Penguin Horst with a collapsed terrace early in the Late Jurassic 

rift event and uplifted middle Jurassic sediments serves best to explain the sequences 

observed in the wells in accord with the Penguin half graben evolutionary model 

proposed by this study (see also Chapter 8). 

4.7 Conclusions 

- 	The structural interpretation of 3D seismic data over the Penguin half graben 

demonstrates that the Late Jurassic rift event evolved in multiple but arguably 

predictable phases of fault evolution. Detailed analysis of the structural styles 

demonstrates that the graben evolved from an initial population of numerous 

short faults, trending NNW-SSE and growing by radial propagation, into a 

final system of throughgoing mainly N-S trending fault arrays. This evolution 

was achieved through the interaction and linkage of the shorter fault strands. 

The analysis of the faults is based on grouping the different mapped fault 

trends into fault populations that were active at the same period, gaining 

insights into their evolution from the displacement profiles and examining syn-

rift sediments architecture adjacent to and across the faults. 

- 	The evolution of the small fault strands into major basin-bounding faults, 

caused strain perturbations due to lengthening of the hangingwalls to these 

major N-S trending faults. Cross Faults running WNW-ESE across the graben 

were generated to accommodate the extensional stresses and can be considered 

analogous to the release faults of Destro (1995). 

- 	The Late Jurassic rift event ended with the initiation of Early Cretaceous NE- 

SW striking faults, which transect all earlier fault trends, and cause backtilting 
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of sediments deposited within the Penguin half graben when the footwalls to 

the Magnus and End of the World Faults were uplifted. This tilting lead to the 

development of listric faults down the hangingwall dip slope, which are 

essentially, slumps at large scale. 

- 	The N-S trending Penguin South Fault is interpreted as a major basin-bounding 

fault in the south and central parts of the Penguin half graben. To the north of 

the graben, activity is transferred on to the Penguin Horst Fault, and late syn-

rift sequences thicken towards the horst. The Penguin South Fault is a 

throughgoing fault interpreted to have formed by the interaction and linkage of 

at least six shorter fault strands. Linkage is estimated to have taken place 

during the late Kimmeridgian to early Volgian. 

- 	Throw-length profiles of almost all of the fault trends within the Penguin half 

graben display characteristic features of fault interaction and linkage, implying 

that this is the normal process of faults growth into larger structures within the 

basin. 

- 	The control of normal faulting on the deposition of the Magnus Sandstone 

Member may be summarised into four main episodes: 

Late Jurassic early syn-rift faults remained active until the deposition of the 

Magnus Sandstone Member. The MSM displays considerable thickening 

adjacent to these faults, especially at the centre of the Penguin half graben. 

Late Jurassic early syn-rift faults were re-activated during the latest stages 

of the rift event. These faults (e.g. the Brent Fault) control the deposition of 

the upper succession of the MSM. 

Late Jurassic late syn-rift faults, trending WNW-ESE in the central part of 

the Penguin half graben, controlled the lower succession of the MSM. 

Late Jurassic late syn-rift faults, trending NNW-SSE in the north of the 

Penguin half graben, controlled the deposition of the upper succession of the 

MSM (e.g. M_NNW-SSE_6). 
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The syn-rift deposition and sediment dispersal patterns in a rift basin can not 

be qualified without an understanding of the tectonic evolution of the fault 

populations within the basin. This study demonstrates that rift basins are 

dynamic with the distribution of active faults evolving throughout the rift event 

leading to a variation in the basin structure and geometry. 
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Chapter Five 

Magnus Sandstone Member Synthesis through Wireline 

Logs analysis 

5.1 Introduction 

The Magnus Sandstone Member is the reservoir interval in the Magnus and Penguin-

A fields in the Northern North Sea. It is interpreted to be a deep-water depositional 

system, comprising deposits of sediment gravity flows and hemipelagites. Previous 

interpretations proposed a submarine fan generated from the west and comprising 

four depositional lobes (e.g. De'Ath & Schulyman, 1981; Sheperd et al., 1990) as a 

depositional environment. However, more recent interpretations favour the 

deposition of the MSM in a more axial orientation as sand sheets that are sourced 

from the north to northeast (Ravnâs & Steel, 1997). Constraining the source direction 

of the sediments together with environment of deposition has significant implications 

on the two fields as hydrocarbon plays in terms of exploration and production 

strategies. 

The MSM depositional system has already been evaluated using seismic stratigraphic 

techniques in chapter three. The system was divided into two major depositional 

units separated by major and widespread shale but no more units were resolvable 

within the system due to seismic data resolution constraints. However, the typical 

representation of the MSM on wireline logs reveals the possibility of subdividing the 

system into a number of depositional units separated by shale intervals. 
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This chapter presents an analysis of the wireline data from fifty-eight wells 

distributed across blocks 211/7, 8, 12, 13, 14 and block 33 from the Norwegian 

sector. The analysis includes an investigation of the sedimentary log character (and 

integration with core description whenever possible), a subdivision of the different 

resolvable units of the MSM from the well log signatures and correlation of the 

MSM units and other important formations across the Magnus and Penguin-A fields. 

The correlation of different MSM units between wells in the two fields provides 

information on thickness variations and the changing spatial distribution of these 

units through time. From this detailed analysis, the source direction of sediments can 

be interpreted, the presence of depocentres established and the role of syn-

sedimentary faulting in controlling them evaluated. 

5.2 Geological setting 

The basin under investigation is the Penguin half graben forming the hangingwall to 

the normal fault that bounds the western flank of the Penguin Horst. The MSM is 

present in two fields; the Magnus Field, on the footwall to the End of the World Fault 

northwest of the Penguin half graben, and the Penguin-A Field on a down-faulted 

terrace of the Penguin Horst (Fig. 5.1). The Magnus Sandstone Member was 

deposited at a time of active rifling (Rattey & Hayword, 1993). 

The structural framework has two main component parts: 1) A N-S fault trend that 

was inherited from the Caledonian basement structural grain and Middle-Late 

Jurassic rifling and 2) A NNE-SSW trend that is dominant to the north of the area 

and is associated with the opening of the More and West Shetland basins during 

Early Cretaceous times (e.g. the Magnus Fault and End of the World Fault). 

Subordinate WNW-ESE trending faults are present only in the Penguin half graben 

(e.g. Morris et al., 1999 and Chapter 4 of this thesis). 

The Late Jurassic rifling event lead to a period of major elastic starvation in the 

Penguin half graben and the deposition of organic rich clays that lasted 
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Figure 5.1: Distribution of the wells available to the study from the Penguin half 
graben and the surrounding blocks. 
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approximately 34 Myr (from 165 to about 131 Ma). This clastic starvation was 

interrupted by the deposition of the MSM during a sea-level lowstand (Rattey & 

Hayword, 1993; Partington et al., 1993b). A more detailed stratigraphic and 

structural account of the area is covered in Chapters 3 and 4 of this thesis. 

5.3 Dataset and methods 

Fifty-eight exploration and production wells from the Magnus and Penguin-A fields 

and surrounding blocks form the dataset analysed in this chapter (Fig. 5.1). Twenty-

four of these wells have cores from the Magnus Sandstone Member and Kimmeridge 

Clay Formation (Appendix 4, Table 4. 1), and a detailed description and analysis of 

the sediments within the core is presented in Chapters 6 and 7 of this thesis. 

Within the Penguin-A Field, three wells are drilled. Whilst wells 211/13-3 and 

211/13-10 are situated on collapsed terraces west of the Penguin Horst and in the 

central part of the field, well 211/13-9 is located in a flank position towards the south 

(Fig. 5.1). 13 additional wells lie within the limits of the Penguin-A seismic survey. 

In the western flank of the Penguin Horst, wells 211/13-5 and 211/12-15 were drilled 

to verify the limit of the MSM to the southwest and are at the edge of the seismic 

coverage, while 211/13-7 and 13-8 are located to the south and southeast. Although 

wells 211/13-4 and 13-11 to the far south lie outside the limits of the seismic survey 

they serve to verify the existence of the MSM in this area. Well 211/13-1 is drilled 

on the horst, while 211/13-2 and 13-6 are on the eastern flank of the horst. Block 14 

wells, 14-1 and -2 are drilled in the eastern flank of the horst and to the southeast of 

the Penguin-A Field. Wells 33/5-1 and 33/5-2 from the Norwegian block 33 to the 

northeast of Penguin-A Field were incorporated in this project to explore the 

northern extent of the Magnus depositional system. Well 33/5-1 is drilled furthest 

northeast while well 33/5-2 is located on the eastern flank of the Penguin Horst. 

Block 8 wells were also drilled to verify the MSM existence to the north of Penguin-

A Field with 211/8-1 drilled directly north of 13-10, 211/8-2 located further north 

and to the east of the field, while 211/8-3 is towards north-west. 
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The Magnus seismic survey encompasses more than 40 exploration and production 

wells scattered all over the field and its outskirts. Fig. 5.1 shows the location of the 

wells within the field and in the adjacent blocks. 30 wells are located in the crestal, 

central and flank areas of the Magnus Field. Exploration wells are 12-Ito 12-13 and 

production wells are 12-Ml to 12-M13, 12-M2z, 12M7z, 12-M8z and 12-M16. 

Block 7 to the north has five wells drilled within it, all of which are in the seismic 

survey limit except 211/7-4 in the far northwest. Block 11, to the west of Magnus 

Field has four available wells, but only two (211/11-1 and 11-3) are within the 

seismic coverage. 

Composite and velocity wireline logs were accessible for almost all of the 

exploration wells within the Penguin-A and Magnus seismic survey areas and many 

of the wells in the surrounding blocks (Appendix 1, Table 1.3 for details). However, 

only composite logs were available for many of the production wells and, although 

this hampered tying the production wells to seismic volumes, the wells provided 

valuable information on the thickness of the Magnus Sandstone Member. 

Analysis of the different depositional units of MSM using wireline logs took the 

form of identifying and correlating the various stratigraphic units using log signature, 

net-to-gross ratios and interval thickness integrated with sedimentary facies observed 

from core (Chapters 6 and 7 of this thesis). Depositional trends of the different MSM 

units were assessed by drawing thickness contour maps. The contour maps are drawn 

by hand (a contouring program was not available). Thickness values at well locations 

were examined and contours drawn to accommodate the different thicknesses 

encountered within the Penguin half graben. However, different contouring scenarios 

were examined in the context of evaluating a westerly source area for the MSM as 

modeled by De'Ath & Schulyman (1981). 

5.4 Lithostratigraphic character on wireline logs 

Fig. 5.2 illustrates the Mesozoic stratigraphy and its idealized wireline log character 

encountered by a typical well within the study area (Morris et al., 1999). A brief 
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description of the wireline character and typical gamma-ray values and sonic 

velocities is given for each stratigraphic interval. An account of the distribution of 

each stratigraphic interval in the wells is also presented. 

Humber Group 

Kimmeridge Clay Formation 

In the study area, the Kimmeridge Clay Formation includes an upper and a lower unit 

separated by the MSM. The top of the Kimmeridge Clay Formation is easily 

identified in most wells by the sharp contrast between the typical high-gamma ray 

(150-200 API), slow sonic velocity (sonic log range 110-125 pslft) of the formation's 

organic-rich clays against the low-gamma ray and high sonic velocity of the 

overlying mudstones and limestones of the Cromer Knoll Group (Fig. 5.3). 

The upper unit lower boundary overlies the Magnus sandstone and is mostly 

characterised by a gradual downward decrease in the Gamma-ray values, 

accompanied by an increase in the sonic velocity, more details will be given when 

describing the MSM in the next section. The opposite is observed as the logs record 

the shift from the Magnus Sandstone Member into the Lower unit of the Kimmeridge 

Clay Formation, where the gamma-ray values rise and the density and sonic velocity 

decrease downwards. The LKCF is characterised in many wells by the occurrence of 

sandy interbeds, which have been attributed to deep-water deposits (Chapters 6 and 

7). 

Clean mudstones of the LKCF exhibit gamma ray values of about 150-200 API and a 

typical sonic log response is between 100-120 Rs/ft. However, where the LKCF has 

sandy interbeds its character becomes heterolithic and the gamma ray response 

fluctuates between 50-120 API and the sonic log varies between 80-120 Rs/ft. The 

Lower Kimmeridge Clay unit overlies the Heather Formation mudstones and the 

boundary between the two is marked by a sharp downward decrease in gamma-ray 

values, mostly associated with an increase in sonic velocity. 
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Figure 5.3: Representative wells of the stratigraphic intervals encountered by 
wells within the Penguin half graben. 
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The Upper Kimmeridge Clay is encountered in 29 wells in the study area, whereas 

the Lower Kimmeridge Clay is not always drilled in its entirety, especially by 

production wells from the Magnus Field. In some areas, where the Magnus 

Sandstone Member is not present, a single section of the Kimmeridge Clay 

Formation is present, for example such as in the eastern flank of the Penguin Horst. 

Further details on well stratigraphies and formation thicknesses can be found in 

Appendix 1, Table 1.4 and Appendix 3, Table 3.2 respectively. 

Magnus Sandstone Member 

The Magnus Sandstone Member is encased within the Kimmeridge Clay Formation 

with the effect of dividing the formation into an upper and a lower layer. The 

boundary of MSM with the Upper Kimmeridge Clay Formation (UKCF) is often 

transitional and is characterised by a gradual downwards decrease in the gamma ray 

values associated with an increase in the sonic response (Fig. 5.3). This interval 

marks the transition zone and/or H interval of the MSM as described by B.P. (Fig. 

2.18). Table 3.2, within Appendix 3, indicates the wells that illustrate the transition 

zone. This transitional character also exists within the Penguin-A Field wells, but is 

not considered part of the reservoir by Shell. 

The MSM may be seen as a series of sandstone units separated by shale intervals. 

The MSM units used by BP over the Magnus Field and Shell in the Penguin-A Field 

are not standardized, and in order to integrate the two fields, a new scheme is 

proposed. Fig. 5.4 portrays the new scheme and compares it to those currently used 

in the Magnus and Penguin-A fields. The new scheme identifies four sandstone units; 

Unit 1 (oldest) to Unit 4 (youngest). These units are separated by shale intervals, the 

Lower, Middle and Upper shales. However, in some wells, it is possible to further 

differentiate upper and lower intervals within Unit 2 separated by the Unit 2-Shale. 

Table 3.1 in Appendix 3 provides the depth picks to the different units tops. 

There is an important difference in the definition of Unit 2 between the scheme 

presented in this thesis and the internal scheme used by Shell. Unit 2 in this study 

(Fig. 5.4) comprises the Shell R2-lower and RI units rather than R2-upper and R2- 

Chapter 5: MSM Synthesis through Wireline Logs Analysis 	 163 



)xf. -Kim Latest Kimmeridgian Early Volgian 

I 	 Iv.  
Magnus Sandstone Member 

CD 

CD 
CD 

71 
Cn 

CD 

CD 

CO 

CD 

J 
ICD 

tZ 

CD 9 
CDCD 

CD CD 

El 

CD 

Cn 
	H U 

CD

Cn  

CD 

a CD a — 0 a CD 
CD

ITI 

CD 

ED 
0 

0 
0 
0 

CD 

Figure 5.4: Magnus Sandstone Member reservoir units. The different reservoir zonations 
used for Magnus field (BP) and Penguin Afield (Shell) are compared to the 

scheme proposed by this study (Modified from Morris etal., 1999). 

Chapter 5: MSM Synthesis through Wireline Log Analysis 	 164 



lower. Heavy mineral studies conducted by Shell on well 13-3 in the Penguin-A 

Field suggested two different source areas for the MSM reservoir units. The heavy 

minerals studies suggested that the upper units (R3 and R2-upper) were sourced from 

Cormorant Formation wheras the lower units (R2-lower and RI) were derived from 

the erosion of Statfjord Formation sediments. However this mineralogical difference 

is subtle in well 13-10, while 13-9 shows a consistent mineralogy throughout the 

MSM, derived from the erosion of Cormorant Formation sediments (Shell report 

DE990008). 

In general the MSM has low gamma ray values, typically in the range 40-75 API, 

accompanied by high sonic velocities (sonic log response between 80-100 ps/fl). The 

subdivision of MSM into the different units allows subtle changes in the character of 

the MSM to be detected. Analysis of the log character leads to the following 

observations (correlation panels 1-5, Fig. 5.5 for correlation panels location): 

- 	MSM Unit 4, is encountered in the Penguin-A Field wells, and is 

characterised with gamma ray response between 40-60 API, and sonic log 

response of 70-100 Rs/ft. This reflects a heterolithic character. 

- 	The Upper Shale, present only in Penguin-A Field wells displays a gamma 

ray reading of 80-150 API and a sonic log response of 100-115 ps/fl. 

- 	Unit 3 has a typical MSM character with gamma ray readings of 40-75 API 

while sonic log records 80-90 ps/ft. 

- 	The Middle Shale is characterised by slightly lower gamma-ray values than 

the Upper Shale ranging between 60-120 API, whereas the sonic values are 

comparable at 100-110 ps/fl. 

MSM Unit 2 is characterised by gamma ray readings of 35-70 API and 80-90 

ps/fl in sonic log response. The subdivision of Unit 2 into an upper and a 

lower part does not change the above stated values for Unit 2 gamma ray and 

sonic log, except for The Penguin-A Field wells 13-9 and 13-10, which show 

heterlolithic character for the gamma ray with a range of 35-120 API and 

sonic values of 80-115 ps/ft within the lower part of Unit 2. The Unit 2-Shale 

has a similar character to the Middle Shale as gamma ray readings are 

between 75-120 API with sonic log response of 80-110 ps/fl. 
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- 	The Lower Shale is characterised by high gamma ray values typically in the 

range of 150-180 API, although some wells show slightly lower average 

values of about 100 API (e.g. 12-1 and 12-11). Sonic log response is usually 

between 100-115 ps/ft 

- 	Unit 1 of MSM is characterised by the lowest of gamma ray readings with a 

range of 35-70 API, with the majority of wells having average gamma ray 

value of 45 API. However this response is not representative of the Penguin-

A Field, where Unit I is represented by a serrated gamma ray profile that 

fluctuates between 35-120 API indicating a strongly heterolithic character. 

Sonic log on the other hand is usually between 80-95 ps/ft with the Penguin-

A Field displaying a wider range of 60-110 ps/ft. 

The base of the MSM is usually identified as a sharp change from the sandstones of 

the MSM to mudstones of the Lower Kimmeridge Clay Formation, which is 

represented in the wireline logs by a downward increase in the gamma ray log 

reading accompanied by a decrease in sonic velocity. Although the boundary is 

easily picked on wireline logs the differentiation between MSM and LKCF on 

seismic data, where LKCF contains sandy intervals, can prove difficult. The presence 

of sands in the LKCF minimizes the acoustic impedance contrast between the two 

layers (Chapter 3). 

The MSM was the main target for most of the wells drilled in the Penguin half 

graben. All the Penguin-A and Magnus Field wells encountered the MSM. Wells 13-

5 and 12-15, located towards the south and midway between the two fields, 

encounter 67m and 167m respectively of the MSM. On the Penguin Horst and its 

eastern flank, none of the block 13 or block 14 wells encountered MSM although the 

appropriate interval was drilled. In well 13-1, on the Penguin Horst, the Jurassic 

succession is missing entirely, and Lower Cretaceous strata directly overlie Triassic 

strata. Wells 13-2, 13-4, 13-6 to 13-8, 14-1 and 14-2 all encounter the Kimmeridge 

Clay Formation but the MSM is not present. 
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Figure 5.5: Correlation panels location map. 
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Correlation Panel 5: N-S trending correlation panel across Penguin-A Field. 
The panel illustrates a general trend of increaseing sand-to-sahie ratio 

from well 13-10 to 13-9 before pinching out in the far south 
(See Fig 5.5 for location of the panel). 
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Within the surrounding blocks, a 1 OOm thickness of non-reservoir quality Magnus 

sands are present in well 211/8-1, north of the Penguin-A Field. The northern well 

211/8-2 contained no Jurassic sediments and Cretaceous Shetland Group strata 

overlie the Triassic Hegre Group. Well 211/8-3, to the northwest in contrast 

encounters a complete stratigraphic succession of Cromer Knoll Group overlying the 

UKCF and the MSM reaches 226m in thickness and is underlain by the LKCF, 

Heather Formation and Brent Group. 

Two wells from the Norwegian block 33 were also incorporated into the study in 

order to investigate the extent of the Magnus sands and to test the theory of the 

Penguin Horst deflecting the northerly sourced sands eastwards as well as 

westwards. Well 33/5-1, drilled furthest northeast, contains Early Cretaceous Cromer 

Knoll Group overlying the Triassic Cormorant Formation, with all Jurassic 

succession absent. Well 33/5-2, located on the eastern flank of the Penguin Horst, 

encounters about 97m of K.immeridge Clay Formation with no trace of the Magnus 

Sandstone Member. 

In Block 7, wells 211/7-1 and 7-2 northeast of the Magnus Field, encounter the 

MSM. Well 7-2 to the northwest intercepts the End of The World Fault and the entire 

Jurassic succession is missing with Late Cretaceous Shetland Group overlying 

Triassic strata. Well 7-4 drilled further northwest terminates within the Cretaceous 

Shetland Group. Towards the west of the Magnus Field in block 11, four wells were 

available to the study. Wells 11-1 and 11-2 encounter KCF but MSM is not present. 

Well 11-3, in contrast contains a 48m thick silty interval that might represent the 

distal facies of the Magnus Sandstone depositional system. Well 11-4 encounters the 

Cromer Knoll Group overlying the Triassic Cormorant Formation. 

Heather Formation 

Within the study area, the Heather Formation is always overlain by the Kimmeridge 

Clay Formation mudstones and the boundary is difficult to define on lithological 

grounds alone. However, it is taken at a relatively sharp downward decrease in 

gamma-ray values associated with an increase in both the sonic velocity and density 
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readings (Fig. 5.3). The Heather Formation exhibits gamma ray values of about 100 

API and the sonic log response is usually in the range 90-110 ps/ft. The lower 

boundary is usually with one of the Brent Group members. In some locations, the 

Tarbert Formation is in contact with the Heather Formation, whereas in other 

localities, the Heather Formation directly overlies the Ness or Etive members of the 

Brent Group due to erosion of the Tarbert Formation. The lower Heather Formation 

boundary is characterized by a downward decrease in the gamma-ray signature and 

an increase in the sonic velocity related to the lithological change from the Heather 

Formation mudstones to the Brent Group sandstones. 

In total, 27 wells were drilled through the Heather Formation. Penguin-A Field wells 

13-3 and 13-10 do not encounter the formation because the LKCF overlies Dunlin 

Group and Triassic Cormorant Formation respectively, and 13-9 terminates within 

the LKCF. However wells 13-4 to 13-8 of block 13 encounter the formation. In the 

Magnus Field, wells 12-1 to 12-8, 12-15 and the production wells 12-M6, M10, Ml 1 

and M12 encounter the formation, but the remaining wells stopped in LKCF. Of the 

surrounding blocks, wells 7-1, 8-1, 8-3, 11-1 to 11-3, 14-1, 14-2 and well 33/5-2 

from the Norwegian sector encounter Heather Formation. Other wells either 

terminate in younger stratigraphy or the formation or the Jurassic succession are 

missing due to erosion. 

Brent Group 

The Brent Group forms a broadly regressive-transgressive wedge of coastal and 

marine sediments, recording the progradational outbuilding and subsequent retreat of 

a deltaic system (Richards et al., 1993). It constitutes five formations: Broom, 

Rannoch, Etive, Ness and Tarbert Formations. Seismic interpretation (Chapter 3) 

mapped the top of the Brent Group and identified it as top of the pre-rift sequences. 

Top Brent marks the deepest seismically resolvable surface in the Penguin half 

graben and the group mostly underlies the Heather Formation. The boundary 

between the Heather Formation and the underlying sediments of the Brent Group is 

normally marked by a sharp downward decrease in both gamma ray and sonic 
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velocity values. This expression reflects a change from mudstones or siltstones into 

sandstones or interbedded sandstones, siltstones and coals. Typically gamma ray 

readings range between 30-60 API and the corresponding sonic log values are 

between 60-110 j.xs/ft (Fig. 5.3). 

The Brent Group is encountered by 18 wells. The youngest member of the group, the 

Tarbert Formation, is identified in only ten wells. These are 211/7-1, 211/11-1, -3, 

211/12-1, -4, -7, -8, 211/13-4, -8, 211/14-2. Other wells containing the Brent Group 

have the top picked either at Etive (211/14-1, 211/13-7), Rannoch (211/11-2, 211/13-

6) or Broom (211/7-5) formations or acknowledge the presence of the Brent Group 

but do not differentiate the different formations (211/8-1, -3, 211/13-2, -5). 

The remaining wells in the area have not encountered the Brent Group for various 

reasons. The Jurassic section is absent in some wells and many wells terminate in the 

Lower Kimmeridge Clay or Heather formations. The main Penguin Field wells, 

211/13 -3  and 13-10, contain the LKCF above Dunlin Group and Triassic 

respectively, with the Brent Group missing. Well 211/13-9 terminates in LKCF. 

5.5 	Thickness trends of the MSM from wireline logs 

If the MSM is considered as a single system and thickness values at well locations 

are mapped, an axial depocentre is expressed which is centred along the Penguin half 

graben. The greatest thicknesses are encountered within wells 12-9 and 8-3 (Fig. 

5.6). A smaller depocentre is also present around well 12-5 to the southwest. The 

thickness distribution of individual units within the MSM is considered separately 

(Figs 5.7-5.14) to examine spatial variations in depocentre location through time. 

The MSM can be divided into four main depositional units based on wireline log 

character and core data (Chapters 6 and 7 and Fig. 5.4). They are separated by shale 

intervals, some of which are correlatable between the two fields. The units were 

principally identified from the wireline log character of gamma ray, sonic velocity, 

density and resistivity, and a preliminary correlation between all the wells was 
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Figure 5.6: Thickness contour lines for the Magnus Sandstone Member. The 
contours indicate a main N-S axial depocentre with a smaller one offset 

to the southwest. The Brent High is interpreted to be the main 
control on the creation of the smaller depocentre. 

Chapter 5: MSM Synthesis through Wireline Log Analysis 	 176 



attempted. Relying upon these correlations, the core described in Chapter 6 was 

subdivided into the defined units, and a detailed analysis of the lithofacies 

encountered in the different units was applied. Whenever a discrepancy occurred in 

the facies displayed by a unit, that was not explained by the expected variation in 

facies in accordance with environment of deposition or the position of the well, the 

identification of the unit in that well was questioned and an alternative correlation 

was examined. Using this process of iteration between wireline logs and sediments 

lithofacies a final definition of the four units constituting the MSM was reached in 

the various wells (correlation panels 1-5). The well picks for the different units of 

MSM are presented in Table 3.1 in Appendix 3, while Table 3.2 provide thicknesses 

of the different MSM units as calculated from wireline logs. 

MSM Unit 1 

Correlation panel 1 links the Magnus and Penguin-A fields; from well 13-10 north 

Penguin-A Field to well 13-9 towards south and across to the Magnus Field well 12-

2, ending in the south west at well 12-11 (Fig. 5.5 for panel location). The panel 

displays the different MSM units identified from wireline logs and core analysis. 

MSM Unit 1 is the oldest unit and reaches the highest recorded thickness around well 

12-9 (located in a flank position within Magnus Field) but thins to the southwest and 

northeast (within Penguin-A Field). 

In fact, away from 12-9, Unit 1 is observed to thin in almost all directions except for 

the WNW. Correlation panels 2 and 3, also trend NE-SW, but are located further 

west across Magnus Field, in mid-field and crestal areas respectively. These 

correlations support and confirm the observation of a thickest MSM Unit 1 in the 

central area of the Magnus Field with Unit 1 thinning away from this depocentre. In 

particular wells 12-M5 in correlation panel 2 show similar thicknesses to 12-9. Well 

12-M16 located further west in a crestal area of the field displays a slightly higher 

thickness than wells 12-M6 to the north and 12-5 to the south as shown by 

correlation panel 3. In a WNW-ESE direction across the central area of the Magnus 

Field, the MSM Unit 1 is observed to increase in thickness from 1 im in well 12-M12 
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to over 120m in well 12-9 (Correlation Panel 4), suggesting a source direction from 

the WNW. 

Fig. 5.7 represents thickness contours of the MSM Unit 1 as picked from wireline 

logs. Closely-spaced contours within the central crestal area of the Magnus Field 

suggest some form of flow confinement. The contours, however, expand down flank 

to a single depocentre in the vicinity of wells 12-M5 and 12-9. The figure suggests 

that the MSM Unit I had a focused source and the main transport path and 

depositional corridor was oriented WNW-ESE 

Lower-Shale 

This shale interval is a major and widespread shale present in both fields and in 

surrounding blocks. The lower-Shale is easily recognized from the high gamma ray 

signature, except in areas where Unit 1 of the MSM is missing, then it becomes 

problematic to distinguish the Lower-Shale of the MSM from the Lower 

Kimmeridge Clay Formation. Correlation panels 1 to 5 demonstrate the character of 

the Lower-Shale. The average thickness in the Magnus Field ranges between 5 and 

1 Sm whereas the Lower-Shale is thicker in the Penguin-A Field. 

Fig. 5.8 represents thickness variations of the Lower-Shale. The thickness is 

observed to follow an overall trend of increasing thickness going from west to east 

from the Magnus to the Penguin-A Field. In the Penguin-A Field, located 

approximately 10km east of the Magnus Field a maximum thickness of about 33m is 

encountered in well 13-9. Wells 13-3, 13-10 and 13-5 contain thinner representatives 

of the Lower-Shale at 24m, 22m and 19m respectively. Well 8-3 in a northerly but 

central location between the two fields, contain a thickness of 29m, which is 

consistent with the overall eastward increasing thickness trend. Well 8-1 to the north 

encounters 25m of the Lower-Shale. 
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Figure 5.7 Thickness contour lines for MSM Unit 1. The contours indicate a 
westerly sourced confined system with a depositional lobe showing 
maximum thickness in the vicinity of Magnus wells 12-9 and 12-M5. 
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Figure 5.8: Thickness contour lines for Lower-Shale. A general trend of 
increasing thickness from west (6m) to east (more 

than 30m) is observed 
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MSM Unit 2 

Unit 2 is the thickest of the MSM depositional units in most of the wells and has the 

highest sand-to-shale ratio. Correlation panels 1-5 give a general idea on the 

character of the unit and the variation in its thickness between wells. Fig. 5.9 

represents thickness contours of the MSM Unit 2. From the observed thickness 

trends, two depocentres are proposed for the Magnus Sandstone Unit 2. One 

depocentre, reaching a maximum thickness of 1 OOm centred in the area between 

wells 12-5 and 12- Ml of the Magnus Field and this extends southwards. A second 

depocentre was located towards the north, around well 8-3 and contains 140m of 

Unit 2. The two depocentres appear to be located on either side of the Brent Fault 

(Chapter 4), which runs NNW-SSE across the Magnus Field. 

A more detailed analysis of the MSM Unit 2 can subdivide the unit, in some wells, 

into two sand units separated by a very thin shale interval. A subdivided Unit 2 can 

be recognised in nine wells in total. Table 3.2 in Appendix 3 provides details on the 

thicknesses of the Unit 2-Upper (U2U) and Unit 2-Lower (U2L) separated by Unit 2-

Shale (U2-shale) units in the different wells. Plotting the thickness values for Unit 2-

Lower (Fig. 5.10) reveals a subtle trend. To the west of the Brent Fault, thicknesses 

range between 30 and 70m and a depocentre is recognised between the wells 12-5 

and 12-13. To the east of the Brent Fault thicknesses range only between 20 and 

40m, with a depocentre around well 8-3 to the north. Unit 2-Upper thickness values, 

as presented in Fig. 5.11 indicate the opposite pattern. West of the Brent Fault, wells 

record thicknesses of 20-30m while to the east of it, thicknesses increase to values 

between 30-50m with a maximum of 90m in well 8-3. Within the Penguin-A Field 

wells, Unit 2-Lower is always thicker than Unit 2-Upper. However, well 13-3 has a 

slightly thinner Unit 2 succession in general (only 24.6m compared to 36m for the 

other two wells), and the thickest sand beds are found in well 13-9. This may be seen 

as a result of the interplay between accommodation and sand supply. Well 13-9 was 

probably in the main sand fairway and, hence received the greatest amount of sand 

units whilst 13-3 was bypassed by many of the sand-bearing flows (Chapter 7 for 

more detail). 
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Figure 5.9: Thickness contour lines for MSM Unit 2. An axial N-S depocentre 
is demonstrated by the contour lines with highest thicknesses around 
well 8/3 in the north. The Brent High control on MSM Unit 2 deposition 

is clear from the small depocentre in the vicinity of wells 12-5 
and 12-Ml to the southwest of Magnus field. 
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Figure 5.10: Thickness contour lines for MSM Unit 2-Lower. The contours highlight 
the control of Brent high on the deposition of the Unit 2-Lower sands as a 

depocentre with thickness values of up to 70m are recorded in the 
vicinty of well 12-5 to the southwest of the Brent high. In contrast a 

maximum thickness of only 40m is observed to the northeast. 
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—.1 

igure 5.11: Thickness contour lines for MSM Unit 2-Upper. Two depocentres may 
be recognised: A small one to the southwest of Brent High and a larger 
one to the northeast with thickness values of up to 80m. Penguin-A 

field wells all see less than 1 O of Unit 2-Upper sands. 

F 
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In general the distribution of the MSM Unit 2 within the study area supports an axial 

trend of deposition. This is confirmed by the existence of more than 140m of MSM 

Unit 2 within the northerly and centrally located well 8-3, which indicates that it was 

situated in the main sand fairway of MSM Unit 2. The Brent Fault is an important 

structural element that appears to have been active during the deposition of the MSM 

Unit 2. The reactivation of the Brent Fault during the deposition of the younger 

sediments of Unit 2 led to the creation of a north-east depocentre for the Unit 2-

Upper in contrast to the south-west depocentre existing during Unit 2-Lower times. 

Middle-Shale 

The Middle-Shale is also recognised in many of the wells and correlation panels 1-5 

provide an overview of the character and identification in the different wells. 

Generally the Middle-Shale is thinner than the Lower-Shale and ranges in thickness 

between 3 and I Om. There is no one particular thickness trend observed. In the 

Penguin-A Field, the Middle-Shale thins from north (1 im) to south (5.5m). This 

trend is best observed in correlation panel 5 which correlates five wells (from north 

to south): 8-1, 13-10, 13-3, 13-9 and 13-5 and displays a general trend of increasing 

sand-to-shale ratio. The two wells 8-1 and 13-5 are located outside the Penguin-A 

Field to the north and far south respectively and definition of MSM units in these two 

wells is slightly problematic. Therefore, the trends assigned to the Penguin-A Field 

are based only on the 3 wells 13-10, 13-3 and 13-9. Fig. 5.12 represents Middle-

Shale thickness contours. Two small depocentres are distinguished against the 

Penguin Horst whereas a more complex depocentre is recognized southwest of the 

Brent Fault. 

MSM Unit 3 
MSM Unit 3 is identified in 23 wells and is generally characterized by a high sand to 

shale ratio (cf. correlation panels 1-5). Unit 3 thicknesses vary between 10 and 30m 

in most wells. However, up to 65m is recognized to the east of the Brent Fault 

suggesting a localized depocentre of Unit 3 (Fig. 5.13). Well 8-3 contains the 

Chapter 5: MSM Synthesis through Wireline Logs Analysis 	 185 



/ IL 
/i- 

(I 	•c) 
/ 

,

ic 

 

r
10~ ,oued 

,4 1 	- 

E;• I 	
'- ------- 	 6 

I e4 qos -

n  
Ici 

Figure 5.12: Thickness contour lines for Middle-Shale. The contours indicate 
a general increas in thickness southwards. However, the Brent High is 

again obsereved to control the deposition of Middle-Shale as wells 
towards the southwest attain higher thicknesses. 
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Figure 5.13: Thickness contour lines for MSM Unit 3. The contours indicate the 
persistance of Brent High control on the deposition of MSM Unit 3 as higher 

thicknesses are observed to the northeast and around well 8/3. 
A smaller depocentre is still seen to the southwest. 
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greatest thickness of 154m. Distribution of the MSM Unit 3 sands within the area 

indicates a broadly axial depositional trend especially when examining Penguin-A 

Field wells in a N-S direction. The wells (correlation panel 5) indicate a trend of 

increasing thickness southwards (from 18m in the north to 43m in the south), with 

the highest sand-to-shale ratio observed within well 13-3. 

Upper-Shale and MSM Unit 4 

Correlation panels I and 5 illustrate the presence of the Upper-Shale and MSM Unit 

4 only in the Penguin-A Field. Unit 4, the youngest of the MSM depositional units, 

has a heterolithic character and generally increases in thickness towards the south. 

The opposite trend is recorded for the Upper-Shale, which thins towards the south 

(Table 3.2 in Appendix 3 for actual thickness values). Well 13-3 displays the highest 

sand-to-shale ratio for MSM Unit 4, in accord with MSM Unit 3, which indicates the 

persistence of the main sand fairway through this area. 

MSM upper succession 

The upper sands of the MSM (Units 2-4), when contoured together (Fig. 5.14), 

display thickness trends very similar to the MSM as a whole (Fig. 5.6) and MSM 

Unit 2 (Fig. 5.9). With the highest thicknesses of sandstone units belonging to the 

MSM Unit 2, the axial trend of MSM deposition is inferred to be primarily controlled 

by the deposition and trends of MSM Unit 2. 

5.6 	Sequence Stratigraphy of MSM on wireline logs 

An ideal sequence stratigraphic framework for analyses would divide the 

stratigraphy into its component system tracts separated by sequence boundaries, 

transgressive surfaces, maximum-flooding surfaces and their correlative condensed 

intervals. However within the Late Jurassic succession, the system tracts are below 

seismic resolution (Chapter 3, Partington et al., 1993b) and the most obvious and 

regionally correlatable surfaces are the marine condensed sections. 
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Figure 5.14: Thickness contour lines for MSM Upper Sands. The contours 
support an axial trend of deposition at the centre of the Penguin half 

graben with a smaller depocentre offset to the southwest. 

Chapter 5: MSM Synthesis through Wireline Log Analysis 	 189 



The Magnus Sandstone Member has been interpreted as a lowstand basinal fan 

system that was deposited following a major flooding event (Partington et al., 

1 993a,b). The fan was deposited following a Tectonically Enhanced Maximum 

Flooding Surface, the Eudoxus TEMIFS. Sedimentation was terminated by deepening 

associated with the Hudlestoni MFS and punctuated by the Autissiodorensis MFS. It 

has been suggested that the different units of the MSM may have been deposited 

during periods of relative sea level fall within the basin (e.g. Partington et al., 1993b; 

Morris el al., 1999). 

The MSM depositional system generally displays a blocky well-log character with 

shale partings and a sharp base indicating massive thickly bedded strata. Maximum 

flooding surfaces/marine condensed horizons are commonly recognized on well log 

data by their distinctive high API gamma ray signature, representing clastic 

starvation at times of maximum transgression of the shoreline. The maximum 

flooding surface section lies at the point of maximum gamma-ray response between 

an overall upward increasing gamma-ray signature and an overlying upward 

decreasing gamma-ray signature therefore representing the deepest and most distal 

facies (Partington et al., 1993b). Within the MSM depositional system, the Lower-

Shale displays an ideal representation of the character described above with the 

Autissiodorensis MFS identified midway within the interval (Correlation Panel 6, 

wells 13-9 and 12-2 for example). 

However, difficulty in linking sand-input with proximal sea-level falls precludes 

unequivocal link to eustacy or even relative changes in sea level. Instead, the limit of 

sequence stratigraphic sub-division is definitive and correlation of marine condensed 

horizons is the best that can be achieved. 
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5.7 	Dipmeter wireline logs 

Analysis of the available dipmeter logs was undertaken in an attempt to answer the 

question of the source direction for the Magnus Sandstone Member. Unfortunately 

very few wells have dipmeter logs and even fewer could be obtained for released 

wells. However, two dipmeter logs were obtained for this study, for well 211/12-1 

from the Magnus Field and 211/13-9 from the Penguin-A Field. 

The quality of the dipmeter logs and the density and detail of readings varies 

considerably between the two wells. In well 211/13-9 high-density dipmeter readings 

across the Magnus Sandstone Member enable depositional units to be differentiated. 

The log indicates a general background dip of about 100  to the southwest (about 200° 

in azimuth). Many parts of the Magnus Sandstone show dip components towards the 

south, and only one or two towards the west. None of the components point towards 

the east. In contrast the dipmeter log from well 211/12-1, is poor in quality and not as 

detailed. The general trend is also 100  but to the southeast. There is some evidence 

(although weak) to support the westerly source direction for the MSM as all of the 

trends of the dipmeter points show a direction of NW or W to NE, E or SE. The 

quality of the data is poor, as some of the points show dip angle of about 30°, which 

is difficult to explain geologically. Also many dipmeter measurement points are not 

black filled suggesting their measurement was uncertain. 
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5.8 Discussion and Conclusions 

- 	Investigation of the MSM depositional system through the examination of 

wireline logs has enabled the subdivision of the member into four major 

depositional units (MSM Unit I-  MSM Unit 4) separated by shale intervals 

(Lower-, Middle- and Upper-Shales). Most of the wells in the study area 

encounter the three lower most depositional units and their intervening shales. 

Penguin-A Field wells are the only ones to see the top additional sand unit 

termed MSM Unit 4. 

- 	Plotting and contouring the MSM thickness and its depositional units in 

conjunction with seismic interpretation (Chapter 3) proves to be a powerful 

tool in analysing the interplay between tectonic activity, accommodation 

space available during the deposition of the various units of the MSM, and 

sediment supply. The total thickness of the MSM suggests an axial 

depocentre, oriented almost north-south along the Penguin half graben, with a 

small separate depocentre to the southwest. 

- 	By dividing the MSM into its component units, the maps of thickness, 

highlight the spatial distribution of the MSM depositional system through 

time. The distribution of MSM Unit 1 suggests deposition from a single 

source with focused and confined flows generated from the west, and 

expanding out into a broad depocentre in the vicinity of well 12-9. The 

environment of deposition may be a submarine fan or just a submarine slope 

complex. These hypotheses are addressed further in the next chapters where 

the core is analysed in detail. 

- 	The distribution of the upper MSM succession (Units 2, 3 and 4) indicate a 

source direction from the north or northeast, not the west, and their deposition 

appears to have been controlled by the reactivation of the Brent Fault that 

trends NNW-SSE across the Magnus Field. MSM Unit 2 in particular is 

highly influenced by the Brent Fault, as thickness trends of Unit 2-Lower 

record a thicker infihl of a depocentre to the southwest of the Brent Fault 
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while Unit 2-Upper indicate a thicker infihl to the northeast of the fault. This 

suggests that the Brent Fault was most important during the deposition of the 

Unit 2-Upper. MSM Unit 3 has similar distribution to MSM Unit 2-Upper as 

thickest values of Unit 3 are recorded towards the northeast of the Brent 

Fault. MSM Unit 4 only occurs in the most eastern wells of the study area 

within Penguin-A Field and an additional sand unit sourced from the north is 

suggested by this distribution. 

To sum up, a radical new reinterpretation of the Magnus Sandstone Member's 

sediment dispersal history and source direction is proposed. The MSM may be 

principally divided into two main depositional sequences. A lower succession, 

which includes MSM Unit I is interpreted as a confined and westerly derived 

submarine fan/ slope system. The upper succession, consisting of MSM Units 2, 

3 and 4 is a north to northeast sourced interval. These two successions are 

separated by the deposition of the wide spread Lower-Shale (the Autissiodorensis 

MFS). 
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Chapter Six 

Core-based Lithologic Descriptions 

6.1 Introduction 

The Magnus Sandstone Member represents a deep-water depositional system within 

the Penguin half graben, which is located at the northwestern margin of the East 

Shetland Basin in the Northern North Sea. The MSM is bound and/or truncated by 

the End of the World Fault at the northwest edge of the Magnus Field and by the 

prominent Penguin Horst to the east of Penguin-A Field. The system was deposited 

during the Late Jurassic-Early Cretaceous extensional event punctuating a period of 

major sediment starvation represented by the deposition of Heather and Kinuneridge 

Clay Formations (Rattey & Hayword, 1993; Partington et al., 1993). The sediments 

are interpreted to have a northwest provenance beyond the End of the World Fault 

(De'Ath & Schuyleman, 1981; Ziegler, 1990b; Ravnàs & Steel, 1997). 

This chapter presents the character of the Magnus Sandstone Member through 

detailed core description and analysis. The lithofacies and facies associations are 

defined from the MSM and used to interpret the depositional processes and 

environment of deposition. Combining a core interpretation with the wireline log and 

seismic interpretation will help to constrain the sediment pathways and qualify the 
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interplay between creation of accommodation space and sediment supply in 

sedimentation of the MSM. 

The Magnus Sandstone Member is interpreted to comprise deposits of sediment 

gravity flows and hemipelegites (De'Ath & Schuyleman, 1981; Ravnás & Steel, 

1997). The sediment gravity flows deposits were recognised to be principally of 

turbidites (low and high density) with significant thickness of debrites. Therefore 

flows and processes with these deposits as end products are the ones focused on in 

the brief account given on gravity flow processes and deposits. 

Through detailed core analysis, this study defined six main lithofacies to describe the 

character of the MSM, which were then grouped into three facies associations. The 

main conclusion from this analysis is that the MSM is dominated by sandy mass 

flows of turbiditic and debrite origin. These sandy mass flows are mainly separated 

by heterolithic successions of interbeded turbidites and hemipelagites although 

successions of monotonous mud prone hemipelagites are also encountered. 

6.2 Gravity flows processes and deposits 

Sediment gravity flows (Middleton & Hampton, 1973) are mixtures of particles and 

water that move down slopes because the mixtures have a density greater than the 

ambient fluid, seawater. Gravity acts on the solid particles in the mixture, inducing 

down slope flow. The flow will continue to move as long as one of the following 

conditions is satisfied: (a) the shear stress generated by the down slope gravity 

component acting on the excess density of the mixture exceeds frictional resistance 

to flow, and (b) the grains are inhibited from settling by one of several support 

mechanisms (Pickering et al., 1989). The support mechanism may be: turbulence, 

buoyancy, grain collisions (dispersive pressure), trapped or escaping pore fluids, 

frictional strength and cohesive strength (e.g. Sanders 1965, Middleton & Hampton, 

1973, 1976; Lowe, 1982). 
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The first attempt to classify sediment gravity flow processes came from Middleton 

and Hampton (1973, 1976), who distinguished four end members of such flows 

based on how grains are supported above the bed. These were (Fig. 6.1): 

Turbidity currents, where sediment is supported by the upward component of fluid 

turbulence. 

Grain flow, where sediment is supported by direct grain-to-grain interactions. 

Fluidised sediment flows, where sediment is supported by the upward flow of 

fluid escaping from between the grains as the grains are settled out by gravity. 

Debris flows, in which larger grains are supported by a matrix, which is a mixture 

of interstitial fluid and fine sediment having a finite yield strength. 

General term I 	 SEDIMENT GRAVITY FLOWS 

I 	 I 	I 
I 	TURBIDITY 	FLUIDIZED 	 GRAIN 	DEBRIS 

Specific term 	
CURRENT 	SEDIMENT FLOW 	FLOW 	FLOW 

UPWARD 

Sediment 	 INTERGRANULAR GRAIN 	 MATRIX 
support 	 TURBULENCE FLOW 	 INTERACTION STRENGTH 

E. :0 ro\)o IO* 1 ot~ 

N 
Deposit 	DISTAL 	 PROXIMAL 	RESED4MENTED 	SOME 	 PEBBLY 

TURBIDITE 	TURBIDITE CONGLOMERATE 'FUJXOTURBIDITES' *IDSTONES 

Figure 6.1: Classification of sediment gravity flows based on the grain supporting 
mechanism (After Middleton & Hampton 1979). 

Lowe (1976a, 1976b) refined Middleton and Hampton's ideas by redefining the 

fluidised flows and introducing the term "liquefied" flows. The distinction between 

the two types is based on the grains being either fully (fluidised) or only partially 

supported by the upward movement of escaping water (liquefied). 
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Turbidity currents and debris flows are capable of long distance transport of 

particulate sediments into the deep-sea on relatively gentle slopes (<100)  (Middleton 

& Southard, 1984; Pickering et al., 1989). The turbidity currents concept was first 

introduced in the 1950's and their deposits were extensively investigated leading to 

the development of Bouma's (1962) idealised sequence of sedimentary structures for 

"classic" turbidites (Fig. 6.2). 

Continuing research demonstrated that the Bouma sequence was only applicable to 

medium grained, sand-mud turbidites. As a consequence similar models were 

developed (Fig. 6.2) for fine-grained (mud-rich) turbidites (Piper 1978, Stow and 

Shanmugam, 1980) and coarse-grained (gravel and conglomeratic) turbidites (Lowe, 

1982). Piper 1978 recognises three different facies for the very fine sediments in a 

mud rich turbidite, namely graded silt-laminated mud (E1 ), graded mud (B2) and an 

ungraded mud (E3). On the other hand Stow and Shanmugam (1980) suggest a 

comprehensive model with nine subdivisions (T08). A comparison of the two 

schemes is represented in Fig. 6.2. 

Lowe (1982) presented a model for high-density turbidity currents, which are 

responsible for depositing thick massive sandstones that could not be explained by 

Bouma's classic model. According to Lowe (1982), deposition from a high density 

turbidity current passes from an initial stage of traction sedimentation, to one of 

mixed frictional freezing and suspension sedimentation within traction carpets, to a 

final stage of direct suspension sedimentation. Sequences of sedimentary structure 

divisions representing this succession of depositional stages are termed R1 ..3  sequence 

when representing pebble-cobble-sized clasts, and the S 1-3  sequence when 

representing coarse-grained sand to small-pebble-sized gravel. Fig. 6.2 shows the 

ideal sequence of divisions, deposited by a high-density turbidity current. 

Debris flows comprise mixtures of granular solids (e.g. sand grains, boulders), clay 

minerals and water. Granular solids are more or less "floating" during transport 

(Middleton & Hampton, 1976). The clay minerals and water combine together to act 

as a single fluid, with a finite cohesion (strength) which provides a major support for 

the solid grains (Hampton, 1972). Debris flows deposit sediment as the applied shear 
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Figure 6.2: Summary of schemes for subdivisions of turbidites. Medium density flows give the 
classic Bouma (1962) structures, which are then expanded upon by Piper (1978) and Stow & 
Shanmugam (1980) for low-density turbidites and by Lowe (1982) for high-density turbidites 

(Modified from Pickering etal., 1989). 
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stress drops below the yield strength of the moving material. The flows freeze inward 

either en masse or from corners and free surfaces, inward and downward, 

respectively ( Lowe, 1982). Because of the mode of deposition, debrites are chaotic, 

poorly sorted, lack distinct internal layering, but may have crude stratification and 

have a poorly developed clast fabric. Normal and inverse grading are not developed 

consistently, although locally there may be some inverse grading at the base of some 

beds. 

6.3 Data set and methods 

Cores from some 24 wells, with a cumulative thickness of more than 2100m, were 

logged at the dti core store in Gilmerton, Edinburgh (Fig. 6.3). The core analysis 

included all publicly available cores from exploration and production wells within 

the area. A detailed account of the wells logged and depths of the cored sections is 

included as Table 4.1 in Appendix 4. The actual core description logs of each well 

are also presented in Appendix 4. 

The cores were examined and logged on a cm-by-cm scale, and a six-part lithofacies 

scheme was developed. Each lithofacies division is described in detail in terms of the 

grain size, sorting, grading, upper and lower boundary character, primary and/or 

secondary sedimentary structures. An interpretation of the sedimentary structures 

described follows with an emphasis on relating the structures to each other and 

within a depositional model. These lithofacies are then grouped into facies 

associations and interpreted in terms of process and environment of deposition. 
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Figure 6.3: Wells with core from the Magnus Sandstone Member and 

Kimmeridge Clay Formation. 
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6.4 Lithofacies Scheme 

Core analysis lead to the recognition of six main lithofacies: Facies INT. Each of 

these facies is described and discussed in a separate sub-section below. Bed thickness 

are defined as follows: laminae, less than 1 centimetre; very thin beds, 1-3 

centimetres; thin beds, 3-10 centimetres; medium beds, 10-30 centimetres; thick 

beds, 30-100 centimetres; and very thick beds, more than 1 metre. Core slab 

photographs are included to illustrate the different structures seen within the core. 

Positions of these core slab photos are marked on the core descriptions presented in 

Appendix 4 for cross-referencing and for providing an idea of the facies 

representation within the core description logs. 

6.4.1 Fl: Laminated mud and clay 

Description 

This facies comprises dark grey to black, carbonaceous, muds and clays. Mainly 

laminated, though some homogenous intervals occur with only traces of parallel 

lamination. Parting features (- 1 cm) are exhibited by some intervals. Round to oval 

sand filled burrows (Chondrites), local concentrations of pyrite nodules and lenses of 

a couple or three millimetres length by a millimetre wide and abundant organic clasts 

are recognised within the sediments. The upper and lower facies boundaries are 

usually sharp although transitional boundaries are more typical when associated with 

similar facies, such as Facies H. 

This facies ranges in thickness from a few millimetres when separating two sand 

units, to a few tens of meters when it marks the division between two major sand 

deposition episodes. The facies constitutes most of the Kimmeridge Clay Formation 

(KCF). Photographed core slabs 1 and 2 show examples of FT. 

The facies was further subdivided, within the core graphic logs presented in 

Appendix 4, into: 

Fl. 1 Dark grey, carbonaceous, planar laminated clay. 

17I.2 Mainly homogeneous, dark grey carbonaceous clay, with some faint lamination. 

FI.3 Planar laminated clays with bioturbation or sand pseudo-nodules. 
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Core slab 1:211/13-10, 11094.92'-
11095.83'. 

Planar laminated clay (Fl. 1), accumulated 
as background hemipelagic suspension 
fall-out. Siltier intervals are lighter in 
colour and a fine sand lamination is seen 
towards the top. 

Core slab 2: 211/13-10, 11192'-
11192.59'. 

Homogenous dark clay with 
bioturbation or sand pseudo-noduels 
(17I.3) grading into planar laminated 
clay (FI.1). The Chondrites (light 
coloured ovals) are large, elongate and 
flatter at base (3x1 cm) becoming 
smaller and more rounded towards the 
top. 
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Interpretation 

Facies I is thought to have accumulated from grain by grain settling from the water 

column, in a protected, low energy (Piper, 1978; Stow 1984), largely anoxic 

environment. The facies comprises background sedimentation of hemipelagites 

and/or pelagites. The sand filled burrows may be interpreted as sand pseudo-nodules 

and/or Chondrites. Sand pseudo-nodules are an extreme form of loading (Middleton 

& Hampton, 1976), which form when a sand layer liquefies and acquires such a low 

strength and viscosity that it forms isolated "pseudo-nodules". Chondrites can 

survive in dysaerobic muds but probably represent introduction of oxygen by 

circulation of deep-sea waters. The burrows most probably represent Chondrites 

because a thin mud layer is observed to line them. Stow & Shanmugam (1980) 

documented that this facies is dominant away from the channel axes on levees and 

interchannel areas, and in the outer fan and abyssal plain environment. Facies I is 

part of De'Ath and Schuyleman (198 1) facies 0, and equivalent to facies 0 of 

Ravnás and Steel (1997) and E2.2 of Pickering et al. (1989). 

6.4.2 Fl!: Heterolithic interbedded mudstone and silt to fine sand laminations 
Description 

Facies H consists of laminated muds and clays similar to Fl with inter-laminated silt 

to fine-grained sand or carbonaceous silt. In the core grahpic logs, Facies II is 

identified as: 

Fil. I Planar laminated clay interbedded with laminations of silt to fine-grained sand. 

F11.2 Planar laminated clay interbedded with laminations/thin layers of 

carbonaceous silt. 

This facies is characterised by alternating laminations of mud and silt to fine-grained 

sand, or single laminations of silt to fine-grained sand. The alternating interlaminae 

are sometimes normally graded over an interval of a few centimeters. These laminae 

are also commonly grouped into graded-laminated units in which successive silt 

and/or sand laminae become finer grained upward over intervals of 3-10 

centimetres. The lower boundary of the silt to fine-grained sand laminations is 
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always sharp while the upper boundary might be sharp or grade into mud. In 

contrast, the carbonaceous silt laminae always occur as alternating interlaminae with 

mud and clays and commonly have a basal interval of coarser silt. Boundaries are 

generally sharp. Laminae of silt to fine-grained sand and carbonaceous silt vary in 

thickness but are usually in the order of a few millimetres to a few centimetres. 

The facies is often associated with Facies I and, as a whole, occurs in thin to thick 

beds as its thickness spans from a few centimetres to a few metres. Where Facies II is 

seen to separate two sand units, the facies mainly consists of clay with inter-

laminations of silt to fine-grained sand (Fil. 1). Clay with interbeds of carbonaceous 

silt (1711.2) is predominantly coupled with Facies I. Core Slabs 3 and 4 are examples 

of the facies. 

Interpretation 

The mudstones have accumulated from grain by grain settling from the water 

column, and/or from the very fine suspended material of diluted and low-density 

currents tails, in a protected, low energy environment. The silt to sand laminae were 

deposited from low-density turbidity current tails with slow, uniform deposition from 

suspension but with some traction or near-bed effects before or during deposition to 

produce the fine lamination and textural sorting observed (e.g. Piper 1978; Stow & 

Shanmugam, 1980; Stow & Piper 1984). 

The alternation of fine-grained sand to silt and mud laminae is believed to be the 

result of depositional sorting of fine sand and silt grains from clay flocs due to 

increased shear in the bottom boundary layer (e.g. Stow and Bowen, 1978). The 

environment of deposition is low energy, restricted and interrupted by surges of low 

density diluted turbidity current flows that leave behind a tail of very fine material. 

Stow & Shanmugam (198 0) observed that this facies occurs closer to channels and 

on fan lobes and the repetition results in successions dominated by thick, lenticular, 

silt/sand laminae. Facies II is also part of De'Ath and Schuyleman (1981) facies 0, 

and corresponds to facies I of Ravnâs and Steel (1997) and D2.3 of Pickering et al. 

(1989). 
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Core slab 3: 211/13-10, 11449.78' - 
11540.12'. 

- 	Planar laminated clay interlaminated with 
an erosive thin fine sand bed (FII.1). The 
sand bed (indicated by the arrow) is 
displaced by a normal micro-fault of a 

- 	few millimetre throw. 

1 
••- 

C', c 
--- — 

Core slab 4: 211/12-M6, 3411.28 - 
U 3411.43m. 

Planar laminated clay interlaminated with 
- 	laminations/thin layers of carbonaceous 

I 	silt (Fll.2). These silty layers are often 
lined with a laminae of coarser silt. 
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6.4.3 FIll:Thin bedded sandstones 

Description 

Facies III comprises thin intervals of pale brown, parallel, cross and ripple- 

laminated, very fine- to fine-grained sandstones interbedded with planar laminated 

claystone. The sandstones are a few millimetres to few centimetres in thickness and 

irregular and/or lenticular in shape. The sandstones lower boundary is usually sharp 

and sometimes irregular while the upper boundary may be abrupt or transitional into 

background mudstone. Facies ifi occurs in units up to 3 metres thick and is 

commonly associated with Facies H. Core Slabs 5, 6 and 7 illustrate some examples 

of the facies. 

Interpretation 

Relatively rapid grain-by-grain, uniform deposition from low-density turbidity 

currents, followed by tractional transport as bed load is considered the mechanism of 

deposition for the parallel, cross and ripple-laminated fine-grained sand to silt. These 

sediments were the product of the lower flow regime (Simons et al., 1965). The 

mudstones are identical to Facies II and have accumulated from grain by grain 

settling from the water column, and/or from the suspended material from the tails of 

low-density currents in a protected, low energy environment. Again this facies is 

thought to occur near channels and on fan lobes (Stow & Shanmugam, 1980). Facies 

ifi is equivalent to De'Ath & Schuyleman (198 1) facies H, facies II of Ravnás & 

Steel (1997) and D2.2 of Pickering etal. (1989). 

6.4.4 FlY: Thin-medium bedded sands 

Description 

Thin to medium sandstone beds (2-30 centimetres), which display the Bouma (1962) 

Tb and Tc  sedimentary structures characterise this facies (core slab photos 8-10). The 

sandstones are generally fine-grained, moderately to well-sorted and the internal 

organisation of sedimentary structures include planar and cross lamination. The 

lower boundary is sharp and sometimes loading into the lower unit whereas the upper 

boundary might be sharp or transitional into finer sediments. Load structures are 
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Core slab 5: 211/12-M8z, 3370.18-
33 70.29 m. 

Planar laminated clay interbedded with 
Ln 	 laminae of silt and a 4cm thin turbidite 

layer (FIJI). The thin turbidite exhibits 
ripple-lamination structures. 

CO 

Core slab 6: 211/13-9, 11766.2' - 11766.65'. 

Planar laminated clay with interbeds of thin-
bedded turbidites (FIJI). Most of the 
turbidites show parallel lamination 
structures, which grade into mudstones or 
siltstones. These might represent distal 
turbidite deposition. Ripple collapse might 
cause structures such as ones seen in the thin 
layer indicated by the arrow. 
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Core slab 7: 211/13-9, 11742.44'-
11743.0'. 

Laminae of planar laminated clay with 
thin-bedded turbidites, showing parallel 
and ripple laminations (FIJI). 

Core slab 8:211/12-6,3054.53 - 
I 	3054.65 m. 

Parallel laminated fine sand (Fly. 1) 
overlain by a very poorly-sorted 
structureless sand of facies FV. Facies 
Fly. 1 is equivalent to Bouma facies B. 
The sand granules in the massive sand 
(FV) range between 2 and 6 millimetres 

I 	
in length and the contact between the 
two facies is irregular and might be 
erosive. 
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Core slab 9: 211/12-3, 3064.1 - 
3064.18 m. 

Cross lamination in fine sand 
(FIV.2), which is equivalent to 
Bouma facies C. 

Core slab 10: 211/12-MI, 3154.64-
3154.85 m. 

A Bouma Tb., sequence showing a fine-
grained sandstone unit with parallel 
laminations topped by cross-laminations. 
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commonly rounded loads of sand into mud with sharp-crested flames of mud 

extending upward into the sand above. The complete Bouma sequence is rarely 

observed, with most beds exhibiting either base-, middle- or top-absent sequences. 

Within the core graphic logs, FIV is divided into: 

Fly. I Planar laminated fine sand in thin to medium-bedded units. 

FIV.2 Cross-laminated, thin to medium-bedded sand units. 

Interpretation 

Facies IV is interpreted to be the product of deposition by traction sedimentation 

from the upper flow regime of low-medium density turbidity currents (e.g. Walker, 

1965; Lowe, 1982). FIV.l could have been formed by two ways: either by primary 

deposition from the turbidity current, or by reworking previously deposited sediment 

by the tail of the turbidity current (Walker, 1965; 1969). The nature of the laminae 

enable the two origins to be distinguished as follows: a thin ungraded division of 

laminae, which have roughly the same grain size as the graded or massive Bouma Ta  

division below it, suggests formation by reworking. On the other hand, a thicker 

laminae interval with gradually decreasing grain size upward suggests formation by 

primary deposition from the current (Walker, 1965). The absence of FIV. 1, therefore 

indicates a lack of primary deposition from the turbidity current or that the lower Ta  

division was highly cohesive, with clay and silt filling the spaces between the sand 

grains hence leaving very little room for reworking the sand into laminations 

(Walker, 1965). 

A single layer of ripples of FW.2 is usually formed by the reworking of previously 

deposited sediments during a mainly non-depositional phase of the turbidity current 

(Walker, 1969; 1978). A set of climbing ripples, however, indicate active deposition 

of sediment from the turbidity current, and absence of climbing ripples is principally 

due to the lack of time for their deposition, before the next flow deposits its 

sediments (Walker, 1965; 1969). The loading structure at an interface depends on the 

ratio of the viscosities of the two layers; and when the viscosity of the lower layer is 
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much greater than the upper layer, load structures take the form described here (e.g. 

Middleton & Hampton, 1976). 

Top absent Bouma sequences with Td and/or Te  missing are explained by Walker 

(1965). For Td these include the lack of mixed silt and mud in the current after the 

formation of the lower Bouma structures, since the Td laminations will only form 

with the existence of both grain sizes. However, even with both silt and mud present, 

Td may still not form if supply to the laminar boundary layer is continuous, 

prohibiting the separation of mixed sediments into distinct laminations by differences 

in settling velocities. The most likely reason for Te absence is that it was never 

formed, the mud being swept away before deposition by either an ocean current or by 

the subsequent turbidity current. Equally, the mud might have been eroded after 

deposition by the subsequent turbidity current, or that the layer could not be 

differentiated from the non-turbiditic pelagic sediments. Facies IV resembles De'Ath 

and Schuyleman (198 1) facies HI, facies III of Ravnás and Steel (1997) and 

C2.2/C2.3 of Pickering et al. (1989). 

6.4.5 FV: Massive, thick-bedded sands 

Description 

Facies V consists of thick-bedded, mainly structureless sandstones. The sands are 

light grey to pale brown in colour, fine- to medium-grained, locally coarse, poorly to 

moderately sorted, with sand granules and pebbles occurring occasionally at the base 

of some units. The sandstone units have sharp bases, which are commonly loaded but 

are rarely erosive. The upper boundary is commonly abrupt and sharp although it 

may occasionally grade into mud. Many of the Facies V sand units are truly massive, 

however, some units show indications of primary and/or secondary sedimentary 

structures. The most commonly encountered primary structure is grading which, 

when present, may be developed throughout the bed or only at the base or top. 

Grading is predominantly normal throughout although some coarsening up 

successions are also seen (Core Slab 11). Distribution grading (Middleton, 1967) is 
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often displayed at the top few centimetres of units where an abrupt fining in sand 

grain sizes is observed (Core Slab 12). Inverse and coarse tail grading are observed 

within the basal 5-15 centimetres of some units. Inverse grading (Core Slab 13) takes 

the form of finer grains at the layer base overlain by progressively coarser grains. In 

coarse tail grading, only the coarsest percentiles of the size distribution fine upward. 

Primary sedimentary structures, with the exception of grading, are mostly absent. 

However mudstone intraclasts are commonly observed. intracists take the form of 

rounded and/or angular clasts, elongate flakes or tiny chips. Sometimes clasts are 

concentrated in layers at the top or base of the units (as described below in 

amalgamation surfaces) or occur scattered throughout the sand unit. Tiny pyrite chips 

are also present throughout many of the sand units. 

Internal structures are restricted to secondary dewatering features such as dish and 

pillar structures and sandstone filled pipes, which are commonly found in abundance 

in the upper half of many sand units. Dish structures are thin, dark-coloured, flat to 

concave upward, argillaceous laminations in the sandstone units, which are usually 

1-2 millimetres in thickness and a few centimetres in width (Core Slab 14). Dish 

structures have a vertical spacing of one to a few centimetres and are concentrated in 

layers of a few tens of centimetres in thickness. The structures increase in concavity 

and decrease in width upwards in some sand units. The sandstone separating 

successive dish structures display content grading which involves an upward 

decrease in the amount of clay to leave a well-sorted top immediately below the 

subsequent dish structure. The dish structures are commonly crosscut by pillars, 

which are light coloured vertical or near vertical columns of homogenized massive 

sand. They also form between the upward curving margins of adjacent dishes and are 

generally a few millimetres to a few centimetres in diameter. 

Individual sand units are one to a few meters thick. Many of the thicker units are 

amalgamated beds. The planes of amalgamation are defined in a number of ways. 

These include grain size variations across the contact between two beds (Core Slab 

15), the presence of angled muddy sandstone streaks (Core Slab 16), and/or mud 
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flake breccias at the top of the unit (Core Slab 17), increased clay grain content 

towards the top of a unit, the concentration of aligned elongate clay chips at the top 

of a unit (Core Slab 18). Sometimes the sand units are separated by very thin to 

medium intervals of clay (2-20 centimetres), which might be planar laminated and/or 

deformed and disrupted by sand clasts, grains or streaked thin layers. 

Within the graphic logs all the different features are recorded as sub-facies as 

follows: 

FV. 1 a Massive, moderately sorted with no grading. 

FV. lb Massive, very poorly sorted with no grading. 

FV. 1 c Massive, poorly sorted with high clay content. 

FV.2a Massive, moderately-poorly sorted fining upwards. 

FV.2b Massive, moderately-poorly sorted, coarsening upwards. 

FV.3 Massive, moderately-poorly sorted with dish structures. 

FV.4 Massive, moderately-poorly sorted with clay streaks. 

FV.5a Massive, moderately-poorly sorted with distribution grading at the top. 

FV.5b Massive, moderately-poorly sorted, with mud flake breccia at the top. 

FV.5c Massive, moderately-poorly sorted with increasing mud content towards the 

top. 

FV.6a Massive with basal inverse grading. 

FV.6b Massive with basal coarse tail grading. 

FV.6c Massive with basal high clay contents. 

Interpretation 

The Bouma (1962) classic turbidite model could not explain many of the 

sedimentary structures described within Facies V, such as the different types of 

grading and the dewatering structures (e.g. Walker 1965; Middleton & Hampton, 

1976; Lowe 1982). Many researchers, therefore, concentrated on trying to investigate 

the origin of these structures. Of importance are the ideas presented by Middleton & 

Hampton (1976) and Lowe (1982) that analysed the deposits of turbidity currents in 

terms of their particle maintaining and depositing processes rather than transporting 

mechanism. Lowe (1982) presented a depositional model for high-density turbidity 
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Core slab 11: 211/13-9, 11893'-
11893.67'. 

Brown, massive, moderately to poorly 
sorted, coarsening upward sand unit of 
FV.2b. 

Core slab 12: 211/12-Mi, 3225.12 - 
3225.31 in. 

Two massive sand units of FV overlain by 
a thin clay interval and planar laminated 
sand of FIV.i. The distinction between the 
two massive sand units is due to the 
increased clay content and chips at the top 
of the lower unit (FV.5c). The upper 
massive sand unit shows distribution 
grading in the final couple of centimetres 
(FV.5a), before being eroded by the flow 
that deposited the clay layer. 

LTT 
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Core slab 13: 211/12-1, 2963.90- 2964.18 m. 

A parallel laminated sand unit (FIV.1) overlain 
by massive sand showing crude inverse 
(indicated by arrow) grading (FV.6a). 

Core slab 14: 211/12-9, 3339.96-
3340.1 m. 

Sandstone unit with dish and pillar 
dewatering structures. A pillar structure 
crosscut two dish structures (arrow 
location), while the dish structures are 
observed to increase in concavity 
upwards. 
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Core Slab 17: 21 1/12-M8z, 3365.74-
3365 .96 m. 

Autobrecciation of the finer grained upper 
part of sand by fluidisation processes to 
produce a mud-flake breccia (FV.5b). A Fill 
unit of thin turbidites tops the massive 
sandstone unit. 

Core slab 18: 211/12-Mi, 3223.07 - 
3223.29 m. 

A fining upward massive sand unit topped 
by aligned mud flakes parallel to the 
overlying planar laminated fine-grained 
sand (FIV.1). 

rs 

 

Chapter 6. Core-based Lit hological Descriptions 	 218 



currents in which he proposes that deposition from this type of turbidity current 

involves grain populations of either coarse-grained sand to small-pebble-sized gravel 

or pebble-cobble-sized clasts having concentrations greater than 10-15%. The 

former (known as Sandy Flow) can be fully supported by turbulence that hindered 

settling while the latter (Gravelly Flow) is largely supported by dispersive pressure 

and matrix buoyant lift. In Magnus depositional system cores, only coarse-grained 

sand to small-pebble-sized gravels are observed, hence the sediments deposited are 

mainly of Lowe's sandy flows type. 

Rapid mass deposition from medium to high-density turbidity currents or sandy non-

cohesive debris flows is, therefore, thought to be the deposition mechanism of Facies 

V (e.g. Walker, 1965; Middleton & Hampton, 1976; Lowe, 1982; Shanmugam, 

1996). The deposition as explained by Lowe (1982) is from freezing of the traction 

carpet when the shear becomes insufficient to maintain it in motion. Rapid deposition 

results in a period in which the bed behaves as if it were liquefied, because it is still 

compacting and consequently the grains are still partly supported by water escaping 

from the pores. This status prevents the formation of traction structures such as 

lamination, and if the current is an immature current (i.e. current has not effected 

much grain segregation) a structureless or massive character dominates and the sands 

deposited will be poorly sorted (e.g. Walker, 1965; Middleton & Hampton, 1976). 

However, when the depositing current is a mature one (current effected a high degree 

of lateral and vertical sorting of grains) grading is seen to occur within the sands. 

Three different processes that contribute to the formation of grading have been 

documented by Middleton & Hampton (1976). These are: decay of the initial 

turbulence, a decrease in the competence of the turbidity current and the 

concentration of coarse grains in the head of the current by the flow circulation. 

Collapse of the bed after deposition leads to the escape of excess fluids hence the 

dewatering structures. Both dish and pillar structures are post-depositional structures 

formed largely after current activity has ceased and during the compaction and pore-

fluid expulsion from rapidly consolidating sediment units (Lowe & LoPiccolo, 1974; 
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Lowe, 1975). Dish structures originate when less permeable horizons within the bed 

act as partial barriers and retard the upward-moving pore fluid, forcing some of it to 

move horizontally to "weak" points where it can continue upwards. As the water 

seeps upwards, fine sediment grains such as clay flakes are filtered out and 

concentrated in pore spaces (e.g. Wentworth, 1967). The resulting clay-enriched 

laminae form the dish structures, which may later be deformed at their margins by 

upward flow (Lowe & LoPiccolo, 1974; Walker, 1978). Pillars are interpreted to be 

escape channels for the rapid upward flowing water, breaking through the 

laminations. On the way up, the water washes the sediment and filters the finer, 

lower density particles causing the sediment's lighter colour within the pillar (Lowe 

& LoPiccolo, 1974; Middleton & Hampton, 1976). The presence of load and flame 

structures at sandstone-on-sandstone contacts indicates the lower unit was 

underconsolidated when the upper sand unit was deposited (Lowe & LoPiccolo, 

1974). The isolated clay clasts generally represent rip-up clasts that were maintained 

above the flow by dispersive pressure, buoyancy and hindered settling due to the 

high-density of the flows (Middleton & Hampton, 1976). 

Lowe (1982) added to this interpretation detail, and justified the different structures 

in a model framework. He explained that the high-density current, at first, deposited 

some of its load to form a sand bed. Flow interaction with this bed lead to the 

formation of a traction carpet with bedforms such as flat-laminations and cross-

stratification (Si) (Fig. 6.2). With increased flow unsteadiness, he argued that the 

suspended load would become progressively concentrated towards the bed and is 

especially marked by the coarser grain sizes. Consequently, grain collision 

mechanism dominated the particle's transport and led to the formation of a basal 

particle layer maintained by dispersive pressure with sediment continually supplied 

by fallout from above. In due course, this traction carpet collapsed and froze, and 

new traction carpets reformed in succession at the rising bed surface. This stage (S2) 

is represented by one or more layers of inversely graded sands created by the 

deposition of the traction carpet. As the flow evolved with higher suspended-load 

fallout rates, there was insufficient time for the development of bed-load layer or 

traction carpet, and deposition was by direct suspension sedimentation. Hence 
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settling particles accumulated directly until the rising bed surface coincided with the 

top of the flow. The resulting deposit (S3) is grain-supported and lacks traction 

structures. It can be massive or show size grading and/or primary water-escape 

structures developed during mass settling. Grading, when present, may be developed 

throughout the bed, or only at the top or base, and can range from distribution 

grading if late stage turbulence has retarded deposition of the finer size grades, to 

coarse tail grading, if the sediment cloud has settled as a non-turbulent suspension. 

Deposition of the coarse grained suspended load leaves behind a residual current 

containing finer material that did not settle with the coarser detritus. These residual 

currents may move down slope as discrete turbidity currents, and although they may 

completely bypass areas of high-density turbidity current deposits, they can have a 

significant effect on them, such as shearing, liquefying and homogenizing the loosely 

packed high-density suspension deposits. The T, b-e division of Lowe's sequence 

represents deposition from these residual low-density currents and is equivalent to 

the classic Bouma (T1 ) sequences. 

Facies V resembles facies S2  and S3  of Lowe (1982) model for high-density turbidity 

currents, which primarily reflect the increasing flow unsteadiness and collapse of the 

high-density suspended-sediment cloud and therefore his model, serves very well in 

interpreting the features and structures observed. However, none of the S, facies are 

recorded within the MSM core, which may be justified by the following 

explanations. One explanation is that the flow has decelerated very rapidly with the 

result of deposition starting with traction carpet (S2) or suspension sedimentation 

(S3). Considerable variability may also result from the mean size of the suspended 

load and fluctuations in the rate of suspended load fallout, which may lead to any of 

the above divisions being deposited at any stage until the high-density turbidity 

current has declined to a low-density flow. More importantly is that the missing 

division(s) might be due to the evolution of the high-density current downslope and 

deposition of its load spatially and therefore a more complete sequence of S i may 

have existed upslope. Facies V is comparable to De'Ath & Schuyleman (198 1) facies 

IV, facies IV of Ravnás & Steel (1997) and B1.1 of Pickering et al. (1989). 
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6.4.6 FVI: Deformed deposits from slides, slumps and debris flows 

Description 

This facies includes all sediments with some degree of deformation and pre-to-post 

depositional remobilisation. Folded and contorted strata are dominant, and are 

essentially coherent to semi-coherent strata of facies H, III, IV and V in plastically 

deformed facies I sediments (FVI.I). Folds include upright, open and overturned 

types. Normal and reverse faults are also observed to disrupt strata. Upper 

boundaries are abrupt and the overlying unfolded strata often truncate folds present 

at the top of the interval. Basal boundaries are sharp. Units of this facies are up to a 

few meters in thickness. Core Slabs 19 and 20 represent examples of Facies FyI. 1 

Facies FVI.2 consists of brecciated and balled strata in a chaotic jumble of fragments 

and clasts within a clay or massive sand background (Core Slabs 21-24). The clasts 

may be of a single lithology such as sand or clay, or may be thin bedded turbidites, or 

alternating laminations of clay and sand. Clasts range from angular through 

subangular/subrounded to rounded in shape. Random orientation of the clasts is the 

norm although some of the elongated fragments may have their longer axis aligned 

parallel to bedding. The clasts range in size from a few millimetres in diameter to 

sizes that span the core width ( 10 centimetres), and the facies as a whole is usually 

between 20-50 centimetres in thickness. Top and basal boundaries are commonly 

irregular but sharp and abrupt. 

Facies FVI.3 consists of heterolithic, heterogeneous sediments mainly including 

combinations of massive fine to coarse sand and clay (Core Slab 25). Typically the 

sand and clay layers/clasts exhibit some degree of deformation and/or disruption. 

The clasts are angular to rounded in shape and more often consist of medium- to 

coarse-grained white sand grains dispersed in a clay matrix. The facies has regular 

and sharp upper and lower boundaries and often extend to a few metres in thickness. 

FVI.4 comprises an heterolithic homogeneous integration of sand and clay strata 

(Core Slab 26). The facies may be described as either a muddy sandstone or a sandy 

mudstone, with the differentiation only being made on the basis of texture of the 
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o Core slab 19:211/13-10, 11463'— 
I 11463.57' 

H• 
Slumped mudstone unit with upright 

ME- folded fine sand laminae (FV1.1). A 

H micro-fault is seen to displace the 
laminae by a couple of centimetres. The 

ME fault may have formed to accommodate 
(I) plastic deformation stresses. 

Core slab 20: 211/12-M 1, 3 138.01-
3138.17 m. 

Originally planar laminated fine-grained 
sandstone deformed by a compression 
fault, which might be related, for 
example, to slope instability. 

Chapter 6. Core-based Lithological Descriptions 	 223 



Core slab 21: 211/12-Mi, 3269.74-
3269.93 m. 

A folded sand laminae within a mudstone 

I 	
unit (FyI. 1), overlying a heterolithic, 
almost completely mixed muddy sandstone 
of FVI.4. The folded unit is topped by 

I another unit of a heterolithic mixture of 
sand and mud before being overlain by 
homogenous muds (FI.2). 

. Ag" 

Core Slab 22:211/13-10, 11308.56' - 
11309.2' 

A fine sandstone unit with balled angular 
clay fragments and flakes, as an example 
of FVI.2 
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Core Slab 23: 211/13-9, 11935'-
11935.5' 

Brecciated and balled semi-coherent 
strata. Sediments have undergone 
some degree of breakage and mixing 
during down slope movement (FVI.2) 

(0 

Core slab 24: 211/12-MI6, 3022.02 - 
3022.16m. 

C-) 

A transition between FVI.2 and FVI.3 

i 
where two lithologies/lithofacies are 
starting to undergo mixing. The facies is 
considered to be part of FVI.2. 
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Core slab 25: 211/12-M6, 3396.22 - 
3396.38 m. 

U Heterolithic heterogeneous strata with 
some degree of mixing between muds and 
sands (FVI.3). 

00 

Core slab 26: 211/12-MI, 3267.29 - 
3267.48 m. 

Completely mixed lithologies/lithofacies 

4. 	
with a resultant lithology of muddy 
sandstone (FVI.4). 
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sediments. Sand grains may include pebbles, which are usually rounded and scattered 

within the sand/clay matrix producing a deposit of pebbly mudstone. Clay or sand 

clasts are scattered within the facies and are generally of a few centimetres in 

diameter in size. The upper and basal boundaries are normally regular and abrupt. 

Facies FVI.4 is generally c. 2-3 metres thick. 

The above divisions were used in the core graphic logs and summarised as follows: 

FVI.I: Folded and contorted strata 

FVI.2: Brecciated and balled strata 

FVI.3: Heterolithic heterogeneous strata 

FVI.4: Heterolithic homogeneous strata 

Interpretation 

Deposition of this facies as a whole is due to cessation of movement on decreasing 

slopes, when gravity forces no longer exceeded or balanced the basal and internal 

friction or lateral spreading of the flow units. Slides and rotational slumps generated 

by single shocks or depositional overloading of weak or unconsolidated sediment are 

interpreted as the transporting mechanism of FyI. 1. Coherency to semi-coherency of 

the FyI. 1 deposits suggest shorter movement distances and that sediments behaved 

as a single mass during downslope transport. Cohesive debris flows are thought to 

deposit FVI.2 to FVI.4, with the end product depending on sediment type, origin, and 

degree of mixing. Debris flows are slurry-like flows in which silt to boulder-size 

grains are set in a matrix of clay grade fines and water. The grains are supported by 

the strength of the matrix and by their own buoyancy within the matrix (Hampton, 

1972; Middleton & Hampton 1973; 1976). In FVI.2, the flow most probably swept 

semi-consolidated to consolidated sediments that broke up into discrete clasts and 

were incorporated into the flow. The more rounded clasts may perhaps indicate a 

longer period of remobilization leading to reworking and rounding of the clasts. The 

sizes of the fragments or clasts are directly related to the competence of the debris 

flow. 
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Facies VI.3 and FVI.4 may be seen as two end members of a process of sediments 

mixing and integration during mass movement. Facies VI.3 is characterised by 

sediments that did not remain intact during movement, and a degree of mixing 

resulted between the entrained lithologies/lithofacies, while FVI.4 comprises 

completely mixed lithologies ending with a resultant lithology of sandy mudstone or 

muddy sandstone. The extent of sediment consolidation and strain rate prior to mass 

movement would probably determine the degree of mixing during mass movement. 

Debris flows, derived from older basin floor sediments, were probably initiated by 

renewed mass failure on variable angle slopes created during tectonic deformation. 

These debrite intervals are therefore related to periods of active normal fault 

movement and are associated with basin floor subsidence and rotation. Facies VI is 

equivalent to De'Ath & Schuyleman (198 1) facies I, while facies V, VI and VU of 

Ravnâs & Steel (1997) correspond to facies FyI. 1, FVI.2 and FVL4 respectively. 

Facies F2.1 & F2.2 of Pickering et al. (1989), correspond to facies FVI.l and FVI.2 

respectively. 

6.5 Fades Associations 

Individual facies vary in their interpretive value when examined in isolation. 

Therefore, knowledge of the relationship of one facies to another, the context, is 

essential when proposing an environment of deposition. Consequently, those 

individual facies considered to be genetically or environmentally related are grouped 

into facies associations, and used as the building blocks for facies analysis. Core 

analysis of the Magnus Sandstone Member recognised three main facies associations, 

which are described in the next sections. Figs. 6.4 to 6.6 represent some examples of 

facies association assignment to different parts of the cored intervals. 
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Top 	 Figure 6.5: Core log and facies associations of well 211/12-11 
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6.5.1 Mud-Prone hemipelagite-pelagite successions 

This association consists of planar laminated mudstone successions (Fl) of up to a 

few metres in thicknesses, which are occasionally interbedded with laminations to 

thin intervals of silt and/or fine sand (Fil) of turbiditic origin. Examples from the 

described core are shown in Fig. 6.4, well 12-9, at depths 3248-3258 in and Fig. 6.6, 

well 13-10, at depths 11086-1111'. Some sections of this facies association contain 

deformed strata of facies FVI with its folded, contorted and brecciated character (e.g. 

Fig. 6.4 at depth 3384 in and Fig. 6.6 at depth 11365') 

This facies association is interpreted to be deposited in a protected, low-energy, 

sediment starved, marine environment, with occasional surges of low-density 

turbidity currents disturbing the monotonous settlement of clay grains. The 

abundance of organic material and pyrite within this facies and its high gamma-ray 

character suggest almost anaerobic conditions, which may be partly related to 

deposition in confined, tectonically inactive basins. The rare existence of burrows 

(Chondrites) indicates the occasional introduction of oxygen, due to either bottom 

waters circulation and/or the input of oxygenated waters and organisms carried 

within the dilute and/or low-density turbidity currents. 

Those successions with undisturbed laminated mud-prone sediments represent 

deposition during tectonically quiet periods with no syn-depositional deformation. In 

contrast, successions with deformed and resedimented characteristics suggest 

deposition during periods of increased tectonic activity. Hangingwall subsidence, 

footwall uplift and basin floor rotation, which produced slope instability seem to be 

the direct cause for these deformed sediments. 

6.5.2 Interbedded turbidite-hemipelagite successions 

This facies association comprises thick successions, up to a few metres in thickness, 

of planar laminated mudstones interbedded with laminations of silt and/or very thin 

layers of fine-grained sand (Fil), thin-bedded turbidites (Fifi), thin-medium bedded 

turbidites (FIV), deformed strata of FVI and rare sections of massive sandstones 
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(FV). Examples of the association are presented in Fig. 6.5 at depths 3207-3213 in 

and Fig. 6.6 at depth 11305-11335'. Evidence of syn- and early post depositional, 

soft-sediment deformation is common. Micro-faulting is also commonly recorded 

within the association, with some deformation exhibiting compression. The 

association is most commonly observed to separate laterally continuous major 

sandstone bodies of the sandy flows facies association, e.g. the facies association 

dominates the Middle-Shale and separates MSM Units 2 and 3 (Fig. 6.4 between 

depths 3194-3204 in and Fig. 6.5 at depths 3164-3169 m). In many cases, this facies 

association is found to grade into the mud-prone pelagite-hemipelagite facies 

association and the boundary between the two associations can be difficult to 

recognise and locate (e.g. Fig. 6.6 at depth 11375'). 

This facies association include a wide range of lithofacies, therefore a number of 

interpretations can be made. The association of Facies I mudstones with laminations 

to thin interval of silt and fine sandstones (Facies H and ifi) is interpreted as either 

deposits from channel-levee complexes in the form of overbank deposits and/or 

interchannel facies or from basin plain environment deposition from distal turbidity 

currents. Overbank deposits can be laterally extensive and occur adjacent to the main 

channels or confined flows in turbidite systems. The area of overbank deposits can 

be divided into two parts: (1) those with levee relief and (2) the more distal parts of 

the overbank environment where there is no major relief. The two parts vary in the 

mud content of their deposits, and in general the mud content is higher in the distal 

overbank deposits (Mutti & Normark, 1987; 1991). Interchannel facies can occur as 

thick bundles of thin-bedded turbidites that are separated by mudstones sequences of 

similar or greater thickness (e.g. Mutti, 1977). Within a basin plain environment, the 

distal deposits of turbidity currents usually alternate with the background deposits of 

hemipelagic-pelagic material. These distinctions might aid the differentiation of this 

facies association origin, although the actual difference between the two is very 

subtle. 

The existence of thin-medium bedded sandstones, with the characteristic Bouma 

structures (Tb), and the odd massive sandstone interval within the association may 
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represent interchannel or distal (lobe fringe) depositional environment. Channels 

avulse on the surface of a depositional lobe from submarine fan and/or sheet system, 

and, depending on where the system was cored i.e. proximity to the channel, the 

sediments may include some sandstone beds with the above characteristics. Down-

current facies changes within a sandstone fan or sheet lobe package also lead to the 

formation of interbeded mudstones and thin-medium beds of sandstones at the distal 

fringes of lobes (e.g. Mutti & Normark, 1991). 

Post-depositional sediment disturbance and debrites, represented by the variants of 

FyI, are interpreted as products of slope instability. Sediment overloading and 

resedimentation due to tectonic deformation mainly cause deformed sediment and 

debris flows. Deformation is associated with hangingwall subsidence and basin floor 

rotation. However, some in situ loading and foundering of deposited sediments in 

response to the basin morphology is thought to have also contributed (though may be 

marginally) to the sediment disturbance. 

6.5.3 Sandy mass flow successions 

Thick-bedded, amalgamated massive sandstones units, of tens of meters in thickness, 

(FV) and medium-bedded sandstones exhibiting classic Bouma sequence structures 

(FTV) make up this facies association, with smaller successions of the deformed 

deposits of FVI. Examples of the facies association are seen within Fig. 6.4 at depths 

3355-3375m, Fig. 6.5 at depths 3200-3210m and Fig. 6.6 at depths 11115-11135'. 

The facies association comprises all the sediments deposited from the main body of 

high- and medium-density turbidity currents and/or sandy debris flows. Very thin-

thin clay intervals sometimes separate the massive sandstone beds, while thick 

intervals (up to a few metres) of clay interbedded with silt laminations or thin-bedded 

turbidites are the main dividers of laterally continuous, vertically stacked, across-

fields correlatable sand bodies. 

The sandstone units making up this facies association are interpreted as deposition on 

depositional lobes located on either a submarine outer fan or a sheet system. Middle 

to an upper fan depositional environment is also inferred from the presence of very 
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coarse-grained sand and pebbles found locally at the base of some units. These grain 

sizes are restricted to only a few wells and there is a general absence of erosional 

features and interchannel and overbank deposits. These characteristics suggest that 

much of the sands were deposited within poorly confined channels that avulsed 

across the surface of the fan, and/or dispersed by unconfined sheet flows. 

6.6 Core descriptions to Wireline Log correlation 

Fig. 6.7 illustrates the correlation between core descriptions and wireline logs for the 

wells 13-10, 12-9 and 12-11. The core is usually labelled using drillers depth while 

wireline logs depths are measured by the logging tools. There is often a mismatch 

between the character of the wireline logs and the core depth and therefore a certain 

shift must be applied to one of the depths in order to match the two. In general the 

Penguin-A Field had a very poor match between the wireline logs character and core 

and depth shift values range between 6 and 12 feet, for example the depth shift for 

the 13-10 well was 8 feet (Core depth + 8 feet = Wireline log depth). 

The core depth to wireline log correlation for the Magnus Field wells varied. Some 

wells needed only minor shifts whereas others needed an appreciable shift. Overall 

the shift range was between 0.5 and 4 metres. For the wells represented in Fig. 6.7, 

the shift was 4m for 12-9 and 0.5-1m for 12-11. The core-wireline correlations 

illustrated in Fig. 6.7 have the shift applied in order to match the two depths. 

Facies associations defined from core are on occasions represented by a distinctive 

wireline character. A good example may be seen in well 12-9 at depth 3370-3380m 

where the MSM Unit 1, represented by the Sandy Mass Flows facies association, has 

a blocky gamma-ray signature in wireline log. The wireline log becomes serrated as 

the facies change to heterolithic interbeds of turbidites and hemipelagites and then to 

mud-prone hemipelagites before displaying high values of gamma-ray to represent 

the Lower Kimmeridge Clay Formation. 
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In some intervals, however, facies associations are not easily identified from the 

wireline log character. In MSM Unit 4, in well 13-10 (at depth 3375-3380m, the 

heterolithic interbeds of turbidites and hemipelagites, with very little sandy beds 

represent the MSM Unit 4, yet the wireline log portrays the facies as a much sandier 

interval with little serration to represent the mud interbeds. 

6.7 Summary and Discussion 

A depositional framework for the Magnus Sandstone Member is developed from 

detailed core descriptions from 24 exploration and production wells within the 

Magnus and Penguin-A fields and surrounding areas. The sediments observed from 

the core range from mud-dominated successions through heterolithic sand-mud 

intervals to very thick sandy units. A continuum of transport and depositional 

processes; from low density turbidity currents to high-density turbidity currents and 

sandy debris flows with significant input from slides and slumps, are the interpreted 

depositional mechanisms. 

Six main lithofacies were defined. Facies I comprises planar laminated thick-bedded, 

carbonaceous mudstone units up to tens of metres in thickness. The units are thought 

to represent successions of hemipelagic-pelagic deposits, and are notably seen to 

dominate the Kimmeridge Clay Formation that encases the Magnus depositional 

system. Bioturbation is rare which suggest mainly anoxic to oxygen poor 

depositional conditions. Facies II consists mainly of interbeds of planar laminated 

mudstones with laminations and/or thin layers of silt and very fine-grained sand. 

Facies 11 represents pelagic sedimentation interrupted, from time to time, by dilute or 

low-density turbidity currents. Thin-bedded turbidites with cross and ripple 

laminations interbedded with mudstones are the main constituents of the Facies Ill. 

Facies ifi units can be a few metres in thickness and, in many cases, are associated 

with Facies H. Facies ifi is interpreted as either overbank, inter-channel or basin 

plain deposits. Their occurrence in a certain stratigraphic level together with their 

relation to the neighbouring successions, such as assessing the possibility of them 
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being the overbank deposits of a channel sandy unit in a near by well, suggests the 

origin of the interval and its depositional environment. 

Bouma sequences are present in facies IV, which is generally represented by planar 

laminations (TO and cross-laminations (Ta) with either top, middle or base sequences 

missing. The units are usually medium-bedded and represent deposition from 

medium density turbidity currents. Facies V comprises thick-bedded, mainly massive 

and poorly sorted sandstone units, which amalgamate into successions of up to tens 

of metres. Grading and the occurrence of scattered mud intraclasts are the only 

primary structures seen within these units. However secondary dewatering structures 

in the form of dish and pillar structures are abundant, which suggest rapid 

sedimentation. Evolving high-density turbidity currents and/or sandy debris flows 

and their deposits are consistent with these observations. 

Facies VI represents all sediments that have undergone some kind of post-

depositional deformation, including folding, contortion, or balling of strata or partial 

to complete mixing of sediment during mass movement. Facies VI make up units of 

up to few metres in thickness that are commonly associated with Facies I. Deformed 

strata may be present within mudstones as well as within sandstones. 

Three major facies associations are defined from grouping the six lithofacies. Mud-

prone hemepelagite-pelagite successions form one association comprising 

predominantly Facies I and II with interbeds of facies VI. Sediments of facies 

associations I define a protected, low-energy, sediment-starved, marine environment, 

with the occasional low-density turbidity currents. The interbeds of FVI are 

correlated to periods of tectonic activity. The increase of slope instabilities due to 

tectonic subsidence, and basin floor rotation may have initiated slumps and debris 

flows on a basin-wide scale, however some soft-sediment deformation might have 

been caused by the foundering of sediments during the infill of the basin floor 

topography. 
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Facies association II comprises heterolithic successions of alternating laminations 

and thin layers of mud and sand of facies II and ifi, interbedded with thin bedded 

turbidites (Fm), thin-medium bedded turbidites (FlY) and deformed strata of FyI. 

This association divides field-wide sandstone intervals and can be used as a 

correlative marker (see correlation panel 1, chapter 5). However, the occurrence of 

FVI variants is related to slope instabilities, which are caused by sediment 

overloading and/or compaction and resedimentation due to tectonic deformation. 

Facies Association ifi is characterised by sandy mass flows from medium to high-

density turbidity currents and sandy debris flows. Medium to very thick 

amalgamated sand units are dominated by fine- to medium-grained but very coarse-

pebbly sandstones occur within some wells. Facies association ifi is interpreted to be 

the deposits of shingled sheets or sandy submarine fan depositional lobes. 

6.8 Conclusions 

- 	Detailed core description of the MSM represented the system by six main 

lithofacies, ranging from planar laminated muds to thick massive sandstones 

and deformed strata. These may be summarised as: 

Fl: Laminated mud and clay. 

FlI: Heterolithic interbedded mudstone and silt to fine sand 

laminations. 

FIll: Thin bedded sandstones. 

FIV: Thin-medium bedded sands. 

FV: Massive, thick-bedded sands. 

FVI: Deformed deposits of slides, slumps and debris flows. 

- 	The facies are grouped into three facies associations which are: 

Mud-Prone hemipelagite-pelagite successions. 

Interbedded turbidite-hemipelagite successions. 

Sandy mass flow successions. 
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- 	The sandy mass flows facies association dominates much of the Magnus 

Sandstone Member depositional units core. Therefore the Magnus 

depositional system is interpreted to be deposited either from a sandy 

submarine fan, with the various units of the Magnus system deposited as 

different lobes and/or a sheet system with the Magnus sandstone units 

representing individual depositional sheets. The depositional lobes and/or 

sheets are separated by mostly shaly intervals of heterolithic thin-bedded 

turbidites and hemipelagites and occasionally mud-prone hemipelagites-

pelagites with deformed successions. The whole system is encased within the 

Kimmeridge Clay Formation, which is made up primarily of the mud-prone 

hemipelagite-pelagite facies association. More detailed work is needed to 

resolve the submarine fan versus shingled sheets issue which is presented in 

the next chapter as the core descriptions are analysed field wide and 

integrated with wireline logs. 

- 	The occurrence of highly deformed sediments (FVI) within the MSM core is 

mainly attributed to slope instabilities caused by tectonic activity. This 

includes: tectonic subsidence, basin floor rotation, sediment overloading and 

resedimentation. Facies VI is specifically recognised in the intervening shales 

between the different MSM depositional units. 

- 	The spatial distribution of the lithofacies, in the different wells, is expected to 

adhere to the spatial variation in facies of the proposed depositional models 

for the MSM. The wells structural location, flows pathways and tectonic 

activity, however, may influence the facies encountered. 
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Chapter Seven 

Magnus Sandstone Member Spatial Distribution 

7.1 Introduction 

Detailed analysis of the MSM character from seismic subsurface data, wireline logs 

and core descriptions has been undertaken in previous chapters. Seismic stratigraphic 

mapping of the Magnus Sandstone Member indicated two depositional units; upper 

and lower units seperated by wide spread shale. The mapped seismic geometries 

illustrated a northerly source direction for the upper unit but a westerly derived 

source for the lower unit. Initiation of NNW and WNW striking faults at the late 

stages of the Late Jurassic rift event, in addition to reactivation of earlier NNW 

tranding faults controlled and enhanced the deposition of the MSM in specific parts 

of the Penguin half graben. Investigation of the MSM in wireline logs enabled the 

distinction of four individual depositional units divided by shale intervals. Using 

thickness values from the wireline logs, the distribution trends of the four MSM units 

were mapped. 

This chapter aims at presenting a synthesis of the MSM through core analysis. The 

synthesis attempts to resolve which model; a submarine fan generated from the west 

(e.g. De'Ath & Schuyleman, 198 1) or sand sheets sourced from the north (e.g. 

Ravnás & Steel, 1997), if either, is most appropriate in representing the depositional 

environment for the MSM. The synthesis is considered in two parts: 
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Investigate and qualify the MSM sedimentation in discrete depositional units as 

proposed by seismic data and wireline log interpretations in previous chapters 

Analyse the field wide character of the MSM and resolve whether the succession 

represent a submarine fan or shingled sand sheets. 

The integration of seismic, wireline log and core data from both the Magnus and 

Penguin-A Fields will place the MSM depositional system in a wider structural and 

sedimentological context. The main conclusion from this chapter is that the MSM 

represents two main depositional episodes. The lower MSM unit (Unit 1) is 

envisaged as a focused, confined and westerly sourced system probably deposited as 

a submarine fan/slope complex. The upper units of MSM (Units 2 to 4) are 

interpreted to be shingled deep-water sand sheets that were sourced from the north to 

northeast. The control on deposition of the MSM by faults is also discussed. 

7.2 Datasets and Research Methods 

Core descriptions and interpretations from the 24 exploration and production wells 

from Magnus and Penguin-A Fields form the dataset for the analysis presented in this 

chapter (Fig. 6.3). Lithofacies and facies assiociation from the MSM core 

descriptions are utilized to examine the spatial distribution of the different MSM 

units within the Penguin half graben. Facies analysis of the MSM in Chapter 6 and 

the wireline log analysis in Chapter 5 form the basis to constrain the depositional 

environment of the MSM. 

The MSM units are examined individually and a description of the facies 

characterising each unit is presented. A comparison between wells is made of the 

different lithofacies representing a certain MSM unit. This is facilitated by 

constructing pie charts for the different facies encountered by the well. Discrepancies 

in the facies observed are addressed and interpreted within sedimentological and 

structural variations in the study area. Lastly a general account of the sediments 
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observed within the cored sections in the context of identifying an environment of 

deposition for the MSM is presented and qualified. 

The core descriptions were further analysed by identifying the different units of the 

Magnus Sandstone Member as defined from wireline log character and well 

correlations in Chapter 5. For every unit, the thickness of each one of the six facies 

described within Chapter 6 and their subfacies was recorded and a pie chart of the 

different lithofacies encountered within the unit was drawn. The various facies and 

their corresponding thicknesses are noted in the actual core description sheets, which 

are included in Appendix 4 for cross referencing, and are also tabulated in Table 5.1 

in Appendix 5. An important point to take into account is that the thickness values 

are only for the cored intervals of each unit. Some units are not cored at all, while 

others are only partly cored, therefore, the facies documented in some well's pie 

charts may be giving an incomplete representation of the facies actually present 

within these wells. 

In general the MSM may be seen as a series of sandstone units separated by shale 

intervals. As such the MSM has been divided into different units (Unit 1-Unit 4) as 

presented in Chapter 5 and portrayed in Fig. 5.4. Using this scheme, a series of maps 

showing the facies encountered within each unit and posted at well locations, are 

constructed and included as Figs. 7.1-7.10, starting with the lower unit. LKCF core is 

also analysed and its facies distribution presented in Fig. 7.11 .Within the individual 

pie charts, the actual core thickness present and described is included within brackets 

next to the well name. This actual thickness does not include thicknesses of missing 

core or preserved samples. A comparative analysis of each unit's facies between the 

wells was then undertaken and the following observations were made. 
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7.3 Core Analysis 

Magnus Sandstone Unit 1 

This unit of the Magnus Sandstone Member is the earliest to be deposited and is 

cored by only ten wells. The unit is not present in many parts of the study area. The 

facies observed in the unit are represented in Fig. 7. 1, and as may be seen, some 

wells contain high proportions of deformed strata of Facies VI, not anticipated for a 

sandstone unit. 

Correlating facies observed in core with wells location aids in explaining the 

different facies proportions observed in the wells. Only four wells exhibit the typical 

FV facies expected with the remaining wells displaying a mixture of facies. The 

dominance of FV in wells 12-9, 12-M12 and 12-M16 is due to their location in the 

main path of the MSM Unit 1 as shown in the seismic interpretation of the unit (Fig. 

3.26). This unit is interpreted from seismic and wireline log data to be deposited in a 

submarine fan/slope complex sourced from the west (Fig. 3.26, Chapter 3 and 

correlation panel 4, Chapter 5). MSM Unit 1 increases in thickness in the above 

wells from west to east (12.38m - 115.3m core thickness and 12.5-122m wireline 

thickness), which supports this interpretation (see also Fig. 5.7). Wells on either side 

of the confined flow and away from it are expected to adhere to the lateral facies 

variations anticipated from the fan/slope morphology and depositional environment. 

In well 12-M2 located to the north of the main depositional path of the submarine 

fan/slope, the MSM Unit 1 is represented by a total thickness of only 0.54m of FV 

massive sands. This minimal thickness confirms the virtual non-existence of MSM 

Unit 1 in this area and confinement of deposition towards the east (see also 

correlation panels 1, 2 and 3, Chapter 5). Further northeast well 7-1 contains a total 

thickness of 3.5m of MSM Unit 1 of which 2.21m is cored. This also supports a 

much decreased thickness of the unit away from the main depositional axis. 

Wells 12-1, 12-11 and 12-M8z from the Magnus Field and 13-10 from the Penguin-

A Field are all located in a very proximal location to a fault or in a highly faulted 

zone, hence the high ratios of FVI. Wells 12-1 and 12-M8z are located on the 
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footwall to the WNW-ESE _4 Cross Fault, which has been interpreted to be active 

during the deposition of MSM Unit 1 and influence its deposition (Fig. 4.27). Well 

12-11 is situated in an area where many faults cross cut each other (e.g. Brent Fault, 

WNW-ESE _5 Cross Fault and a number of the NNW-SSE trending faults, Fig. 4.3) 

and hence slope instability is thought to be the main cause of FVI presence in this 

well. Similarly well 13-10 in the Penguin-A Field in located in a highly faulted area 

on a collapsed terrace of the Penguin Horst. 

Well 12-3 is much further south, and the anticipated lateral facies variations of a 

confined system are consistent with dominance of thin-bedded turbidites (Fifi) and 

laminated muds (Fl). Well 12-11, which is located at almost the same distance from 

the main path of the fan/slope system as 12-3, also encounters FIR, as does 12-M8z, 

which is located on the southern levee of the fan/slope system. The thickness of 

MSM Unit 1 in these three wells is also consistent with their positions from the 

confined flow. 12-M8z contains about 58m (only 15m cored) of Unit 1 due to its 

slightly high position on the footwall of the WNW-ESE-4 fault and on a levee. There 

is also an increase in thickness between 12-3 (7m) and 12-11(14m). These thickness 

values are from wireline log, but are very similar to the cored thicknesses (Fig 7.1). 

Three wells (12-9,12-Ml 2 and 12-M16) are located in the main path and 

depositional area of MSM Unit 1, and are therefore best to examine the unit in detail. 

Analysing wells 12-M12 and 12-M16, the sandstone within MSM Unit 1 are fine-

grained, very poorly-sorted amalgamated fining-upward sandstone units. The 

coarsest sands seen are upper medium- to lower coarse-grained although some 

granules and pebbles are also observed at the base of some very poorly-sorted units. 

Well 12-9, which contains 11 5m of MSM Unit 1 due to its location within the 

depositional lobe of the unit, sheds more light on the variations in the facies of this 

unit (Fig. 6.4). MSM Unit 1, in this well, is subdivided into several sandstone 

sections separated by shale or shaly intervals. The lowermost section consists of 

fining-upward massive sandstone units, the majority of which are fine to medium-

grained although some beds are coarse-grained at their bases. The coarsest sands 
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within the whole well are found at depths 3364m and 3374.87m (Fig. 6.4). The 

second section lower part is dominated by fine-grained sandstone units with dish and 

pipe dewatering structures overlain by an upper part of occasionally fining-upward 

sandstone units. Some units repeatedly contain an increase in clay content, as clay 

seams or streaks, at the top of the unit. Other units show a scatter of clay chips within 

the sandstone units. The reminder of Unit 1 in well 12-9 is represented by more 

typical facies of massive character. The separating shale intervals are laminated 

muds and clays typically deformed and disturbed by sand grains/clasts or thin 

intervals of very fine-to-fine grained sand. 

This unit represents the initial phase of rapid advance of the Magnus Sandstone 

Member. The lithofacies recognised within the cored sequences and the sand-prone 

character of the MSM Unit 1 in some of the wells, are consistent with deposition as 

part of a sand-rich submarine fan/slope system. 

Lower-Shale (A utissiodorensis Maximum Flooding Surface) 

This shale interval is a major widespread shale that covered almost all of the study 

area and is generally easily identified on wireline logs. The interval is cored by 

fourteen wells (Fig. 7.2). Two main facies are present in all the wells: FT and FVI, 

but smaller proportions of other facies are also recorded. The majority of wells 

include a higher proportion of Fl over FVI although FVI is dominant in a few of the 

wells. The well location, again, explains the presence of FVI. Wells 12-Ml and 12-

M 16 show high ratios of FVI, which is related to their proximal location with respect 

to the Fault WNW-ESE-4. Well 12-11, to the south, is within a highly faulted area 

(the Brent Fault and NNW-SSE trending faults, Fig. 4.3). Penguin-A Field wells 13-

3 and 13-10 also show high percentages of FVI that is also related to slope instability 

on a collapsed terrace next to the Penguin Horst. The occurrence of FVI in well 7-1 

furthest north may be related to the activity of the late Jurassic NNW-SSE trends 

(Fig. 4.3). 
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Figure 7.2: Distribution of the facies for the Lower-Shale interval. The interval is dominated 
by Fl with contributions from other lithofacies at varying proportions depending on location 

of the wells. See discussion in text. 
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Eleven wells cored the Lower-Shale within the Magnus Field and cored thicknesses 

range between 1.28m and 19.2m. However, wireline log analysis indicated 

thicknesses of up to 33m. The interval's thickness follows a trend of increasing 

thickness from west to east of the field (Fig. 5.8). In well 12-2 (an eastern well) only 

1.28m is cored but the true thickness of the Lower-Shale is nearer to 15m, as picked 

from wireline log (correlation panel 1 ,Chapter 5). In the Penguin-A Field, the east-

west thickness trend is maintained with a maximum of about 33m in well 13-9. Wells 

13-3 and 13-10 are located northward at slightly higher positions structurally and 

therefore see slightly lower thicknesses of 24m and 22m respectively. Well 8-3 in a 

northerly central location between the two fields, however attains a thickness value 

of 29m, while the southerly central well 12-15 has a thickness of 21m. However in 

an N-S traverse we find that the thickness increases southwards from 13-10 (24m) to 

13-3 (22m) and ending with 33m in 13-9. 

Many workers have identified this shale interval as the Autissiodorensis Maximum 

Flooding Surface (e.g. Rattey & Hayword, 1993; Partington et al., 1993a, b, 

correlation panel 6 in Chapter 5). The interval is therefore of chronostratigraphic 

significance, and is used as a main surface for correlation between wells. The Lower-

Shale is also identified in seismic data and mapping it facilitated the subdivision of 

the MSM into its two main depositional episodes (e.g. Fig. 3.19, Chapter 3 and Fig. 

2, Appendix 1). 

Magnus Sandstone Unit 2 

The Magnus Sandstone Unit 2 is the thickest unit in most wells (up to 1 OOm) and is 

cored by sixteen wells within the study area. Many of the wells have cored the entire 

interval, but a few wells are missing small sections from within the unit (more details 

in Appendix 5, Table 5.1). 

In all wells FV is the main facies encountered (44%<FV<98%) within MSM Unit 2 

with minor contributions from other facies (Fig. 7.3). Eleven wells in the Magnus 

Field core this unit and all have different thicknesses of MSM Unit 2. The unit 
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Figure 7.3: MSM Unit 2 facies distribution map. 
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approaches 101m (Appendix 3, Table. 3.2) in two wells; these are 12-5 towards 

south (70.5m cored) and 12-MI on the crest of the field (83.6m cored). The thinnest 

MSM Unit 2 is encountered in well 12-1 (1 Om); only 500m to the WSW of 12-

M1.Wells north and west of 12-Ml have wireline log thicknesses between 30 and 

60m, whereas wells south of 12-5 contain thicknesses of between 30 and 55m. Well 

7-1 in the northeast of the field contains 56m of the MSM Unit 2, whereas 8-3, 

located even further northeast, encounters almost 140m of the MSM Unit 2 sands. 

Wells in the Penguin-A Field are also dominated by FV, but exhibit appreciable 

proportions of FT (up to 21%) and FVT (up to 23%). The more southerly well (13-9) 

also contains significant proportions of Fil and Fifi. MSM Unit 2 is similar in 

thickness, c.35m in all the Penguin-A Field wells. 

Using the thickness trends observed for the MSM Unit 2, two depocentres are 

proposed during the deposition of the Magnus Sandstone Unit 2 (Fig. 5.9). One 

depocentre is centred in the area between wells 12-5 and 12-Ml and extends 

southwards and the second is centred towards the northeast around well 8-3. Detailed 

wireline log analysis subdivided MSM Unit 2 into two sand units (termed Unit 2-

Upper and Unit 2-Lower) separated by a thin shale interval (the Unit 2-Shale). The 

subdivisions of MSM Unit 2 were recognised in wireline logs from nine wells within 

the study area. These subdivisions were also analysed using core descriptions and pie 

charts (Figs. 7.4-7.6). 

Magnus Sandstone Unit 2-Lower 

MSM Unit 2-Lower is cored by six wells within the study area (Fig. 7.4). The unit is 

dominated by Facies V, as would be expected, but Penguin-A Field wells also 

contain appreciable amounts of Facies I and VT. The position of Penguin-A Field 

wells in structurally elevated and highly faulted zones adjacent to the Penguin Horst 

increases the possibility of high slope instabilities leading to the occurrence of Facies 

VI. These wells would have also received more sediment from the upper parts of 

gravity flows. Cored thickness values are not good representation of the unit, but Fig. 
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5.11 from Chapter 5 which maps the thickness values as picked from wireline logs 

indicates a N-S depositional trend with the highest thicknesses to the northeast of the 

Brent Fault and centred around well 8-3. The core facies of MSM Unit 2-lower is 

consistent with and supports this trend as the more northerly and centrally located 

wells within the Penguin half graben display highest proportions of the massive 

sands facies (FV) with minimal proportions of the other facies. 

Magnus Sandstone Unit 2-Shale 

The Unit 2-Shale is cored by the same wells as MSM Unit 2-Lower. Very variable 

facies represent this interval in the different wells (Fig. 7.5). In general, the interval 

is not represented by the anticipated facies of a shale interval (which are FT and FH). 

The interval seems to consist of a combination of Facies I-VT and suggests a mixture 

of depositional processes. Thickness values from core indicate a general increase in 

thickness from west to east (1.5 to 6m). These thickness values are comparable to the 

values from wireline logs. 

In Penguin-A Field wells, the more northern wells (13-3 and 13-10) contain similar 

facies although the ratios are different and represent the closest facies to the 

anticipated from a shale interval. The more southern well (13-9), contains 40% of 

Fifi and this might indicate deposition from a sandier flow in the vicinity of this 

well. Well 8-3, in its northern central location, is dominated by FV, which again 

indicates the dominance of sandy mass flows during the deposition of Unit 2-Shale 

within this area. Only well 12-5 within the Magnus Field has more of the anticipated 

facies of FT and H. Well 12-M16 is dominated by Fifi (58%) suggesting deposition 

from a sandier flow. Well 12-6 further north contains the deformed facies of FVI, 

which is interpreted to be related to compaction-generated slopes. 

Magnus Sandstone Unit 2-Upper 

MSM Unit 2-Upper is cored by eight wells within the study area (Fig. 7.6). The 

dominant facies is FV and forms between 70-97% of Unit 2-Upper. Almost all the 
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Figure 7.5: Facies distribution map for MSM Unit 2-Shale. The interval is relatively thin and 
sometimes very difficult to recognize. 
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Figure 7.6: MSM Unit 2-Upper facies distribution map. The interval is identified in eight 
wells and indicates the dominance of Fades V. 

M 

Chapter 7: Magnus Sandstone Member Spatial distribution 	 255 



wells encounter Facies I and VI as well although these are present at different 

proportions. Facies II, ifi and IV occur in only one or two of the wells and are a 

minor component. All Penguin-A Field wells cored the interval and the facies ratios 

are very similar. Well 13-9, however, contains an additional facies; Fil (6%). In 

comparison to the Magnus Field, Unit 2-Upper generally have higher percentages of 

FT and FyI. These elevated proportions are related to the wells position at slightly 

higher structural positions on collapsed terraces that received finer sediments from 

the upper parts of flows. Slope instabilities within this highly faulted area of the 

wells location led to the higher percentages of FYI. Magnus Field wells and 8-3 to 

the northeast, all contain FV ratios of more than 91% of FV in Unit 2-Upper and very 

small components of the other facies. 

Thickness variations within the cored intervals are not the perfect illustration of the 

unit, but Fig. 5.10 in Chapter 5 provides a clear representation of thickness 

variations. As the figure shows, the depositional trend is N-S oriented although the 

thickest values are found within the smaller southwest depocentre centred around 

well 12-5. However there is no systematic N-S trend observed in the facies 

distribution recorded in Fig. 7.6. 

Middle-Shale 

This shale interval has a more regional distribution and is generally easily identified 

in wireline logs (e.g. correlation panels 1 and 3, Chapter 5) and was picked in almost 

all the wells. In core, the Middle-Shale is represented by seventeen wells, which 

display a diverse of facies and ratios (Fig. 7.7). In the Magnus Field, wells 211/12-1, 

12-2, 12-11, 12-M2 and 12-M16 show high proportions of Fifi (3 9<17111<62%). 

Other wells in the Magnus Field have high proportions of other facies. In well 12-5, 

Fil comprises 54% of the cored interval, well 12-9 contains 52% of FYI, 12-M12 is 

dominated by FYI (70%) and 12-3, 12-15, 12-Mi and 7-1 have high proportions of 

FT. Some of these wells also encounter significant thicknesses of FV, such as 12-1 

(53%), 12-Ml6 (35%), and the northeastern wells 7-1 (32%) and 8-3 (66%). The 

presence of FV was not expected in a shale interval. The Middle-Shale varies in 
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Figure 7.7: Fades distribution for Middle-Shale. The interval was cored by 17 wells 
within the study area. 
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thickness from 0.7m to 12.8m in core, but is recorded to have thicknesses of up to 

1 Im only as picked from wireline log. This discrepancy arises because in some wells 

the interval is not very well represented by the wireline log character. Overall, there 

is not a systematic trend observed in the thickness variations within the Middle-

Shale. 

In the Penguin-A Field, wells 211/13-9 and 13-10 contain similar thicknesses and 

show a similar mixture of facies in the Middle-Shale. Well 211/13-3, located mid-

way between wells 13-9 and 13-10, has only 4.3m of the Middle-Shale interval and 

displays very different facies content from the other two wells. This may be due to 

the well being located in the main path of a sandier flow. In general, THE middle-

Shale facies are quite diverse within individual wells, and clusters of wells that show 

similarities in the facies encountered are rather difficult to recognise. 

Magnus Sandstone Unit 3 

This unit of the MSM is represented in seventeen wells, which are distributed all 

across the two fields (Fig. 7.8). Three wells, 211/12-1, 12-M12 and 12-M16 are 

located at the crest of the Magnus Field and their upper sections have been removed 

by erosion associated with the Base Cretaceous Unconformity. The MSM in these 

wells directly underlies Late Cretaceous strata. In well 12-Mi 0, however, the Upper 

Kimmeridge Clay Formation unit is not present but a section of the Cromer Knoll 

Group remains. A transition zone into Upper Kimmeridge Clay tops the Magnus 

wells 211/12-2, 12-3, 12-5, 12-11, 12-15 and 12-Mi while 12-9 sees the MSM 

sharply underlying the Upper Kimmeridge Clay. To the northeast of the Magnus 

Field are wells 211/7-1 and 211/8-3, which have a thin transition zone below the 

Kimmeridge Clay Formation. In the Penguin-A Field, wells 13-9 and 13-10 core the 

interval. Many of these wells missed coring the first few metres of the interval. 

Wells within the Magnus Field have various thicknesses. Some of the western wells 

such as 211/12-1 and 12-M12 are seen to have higher thicknesses (wireline and core) 

than the more eastern e.g. 12-M16 and central well 12-9. On the other hand, the 
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Figure 7.8: MSM Unit 3 fades distribution map. The unit is dominated by Facies V except for 
two wells. See text for more detail and discussion on the observed facies distribution. 
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central well 12-2 located northeast of 12-9 has the highest thickness of 43m in core 

(65m in wireline logs). Southwest wells thicknesses range between 5 and 20m (22-

26m in wireline log). Penguin-A Field wells also vary in thickness with 13-10 to the 

north showing about 18m only (1 6.8m cored), while 13-9 which is located to the 

south of the field indicating more than 40m (29m cored). 12-15, which is located to 

the south in a central position between but beyond the two fields encounters about 

27m of the unit (of which 12m is cored). The variation in thickness may be attributed 

to varying sand route-ways, confinement due to sea bed bathymetry and the control 

of faults. 

In general, FV is present in the highest proportions within the core 

(65%<FV<100%), with smaller components of other facies present in most wells. 

Other important facies are; FVI; up to 27.5% is encountered in several wells, Fill; 

dominates well 12-Ml (73%) and FT represents 38% in 8-1. In most wells FV 

comprises fine grained and poorly sorted sand units (detailed core descriptions, 

Appendix 4 and sub-fades defined in Appendix 5, Table 5.1). However, FV in some 

wells have slightly different characteristics that may be summarized as follows: 

. 	12-1 and 12-5 FV includes intervals of very poorly sorted sands. 

. 	12-2 contains medium-coarse sand grains in units that represent the best 

reservoir sands in the well. 

. 	12-3 includes thin intervals of clay and parallel laminated sand separating 

some of the sand units. 

In 12-11, sand units are mainly fine-grained but one section is very coarse-

grained and some units are very poorly sorted. 

. 	12-15 includes clay intervals in between the sand units. 

. 	12-M12 includes predominantly fining upward sand units, with a couple of 

very poorly-sorted intervals. 

The most western wells, 12-1, 12-M12 and 12-M16, exhibit very similar facies ratios 

but 12-Ml differs quite markedly. The dominance of Fifi in this well is interpreted in 

terms of its proximity to the WNW-ESE-4 Fault (Fig. 7.8) with a northeast 

downthrow. Well 12-Ml is located on the footwall of this fault and, therefore would 
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have been in a slightly bathymetric higher location than the other wells. The footwall 

might have received finer sediments from the upper parts of flows. Penguin-A Field 

wells, 8-1 and 12-15 have the higher percentages of FyI. This may be explained in 

terms of their location in or near a fault zone. The wells 8-1 and 13-10 are located on 

a highly faulted collapsed terrace of the Penguin Horst while well 13-9 is located in a 

fault zone, where the Penguin Horst changes direction to NNW-SSE and a N-S fault 

(the Penguin South Fault) strikes very close to the horst. Well 12-15, much further 

south, is also near the Major N-S trending, Penguin South Fault. These are areas of 

instability and slope material might have influenced the facies in these wells. 

Upper-Shale 

Upper-Shale exists in the Penguin-A Field area and was cored by two wells: 211/13-

9 and 211/13-10. The unit also exists in the most southern well 12-15. Although the 

same Facies (I, III, V & VI) occur in both of the Penguin-A Field wells, the ratios 

differ quite markedly (Fig. 7.9). In 13-10, the shale interval is completely dominated 

by Fli, with minor quantities of the other facies. In contrast, well 13-9 has near equal 

ratios of the four facies. Well 12-15 displays the dominance of facies I with smaller 

amounts of FV and FyI. 

The facies and their proportions can also be related to well location. Well 13-10 on a 

faulted terrace and in a slightly higher bathymetric position than 13-9, mostly 

receives the levee/distal facies. Well 13-9 has a mixture of facies overall but indicate 

a higher proportion of sandstone. Well 12-15 is much further south and the facies 

represent a location in the distal parts of the sand sheets/lobes. 

Magnus Sandstone Unit 4 

MSM Unit 4 is only cored in the Penguin-A Field wells: 211/13-9, 13-10 although 

the unit is recognised in the southern well 12-15 as well. All the wells in Penguin-A 

Field are topped by a section of Upper Kimmeridge Clay through a transition zone. 
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Figure 7.9: Facies distribution map for the Upper-Shale. The interval exists in Penguin-A 
Field and southern areas of the Penguin half graben. The interval is cored by three wells. 
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As Fig. 7. 10 shows, Facies I, V and VI are encountered in both cored wells. However 

in the 13-10 well, Fil of planar laminated clay with laminations of silt and fine sand 

is also present, whereas massive sands of FV dominate the interval in the 13-9 well. 

These observations are interpreted in terms of the well locations within the area, 

especially their proximity to the Penguin Horst, and the suggestion that the source is 

indeed from the north. Well 13-10 is located in a more northerly position, on a 

collapsed terrace within the highly faulted zone proximal to the horst. This area 

could have been bypassed by the main sand-bearing turbidite flows but received 

more of the levee/distal facies (Fl & FU). Using the same argument, 13-9, being 

located further south and on the main transport route accumulates more of the 

massive sands facies (FV). Both wells show relatively high proportions of deformed 

strata (FyI), and this is interpreted to reflect slope instabilities near to the horst 

producing sediment remobilisation as debrites, slumps and slides. 

Lower Kimmeridge Clay Formation (LKCF) 

Sixteen wells cored the Lower Kimmeridge Clay Formation. The cored intervals of 

the Lower Kimmeridge Clay Formation are dominated by high percentages of FT 

(Fig. 7.11), the expected facies for a hemipelagic clay unit. Thicknesses of the cored 

intervals of the LKCF are not of much significance as only the upper parts of LKCF 

were cored in many of the wells. 

The distribution of the facies laterally and in relation to well locations may be 

summarized as follows. Wells towards the south-west (e.g. 12-3 and 12-8) 

demonstrate the total dominance of FT on the core, while north-eastern wells 12-M2, 

7-1 and 8-3 display a dominance of Fl but include a contribution from FVI (of up to 

29%). Facies VI in these two wells is attributed to syn-sedimentary tectonic activity. 

Despite the interval being a clay unit, some wells indicate a very sandy Lower 

Kimmeridge Clay. Going from west to east of the Magnus Field through wells 12-

M12, 12-M 16 and 12-9 we find that the LKCF has appreciable percentages of FV. 

These wells include the thickest intervals of Magnus Sandstone Unit 1 (see well 
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Figure 7.10: Facies distribution map for MSM Unit 4. The interval exists in the same areas 
as MSM Unit 4 but cored by Penguin-A Field wells only. 
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Figure 7.11: Facies distribution for the Lower Kimmeridge Clay Formation. 
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correlation panels 1 and 4, Chapter 5), which leads to the correlation between thick 

MSM Unit I and high ratios of sandstones in LKCF. Wells 12-MI and 12-M8z are 

both located on the footwall to fault WNW-ESE_4 and on the overbank or levee side 

of the confined flow of MSM Unit I. Fault WNW-ESE-4 is thought to constrain the 

deposition of MSM Unit 1 (Fig. 4.27) that was probably active during the deposition 

of the upper LKCF hence the highly deformed facies of FVI in these two wells. In 

addition well 12-M8z displays about 33% of thin-bedded turbidites (Fill), which are 

consistent with the well position on an elevated or overbank/levee location. Wells 

12-M6 and 12-M13 are also on overbank location but slightly further away from the 

main depositional axis and this is reflected in their facies, which are dominated by 

FR. 

In the Penguin-A Field, the LKCF is cored only in well 13-10. A high proportion of 

the Fl (98%) is present in this well and in well 13-5 to the far south-west (81%) with 

smaller amounts of FV and FVI. Well 8-1 to the north has almost equal amounts of 

Fl, FV and FVI and that is related to its location in a highly faulted area with slope 

instability. 

The LKCF is predominantly made of Fl although heterolithic sequences of 

interstratified mudrocks and sandstones are also seen. The sand-starved nature of this 

sequence compared to the MSM is attributed to its deposition in a period when sand 

input into the basin was reduced. The foundering and slumping observed within the 

cored sections reflects slope instability, which possibly resulted from syn-

sedimentary tectonic activity. 

7.4 Discussion 

The analysis of the spatial distribution of the facies within individual units of the 

MSM indicated that the sand depositional units are dominated by the sandy mass 

flows association. However the intervening shales character is very variable. In 

general the same wells have consistently the same trends, with the Penguin-A Field 

wells displaying a clear distinction from the rest of the wells within the Penguin half 
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graben. This is mainly attributed to the highly faulted character of the area, especially 

between the two main structures: Penguin South Fault and Penguin Horst Fault. 

MSM Unit 1 displayed the dominance of the massive sands facies within wells cored 

in the main depositional path of the unit. However, structural trends within the area 

influenced the facies distribution for many of the other wells by introducing slumped 

and deformed facies. The deposition of MSM Unit 1 had influenced the facies of the 

underlying LKCF. The LKCF facies distribution were dominated by the planar 

laminated muds facies (Fl), but wells occurring within the main depositional path of 

the overlying MSM Unit 1 encountered some proportions of massive sandstones as 

well. 

The Lower-shale, which is a major and widesparead shale identified as the 

Autissiodorensis MFS of Partington et al. (1993a, b) is dominated by planar 

laminated muds but with considerable proportions of the deformed sediments facies. 

The Lower-Shale character indicates instability during its deposition, which may be 

related to tectonic activity such as basin floor rotation, fault activity or compaction 

above buried faults. 

Massive sands also dominate MSM Unit 2 and only wells with the Penguin-A Field 

show considerable proportions of other facies such as planar laminated muds and 

deformed strata. These trends were displayed by both units (upper and lower) of the 

MSM Unit 2, while the intervening shale displayed a variable character with a 

mixture of facies. The Middle-Shale is represented by very variable facies and trends 

of facies distribution were not identified, whereas MSM Unit 3 facies distribution, 

being dominated by massive sands, is consistent with the earlier MSM Unit 2 

depositional units trends. 

The Upper-Shale and MSM Unit 4 were encountered in the Penguin-A Field wells 

and the southern well 12-15 only and they their facies distribution are mainly 

consistent with the deposition of a shale and sand unit respectively and within a 

faulted zone. 
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Previous Interpretations of the Magnus Sandstone Member based on data from the 

Magnus Field envisaged a submarine fan depositional system with four depositional 

lobes migrating to the northeast (e.g. De'Ath & Schuyleman, 1981; Shepherd et al., 

1990). Such interpretations place the Magnus Sandstone Member of the Penguin-A 

Field in an outer fan setting with a lower reservoir potential. An ideal sand-rich 

submarine fan is a single source system that deposits sediments downcurrent in a 

radial form. The radial form passes from an upper fan, characterised by a deep 

conglomerate-filled fan through a middle fan dominated by a deep suprafan lobe 

down to a smooth lower fan (e.g. Normark, 1978; Walker 1978). Seismic 

stratigraphic mapping of the Magnus Sandstone Member revealed a submarine fan 

depositional geometry for the lower Magnus Sandstone succession and an axial trend 

of deposition for the upper Magnus Sandstone succession. Wireline log analysis of 

the different MSM depositional units further confirmed these trends with the lower 

unit increasing in thickness eastward, in contrast to the upper three units which 

display more axial thickness variations. 

Core from the MSM lower succession in wells that are located within the confined 

part of the depositional system (e.g. wells 12-M12 and 12-M16), displayed a number 

of very poorly sorted, coarse sand-grained to pebbly based units that fined upwards. 

These sand units were the coarsest observed in the system. No conglomerates 

(expected from an upper fan) were encountered in any of the wells cored and 

evidence for scour or erosion expected at the base of a channel was not encountered. 

However core from the depositional lobe location of the lower MSM succession (12-

9) indicated four sand depositional episodes separated by shale intervals. The sand 

units are truly massive, poorly sorted and dominated by fine-medium sand grains. 

These observations question the submarine fan depositional environment for the 

lower succession despite the system having the submarine fan geometry, and propose 

its deposition in sand-rich submarine slope environment. The character of sediments 

within the underlying LKCF further supports the submarine slope environment of 

deposition. LKCF is recorded to comprise sand units and highly deformed and 

disrupted strata Interbedded with the more typical planar laminated clays (Fig. 7.11). 

The occurrence of these sediments in the LKCF indicates that the sediments of the 
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LKCF were deposited in an unstable slope setting, which received sediments from 

sandy flows as well as the accumulation of hemipelagites from the water column. 

The slumping and foundering observed within the cored sections may be due to syn-

sedimentary tectonic activity. 

The upper succession of the MSM consisting of MSM Unit 2, 3 and 4 is envisaged as 

shingled sand sheets (e.g. Macdonald, 1986; Stow et al., 1996) sourced from the 

north. The interpretation of the upper succession of the MSM as part of the westerly 

generated submarine fan system is not supported by this core analysis, instead the 

upper MSM succession is interpreted as amalgamated sand sheets. This is due to a 

number of observations: 

Sandstone grain sizes variation between the sandstone units within the 

different wells is not consistent with a submarine fan depositional 

environment, which suggests coarser grain sizes towards the feeder channel, 

which is to the west and decreasing eastwards. 

There is ample evidence (such as the truly massive character of the sand units 

and relative lack of channels) to suggest that the sediments are deposited fast 

in a sheet —like nature of bedding. 

The laterally extensive extent of the upper MSM in the Penguin half graben 

and its composition of fine-grained turbidites and interbedded pelagites. 

Amalgamation of sand units also shows little evidence of erosion in between. 

There is no gradation into finer grains or sediments as expected from lobes. 

The majority of sand units have regular or loading bases with the underlying 

shale but rarely erosive, which suggests that the system was aggradational 

(sheet deposits) rather than progradational as expected from a submarine fan. 

Most of the sandstone beds are truly massive and poorly sorted except 

sometimes where they range to moderately sorted. 

Sandstone beds tops are frequently draped and/or onlapped by muds. 

Slope instability features such as slumps and folds occur frequently. 

The thin sand intervals within clay have sharp tops suggesting an overflow 

process, which deposits some sediment and then goes on flowing. 
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7.5 Conclusions 

- 	Detailed core analysis conducted in Chapter 6 and this chapter indicates that 

the MSM is a deep-water depositional system that was deposited in four 

distinct depositional units. These sandstone units are separated by shale 

intervals, some of which can be correlated between the two fields. The MSM 

sand units and intervening shales represent the evolutionary stages of the 

submarine system, and record the interplay of sand supply and deposition or 

retreat and starvation. 

- 	Sandy mass flows facies association dominate the MSM depositional units 

with minor components from other facies (such as F!, FU, Fifi and FyI). The 

occurrence of these other facies (when not explained by the anticipated facies 

variations within the depositional model) is attributed to the location of the 

wells in structurally high positions, near active faults, above buried faults or 

in areas of instability due to compaction. 

- 	The structural position of the Penguin-A Field wells on a highly faulted 

collapsed terrace of the Penguin Horst is the main cause for the clear 

distinction of the facies within the Penguin-A Field wells from the other wells 

in the Penguin half graben. 

- 	Through core descriptions and analysis integrated with seismic data and 

wireline log interpretations, the dispersal patterns and sedimentary 

architecture of the Magnus Sandstone Member has been achieved. This thesis 

proposes a new model for the Late Jurassic Magnus Sandstone Member 

deposition in which the system appears to form two distinct components: A 

lower part, which is a westerly derived confined flow comprising a submarine 

fan/slope environment and an upper part, which is an axial depositional 

system derived from the north and northeast and consisating of amalgamated 

sand sheets. 
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Chapter Eight 

Synthesis and Conclusions: The influence of fault array 

evolution on syn-rift sedimentation patterns 

8.1 Introduction 

The depositional architecture within extensional basins is governed by sediment 

supply, climate, eustacy and the creation of accommodation. The qualification of 

sediments dispersal and depositional patterns in an active extensional setting require 

an examination of coeval evolution of fault arrays and depositional systems. This 

study has utilized 3-D seismic data and wireline logs to examine the tectono-

stratigraphic evolution of the Late Jurassic Penguin half graben. Specifically, the 

study has characterized the control of normal faulting on the deposition of the 

Magnus Sandstone Member, a syn-rift deep-water depositional system encased 

within the deep marine Kimmeridge Clay Formation. The study proposes a new 

model for the deposition of the Magnus Sandstone Member that addresses the 

dynamic sedimentary and tectonic evolution of the Penguin half graben. 

The Magnus Sandstone Member forms the reservoir interval in Magnus and Penguin-

A fields within the Northern North Sea. Previous studies have proposed contradicting 

models for the source direction and depositional environment of the Magnus 

Sandstone Member. Studies focused on the Magnus Field alone propose a submarine 

fan depositional system with four depositional lobes that was sourced from an area to 
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the west to northwest of the Magnus Field (e.g. De'Ath & Schulyman, 1981; 

Shepherd et al., 1990, Morris et al., 1999). A more regional study on the Penguin 

half graben, although using only sparsely distributed 2D seismic data, proposed a 

northerly sourced axial depositional system for the MSM comprising four sand 

sheets (Ravnàs & Steel, 1997). This study uses 3D seismic data covering both the 

Magnus and Penguin-A fields and large areas of the surrounding blocks and provides 

an excellent opportunity for a detailed and integrated study of the Magnus 

depositional system. 

This chapter synthesises interpretations from the previous chapters, proposes a 

temporal and spatial depositional model for the Magnus Sandstone Member and 

presents key conclusions for the Penguin half graben evolution. The model presents 

MSM dispersal and depositional patterns as determined from a combined seismic 

stratigraphic and structural interpretation accompanied by high resolution wireline 

log and core interpretation. The main conclusion is the undisputed influence of 

faulting on the deposition of the MSM. The distribution of the MSM was largely 

controlled by the major N-S faults (e.g. Penguin Horst Fault and Penguin South 

Fault) formed by linkage of NNW-SSE orientated faults that formed a widely 

distributed network. WNW-ESE orientated cross faults, accommodating stress from 

the lengthening hangingwall, controlled the location of the feeder for the early 

westerly derived MSM Unit 1. Localised thickening of MSM Units 2 and 3 

developed against NNW-SSE trending reactivated early syn-rift faults and late syn-

rift faults. 

8.2 	Control of Faulting on MSM Deposition 

The seismic data resolves two successions in the Magnus Sandstone Member 

separated by a widespread shale interval. Isochron maps of the MSM verified that the 

member displays an axial depositional trend for the upper succession of the MSM 

whereas the lower succession conforms to a westerly derived confined depositional 

system. The seismic stratigraphic geometries of the MSM are further supported by 
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the wireline log analysis. The higher resolution of the wireline logs allowed four 

distinct units, separated by shale intervals, to be identified in the MSM (Chapter 5). 

The thickness of each unit, as recorded in the wireline logs, were contoured to 

illustrate the spatial distribution of each unit. 

The seismic geometries and wireline analysis both strongly suggest different source 

directions for the two successions. Maps created from seismic data and wireline 

demonstrate that the lower MSM succession maps as a single westerly derived 

system with a confined entry point and channelised morphology expanding 

eastwards into a depositional lobe (Figs. 3.26 & 5.7). This character/distribution 

suggests a submarine fan/slope complex as the depositional environment. The 

maximum thickness of the lower MSM succession is located towards the eastern 

flank of the Magnus Field (Fig. 3.26). The lower MSM succession increases in 

thickness against the WNW-ESE-4 Cross Fault, which indicates that the fault was 

active during the deposition of this lower succession (Fig. 4.27). 

A major shale unit, the Lower Shale, is mapped on seismic and using core and 

wireline data. This is an important marker that extends across the entire study area, 

reaching thicknesses of 30 in, and is identified as the Autissiodorensis maximum 

flooding surface of Partington et al. (1993b). The Lower-Shale separates MSM Unit 

1 from the overlying units. The upper MSM seismic succession is subdivided into 

MSM units 2, 3 & 4 in core and wireline. These units are separated by shale intervals 

that are thinner than the Lower Shale. The upper MSM succession, in contrast to the 

lower succession, is an axial depositional system derived from the north and 

northeast and is thickest to the north, near well 211/8-3 (Figs. 3.25 & 5.14). 

The upper succession is predominantly controlled by NNW-SSE trending faults. The 

Brent Fault, a Late Jurassic early syn-rift fault, was reactivated during the later stages 

of the MSM deposition and the upper succession onlaps and thickens against the 

fault (Fig. 4.19). Using the wireline logs, the distribution of MSM Unit 2 indicates a 

trend of axial deposition with a smaller depocentre towards the southwest (Fig. 5.9). 

Chapter 8: Synthesis and Conclusions 	 273 



This smaller depocentre is in the hangingwall to the Brent Fault, indicating the fault 

control on deposition of MSM Unit 2, which supports the seismic interpretation. 

MSM Unit 2 is the thickest unit in the upper MSM succession and can be further 

subdivided into lower and upper subunits. Unit 2-Lower is thickest in the small 

southwest depocentre whereas Unit 2-Upper is thickest in the northern part of the 

graben. Therefore the Brent Fault exerted the most control on MSM Unit 2 

deposition during the earliest stages of deposition. The control of the Brent Fault was 

much reduced by the time of deposition of MSM Unit 3 and Unit 3 is also thickest in 

the north (Fig. 5.13). The increased thickness of MSM Unit 2-Upper and Unit 3 in 

the northern part of the graben is related to the increased control on deposition of 

NNW-SSE trending faults that developed late in the syn-rift period. 

MSM Unit 4 is encountered only in the Penguin-A Field wells and increases in 

thickness to the south. Both the presence of this youngest MSM depositional unit in 

the Penguin-A Field only and the axial distribution of the older units support a north 

to northeast source for the upper MSM succession. 

The MSM depocentres were created by the subsidence of hangingwalls adjacent to 

major early syn-rift faults. Some faults, e.g. NNW-SSE_S1 5, remained active 

throughout the deposition of the member. Others, such as the Brent Fault, were 

reactivated early syn-rift faults, having been inactive during deposition of MSM Unit 

1. Finally a number of late syn-rift faults were initiated during the deposition of the 

member, e.g. M_NNW-SSE_6. The thickness variations of the different MSM units 

display trends of increased thickness against active faults. Facies distributions within 

the different MSM units indicate direct links with structural position, fault activity 

and slope instabilities from buried fault traces and basin floor rotation. 

Thickness isopach maps for the different MSM depositional units from the upper 

succession (Figs 5.9-5.14) are interpreted by this study to indicate a northern source 

direction for the sediments. The deposition of the thick succession was controlled by 

active displacement movement along some of the NNW-SSE faults. However, 
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ponding, deflection, reflection and flow stripping of the gravity flows sourced from 

the west are all alternative explanations for the trends observed. These alternatives 

are neither supported by the geometry and character of reflectors observed in the 

seismic data nor by the geometry of the thickness contour lines mapped for the 

different MSM depositional units. In addition, the facies and character of sediments 

described (Chapters 6 & 7) for the Magnus depositional system do not support these 

alternative processes. It should be noted that all cores are located at the margins of 

the basin and therefore successions from the centre of the basin may contain deposits 

from the processes suggested above. The strong evidence from seismic data 

interpretation implies that active movement on the NNW-SSE faults was the main 

controlling factor in the MSM thickness distribution observed. 

The upper succession of the MSM is interpreted as consisting of shingled sand sheets 

confined by the uplifted footwall of the Penguin Horst and Penguin South faults to 

the east and their hangingwall dip slopes to the west. Downiap geometries of some 

reflectors within the upper sheet sand succession of the MSM are observed at the 

centre of the Penguin half graben and these geometries are especially clear in 

flattened, W-E oriented seismic sections (e.g. Fig. 3.27). Thinning onlapping 

geometries (sensu Kneller & McCaffrey, 1999) on the margins of the basin are 

observed from higher seismic package. Little evidence of channelized flows was 

detected from the seismic data or core analysis. 

The contour thickness maps for the different MSM units of the upper succession 

strongly suggest that the northern area provided the main source for the sediments as 

higher thickness values are consistently encountered towards north for progressively 

younger depositional units of the MSM. A more symmetrical contour thickness map 

representing a similar distribution and/or variation of the MSM to the north and south 

would imply that the sediment was sourced from the west then became ponded and 

was deflected to the north and south by the footwalls to major faults in the graben. 

This pattern was not observed and a northern sediment source is preferred. 
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The deposition from turbidity currents within confined basins has been the focus of 

many recent studies and the key facies can be detremined from the interaction of 

turbidity currents within such basins (e.g. Pickering & Hiscott, 1985; Kneller et al., 

1991; Houghton, 1994; Sinclair 2000, McCaffrey & Kneller, 2001). Some of the key 

facies identified are: 

Ripple cross laminations that indicate flow reversals and variable grading 

patterns (e.g. Pickering & Hiscott, 1985). 

Sheet-like sand bodies that are separated by equally thick mud-rich intervals 

(e.g. Houghton, 1994; Sinclair 2000). 

A step-wise transition from a graded turbidites with high clay ratios (up to 

50%) within the sand bodies at the base and decreasing ratios of clay in 

successively higher turbidite sheets (e.g. Sinclair & Tomasso, 2002). 

Turbidity currents entering a region with topography or a confined basin by some 

form of slope or margin are known to experience nonuniformity that produces spatial 

variation in the flow (e.g. Kneller & McCafferey, 1999). Depending on parameters 

such as the flow velocity, the reciprocal of flow height and the density stratification, 

turbidity currents may decouple into a lower, denser part that moves around the 

topography and an upper part, which moves up or over the topography. Massive 

sands on the open basin floor will pass laterally into thinner sands with abundant 

traction structures adjacent to the paleoslope (Kneller & McCafferey, 1999). 

According to Sinclair & Tomasso (2002), the history of fill and subsequent spill and 

abandonment of intra-slope basins passes through four dominant processes starting 

with flow ponding, followed by flow stripping, then flow bypass and ending with 

backfilling (Fig. 8.1). 

However, the MSM core analysis did not recognise any of the facies characteristic to 

turbidity currents ponding and deflection processes (e.g. reversed paleocurrent 

directions, complex grading patterns, the presence of thick mudstone caps overlying 

sandstone beds and thin sandstone units with abundant traction structures adjacent to 

slopes). The sandstone sheets described from the MSM (Chapters 6 & 7) mainly 

consist of amalgamated massive and structureless sand units (FV, Chapter 6) that are 
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by b) Flow stripping then c) Flow bypass and ending with d) Backfilling. 
From Sinclair & Tomasso, 2002. 
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separated by very thin to thin mud intervals. The sandstone units display dish and 

pipe dewatering structures and grading patterns that are all in accord with the models 

proposed for the deposition from medium (Bouma, 1962) to high (Lowe, 1982) 

density turbidity currents. Clay ratios within sand units are typically very low and do 

not display any pattern or gradation through the different MSM depositional units. 

Any deviations from these fades that cannot be explained by the anticipated 

variation in facies related to the depositional environment are attributed to either 

increased slope instability due to tectonic subsidence and basin floor rotation or are 

located in one of three structural positions: 

- Proximal to an active fault. Movements on the fault caused slumping, recognised 

in core by a brecciated and contorted sedimentary character. 

- Above inactive fault traces. Slope instability due to compaction above the buried 

fault trace induced slumping. 

- Structurally high locations. Flows pass around these areas and the location 

received only finer sediments. 

The intervening shales between the MSM depositional units may be subdivided into 

three categories. Shales either represent monotonous laminated clays with very minor 

silty laminae and thin sand beds, interlaminae of planar laminated clays and silt or 

once laminated clays that are severely deformed by intrusions of contorted, 

brecciated and folded sediments. The Lower-Shale, separating the two main 

successions of the MSM, displays this latter deformed character whereas the 

intervening shales between units 2, 3 and 4 of the upper MSM succession are 

generally thinner and characterised by mixtures of all three categories. 

If sediment was delivered from a transverse, western source to a confined basin with 

sloping margins such as the Penguin half graben, then ponding at the graben centre 

would be anticipated before the flow interacts with the basin margin to the east. At 

the basin margins the flow's lower part may be deflected from its original path and 

forced to travel parallel to the slopes, whereas the lower density upper part may run 

up the slope and collapse back onto the basin floor as a reflected flow. However, the 

sediment was delivered to the Penguin half graben from the north and travelled 

Chapter 8: Synthesis and Conclusions 	 278 



axially in a southward direction. Reflection along the margins is possible but was not 

recognised in the ripple cross-laminated core. Some ponding facies may be expected 

in subbasins created against small faults with the Penguin half graben. 

8.3 Depositional model for the Magnus Sandstone Member 

Sea-level fluctuations have long been accredited as the main control on sequences 

deposition (e.g. Vail, 1987; Van Wagoner et al., 1990). However, in extensional 

settings, sea-level changes are superimposed on accommodation changes generated 

by uplift of footwalls and subsidence of hangingwalls (Gawthorpe et al., 1994). This 

spatial variability of tectonically generated accommodation may lead to variations in 

the net effect of sea-level change. Consequently, sedimentary sequences may be 

entirely independent of sea-level changes. Only a high magnitude eustatic sea-level 

fall could outpace the subsidence rates created adjacent to major normal faults. In the 

extensional setting of the Penguin half graben, tectonic subsidence is the main 

control in generating accommodation as demonstrated by the seismic interpretation. 

This is confirmed through the examination of sedimentary sequences and the local 

sea-level changes in the actively extending North Sea, of which the Penguin half 

graben forms an integral part. By comparison sedimentary sequences which occurred 

in regions expressing less subsidence are more influenced by fluctuations in the 

eustatic sea-level (e.g. Dorset, Haq et al., 1987). In the Jurassic to Cretaceous period, 

eustatic sea-level changed from high in the Kimmeridgian to low by the end of 

Portlandian as demonstrated by the shift from fully marine conditions to non-marine 

(Fig. 8.2). In contrast, in the Northern North Seat, and due to tectonic activity, 

eustatic sea-level fall was exceeded by the subsidence of hangingwalls to the major 

extensional faults and therefore, marine conditions were sustained for a longer 

period. 

The syn-rift succession in the Penguin half graben is represented by the shallow 

marine Tarbert Formation, overlain by the deep marine Humber Group (comprising 

Heather and Kimmeridge Clay formations). The Kimmeridge Clay Formation 
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encases the Magnus Sandstone Member. This syn-rift succession conforms to the 

characteristic stratigraphic motif of marine extensional basins; shallow marine 

sedimentation records an early basin fill phase during rift initiation and is succeeded 

by a period of basin starvation in the rift climax phase, represented by deep marine 

sedimentation (Prosser, 1993; Schlische & Anders, 1996; Ravnâs & Steel, 1998). 

The transition from the rift initiation to rift climax has been attributed to fault activity 

localisation from numerous short active segments onto a few throughgoing linked 

arrays (e.g. Gupta el al., 1998). With the cessation of differential subsidence at the 

end of rift activity, sediment input rates increased leading to the deposition of a 

major clastic system, which is represented by the deposition of the Cretaceous 

Cromer Knoll Group across the northern North Sea. 

The stratigraphic motif of the Penguin half graben is considered to be in accord with 

the general models proposed for extensional basins (Prosser, 1993; Ravnás & Steel, 

1998). The key difference for the successions in the Penguin half graben from the 

idealised vertical sequence for extensional basins (Prosser, 1993; Ravnás & Steel, 

1998, Fig. 2.13) lies in the scale of the clastic successions that interrupt the deep 

marine sediment deposition in the syn-rift period. The Magnus Sandstone Member 

deposited during the later stages of the Late Jurassic rift event is extensive ( 250 
2)  and reached thicknesses of more than 300m. These thicknesses are slightly 

higher than the syn-rift clastic successions suggested in models developed for 

extensional basins (Prosser, 1993). 

A number of studies on the Northern North Sea have examined the syn-rift 

sedimentation patterns during the evolution of the Late Jurassic rift event. The 

temporal and spatial evolution of the rift system has been proven to be recorded in 

the distribution and stratal architecture of syn-rift sediments (e.g. Dawers & 

Underhill, 2000; McLeod et al., 2000; Young et al., 2001). By integrating the syn-rift 

deposition and dispersal patterns with displacement variation along strike, these 

studies have shown that an initial fault population of a large number of short, low-

displacement faults evolves into a late population, by the process of segments 

interaction and linkage, comprising a few large fault systems. 
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Seismic interpretation of 3D-seismic data over the Penguin half graben, revealed the 

numerous NNW-SSE trending faults with associated hangingwalls depocentres 

infilled with Heather Formation sediments during initiation of the Late Jurassic rift 

event (Fig. 8.3a). The NNW-SSE trending faults interacted and eventually some 

linked to form major throughgoing, mainly N-S oriented faults, e.g. the Penguin 

South Fault, during deposition of the Lower Kimmeridge Clay Formation. 

Depocentres gradually amalgamated to produce large N-S trending depocentres as 

their adjacent faults interacted and linked (Fig. 8.3b). As the depocentres widened 

and deepened and the hangingwalls lengthened, WNW-ESE accommodation 

structures at high angles to the depocentres axis formed (Fig. 8.3c). An axial N-S 

basin morphology prevailed during the latest stages of the Late Jurassic rift event 

although some of the early NNW-SSE trending faults were still active. 

The MSM sediments were produced by the erosion of Triassic and Lower Jurassic 

sequences on the Nordfjord High in the far north during the Kimmeridgian and shed 

southward into the subsiding Viking graben (Ziegler, 1990b). The MSM deposition 

in the Penguin half graben is known to occur in the period of late Kimmeridgian-

early Volgian (Morris et al., 1999). Therefore the deposition of the MSM had started 

at a time when the Penguin half graben was experiencing high subsidence rates due 

to the interaction and linkage of the shorter NNW-SSE trending segments into the 

larger N-S fault arrays. The sediments shed from the Nordfjord High were most 

probably initially transported through the Magnus Basin area (Fig. 4. 1), with some 

sandstone deposition before the bulk of the sediment was transported into the 

Penguin half graben. The sediments from the Nordfjord High may have also been 

shed into the western parts of the More Basin. The first pulse of the MSM is 

interpreted as a submarine fan/slope complex that displays a single westerly confined 

entry point with an expanding depositional lobe to the east (Fig. 8.4a). The 

submarine complex is partially controlled by one of the cross faults that 

accommodated the increased extensional stresses during subsidence and hangingwall 

lengthening. The west entry of the MSM Unit 1 is consistent with sediments being 

shed southward from the northwestern location of the Nordfjord High. Alternatively, 

Chapter 8: Synthesis and Conclusions 	 282 



II ILI 4'J'II 

Faults 

, .4oro  Widening 
Depocentres 

(a) The Late Jurassic rift event was initiated with numerous small faults with isolated 
depocentres and trending NNw-SSE. The early syn-rift Heather Formation displays 

higher thicknesses within these depocentres. Deoocentres 

(b) During the deposition of the Lower Kimmeridge Clay Formation the depocentres were 
wider and deeper mirroring the interaction of the fault strands. 

I n+rr'finri 

(c) The linkage of some fault strands during the Kimmeridgian caused major hangingwall 
subsidence and lengthening. This was accommodated by the initiation of Cross Faults. 

	

EOWF strands 	 PSF 	
PHF 

Cross Fault  
PSF: Penguin South Fault 
PHF: Penguin Horst Fault 
EOWF: End of the World 
Fault 

	

Kimmeridge Clay Formation 	
Pre-rift sequences 	o 	—5km

L._ 
Heather Formation 

Figure 8.3: Schematic representation of the tectono-stratigraphic evolution of the Penguin half 
graben. The graben evolved from the interaction and linkage of a number of shorter NNW-SSE 

trending fault. See text for discussion. 

283 
Chapter 8: Synthesis and Conclusions 

rmation 



The earliest MSM depositional unit is a single westerly derived fan/slope complex, 
confined to the east by the PSF footwall. 	 /PHF 	

IN 

MSM Uniti 

Cross Fault - 
active during 
deposition of 
MSM Unit 1 

PSF: Penguin South Fault 
PHF: Penguin Hoist Fault 

A switch to northern source direction for MSM Units 2 and 3. This is attributed to the 
interaction and linkage of the End of the World Fault (EOWF) strands, causing the termination 
of the westerly source and shedding of sediments through a transfer zone in the north. 

MSM Units 2& 
EOWF linked strands 

The deposition of the youngest MSM unit. The unit is encountered in the Penguin-A Field 
wells and extends in a N-S lobe, inferring a northern source direction for the unit. 

MSM Unit  

Magnus Sandstone Member 
	

[III Pie-rift sequences 
	0 	—P5 km 

Kimmeridge clay Formation 
	

Heather Formation 
	

Sediment travel direction 

Figure 8.4: Schematic representation of the Magnus Sandstone Member deposition through 
time. The depositional evolution is illustrated from the earliest unit with a westerly derived 
direction to the youngest with a northern source direction. See text for more discussion. 

Chapter 8: Synthesis and Conclusions 	 284 



these sediments may have been derived from the Shetland Platform to the west of the 

Penguin half graben. The platform was also uplifted during the same period (the 

Kimmeridgian) as the Nordfjord High (e.g. Ziegler, 1990b). Sediment deposited in 

submarine fan complexes in the Moray Firth and Southern Viking Graben (e.g. Brae 

Field: Stow et al., 1982; Turner el al., 1987) was derived from the Shetland Platform. 

The Lower-Shale separates the two main MSM successions and represents the period 

when the source direction/entry point for the Magnus sandstone into the Penguin half 

graben changed. The period of relative sea level rise represented by the Lower Shale 

(the Autissiodorensis maximum flooding surface sensu Partington el al., 1993b) is 

thought to be the main cause for the termination of clastic input and probably 

represents the time of maximum marine inundation of surrounding basin margin land 

areas during the Upper Jurassic. The highly disturbed character of the Lower-Shale 

suggests deposition at a time of tectonic instability related to basin floor rotation, 

increased subsidence or a change in the regional stress regime. Linkage of some of 

the NNW-SSE trending faults to form the major N-S faults occurred during early 

Volgian time. This date is based on an analysis of the timing of activity associated 

with different fault populations within the graben in this study. The linkage therefore 

may have caused the increase in relative sea level, generated by rapid subsidence, 

represented by the Lower-Shale. 

The next pulse of the MSM sediments was directed from the north and sediment was 

deposited in a N-S axial trend within the Penguin half graben (Fig. 8.4b). This study 

proposes the hypothesis that the End of the World Fault, a major fault that separates 

the Penguin half graben from the Magnus Basin, was initiated as a series of fault 

strands trending NE-SW during the Kimmeridgian. These faults were initially short 

with only minor displacement, with some forming monoclines above faults that did 

not break the surface. During this period, MSM Unit 1 sediment which were 

transported south from the Nordfjord High, were not deflected by the strands and the 

flows entered the Penguin half graben from its western side. The strands continued to 

grow and began to interact and link towards the end of MSM Unit 1 deposition. The 

linkage of some strands most probably disrupted the flow path and consequently the 
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western input into the Penguin half graben ended. Following the major rise in 

relative sea level, represented by the Lower Shale, sedimentation into the graben 

resumed through a northern entry point, probably through a transfer zone between 

two intersecting strands although this is outside the seismic coverage. A transfer zone 

between two faults strands and a northern source is also suggested by Ravnás & Steel 

(1997) and Fig. 8.5 represents their model. Ravnâs & Steel (1997), however, identify 

this study's MSM Unit 1 to be the Ptarmigan Sandstone Member in some wells and 

suggest a different source for these sediments (Fig. 8.5a). The areally more restricted 

extent of the MSM Unit 4 may be attributed to its entry point being through a 

different transfer zone and further northeast from the transfer zone facilitating the 

deposition of the earlier MSM Units 2 and 3 (Fig.8.4c). 

The great thickness of the MSM encountered in the southern well 211/12-15 suggests 

that thick sandstone sheets exist in the southern part of the Penguin half graben and 

outwith the main study area. This area, to the south of the Penguin half graben, has 

not been previously explored, but general structural trends indicate the existence of at 

least one major fault. This fault may represent the continuation of the Penguin South 

Fault that ultimately joins with the Tern-Eider Horst southern normal fault (Fig. 4.1). 

This major fault probably deflects any sediment shed from the Penguin half graben 

westward. Therefore, further exploration for potential reservoirs within turbiditc 

sandstone sheets would benefit from the interpretation of seismic data across this 

area. The Nordfjord High collapsed in the earliest Cretaceous period in response to 

accelerated crustal extension and caused the full linkage of the major End of the 

World Fault. This led to an abrupt termination of clastic supply to the Penguin half 

graben and deposition from the water column resumed to form the Upper 

Kimmeridge Clay Formation. 
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Figure 8.5: Schematic representation of the development of the Penguin half graben. (a) Late 
Oxfordian-Kimmeridgian, deposition of the LKCF and lower MSM. (b) Kimmeridgian-Early 
Volgian, deposition of the upper MSM. (c) Early-Middle Volgian, deposition of the UKCF. 

(d) Middle Volgian-Ryazanian, thermal subsidence during early post rift stage. 
After Ravnas & Steel, 1997. 
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8.4 Conclusions 

- The Penguin half graben structure and geometry evolved throughout the Late 

Jurassic-Early Cretaceous rift event. Early in the rift period, a large number of small 

NNW-SSE trending, low displacement faults were initiated during the deposition of 

the Heather Formation. As the extensional system evolved into the rift climax stage 

(sensu Prosser, 1993), the faults linked to form major faults, predominantly trending 

N-S, and the strain localized onto these linked faults. Consequently, the hangingwalls 

to these linked faults experienced higher rates of subsidence. Cross Faults, striking 

perpendicular to the major N-S faults, were initiated in the central area of the 

Penguin half graben to accommodate the increased strain from the lengthening 

hangingwalls. Early Cretaceous rift activity in the North Atlantic margin generated 

major NE-SW trending faults, e.g. End of the World Fault, which uplifted the 

northwestern area of the Penguin half graben. Listric slump faults were initiated in 

response to the associated backtilting of the footwalls to the early Cretaceous faults. 

- The development of these different structural styles, comprising NNW-SSE, N-S, 

NW-SE, WNW-ESE and NE-SW trending faults demonstrates that interaction 

between faults and structural feedback is the prime mechanism that governed the 

evolution of fault populations within the Penguin half graben. This is supported by 

the presence of abandoned palaeo-tips, along strike variation in displacement and 

syn-rift stratigraphic architecture and the formation of listric slump faults. 

- The depocentres within the Penguin half graben changed and evolved throughout 

the Late Jurassic rift period. During early syn-rift deposition, isolated depocentres of 

2-6km were infilled by Heather Formation sediments. As the rift evolved, the 

depositional loci migrated to the centre of wider depocentres (up to 12km) that 

formed adjacent to the now linked fault arrays. These larger depocentres contain 

sediments of the Kimmeridge Clay Formation and Magnus Sandstone Member. 

- Seismic stratigraphic mapping of the Magnus Sandstone Member resolved two 

distinct depositional systems, separated by a widespread shale interval. Detailed 
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mapping of these two systems revealed different depositional geometries and 

contrasting sediment source directions. High resolution analysis of the wireline logs 

and core data permitted further subdivision of the Magnus Sandstone Member into 

four distinct depositional units that are separated by shale intervals. 

- The lower system in the Magnus Sandstone Member (equivalent to MSM Unit 1 in 

wireline log and core) is a confined westerly-derived system that expands to a radial 

geometry over a distance of 10 km. Thicknesses of the succession increase eastwards 

with the greatest thicknesses encountered at the eastern flank of the Magnus Field 

around wells 211/12-M5 and 12-9. The unit thickens towards one of the Cross Faults 

(WNW-ESE 4) implying that this Cross Fault was active and constrained the 

distribution of MSM Unit 1. The control of the WNW-ESE-4 fault decreases 

eastward in accord with diminishing displacement on the fault. 

- The upper system of the Magnus Sandstone Member comprises MSM Units 2, 3 

and 4 of the wireline log and core subdivisions and all conform to an axial trend of 

deposition. The greatest thicknesses are observed against the Penguin South fault at 

the central part of the Penguin half graben and towards north. This infers a northerly 

source direction for the upper Magnus Sandstone Member system. 

- Magnus Sandstone Unit 2 is subdivided into upper and lower units by a shale 

interval. The lower unit generally describes an axial depositional trend with one 

depocentre with a greater thickness offset to the southeast. The upper unit also 

demonstrates an axial trend of deposition with a greater thickness towards north and 

thinner succession in the southwest depocentre. The difference in thickness trends 

between the upper and lower units is attributed to reactivation of the early syn-rift 

NNW-SSE trending Brent Fault during the period of MSM Unit 2-Lower deposition. 

The higher thicknesses of MSM Unit 2-Upper towards north are due to the control of 

a late syn-rift fault trending NNW-SSE. The depositional trend of Magnus Sandstone 

Unit 3 resembles the axial trend of Unit 2-Upper, with higher thicknesses observed 

towards the north of the area. This supports the notion of a northern late syn-rift, 

NNW-SSE trending fault control on the upper part of the Magnus Sandstone 
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Member deposition. Magnus Sandstone Unit 4 is encountered in the Penguin-A Field 

wells (to the north east) only and displays a trend of increased thickness towards 

south, confirming the northerly source direction for the sediments. 

- The sandy mass flows facies association dominates Magnus Sandstone Member 

depositional units. However, small proportions of the other facies associations are 

also encountered. The presence of other facies in particular the deformed and fine-

grained sediments (Fl, FH, Fifi and VI) is attributed to the range of well locations 

from structural high positions, near active faults, above buried fault traces, within 

areas of slope instability due to compaction and deposition during basin tilting or 

rotation. The facies distribution (amalgamated sand units with very poorly sorted, 

course to granule sand grains at base and fining upwards) in the lower Magnus 

Sandstone succession supports the deposition of the unit in a submarine fan/slope 

environment. However, these classic facies have not been recognised in the upper 

Magnus Sandstone Member succession and integration of seismic data interpretation, 

well and core data analysis proposes that the upper Magnus Sandstone Member 

succession was deposited as series of shingled sand sheets. 

- The change in source direction from westerly derived sediments for the lower MSM 

succession to northerly sourced upper MSM sediments could be attributed to one (or 

more) of the following: 

A change in source area; the lower succession was sourced from the North 

Shetland Platform, located to the west of the Penguin half graben, whereas 

the upper MSM was sourced from the northwestern Nordfjord High. 

A change in sediments pathways due to the interaction and linkage of the 

End of the World Fault; the lower succession was deposited from flows 

travelling directly from the northwesterly-located Nordfjord High during the 

very early stages of the End of the World Fault initiation. Interaction and 

linkage of various strands of the End of the World Fault caused sediments 

routes to be closed off and flows deflected. The upper succession was then 

deposited through a transfer zone between two fault strands to the north of the 

Penguin half graben. The sea-level rise associated with this increased 
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subsidence could also have had a role to play in re-routing the sediment in a 

much more proximal location although this of course cannot be proved. 

- The Penguin half graben basin displays the very characteristic stratigraphic motif of 

extensional settings, supporting previous studies such as Leeder & Gawthorp, 1987; 

2000 and Dawers & Underhill, 2000. However, this study demonstrates that the 

distribution of the late syn-rift sediments (the MSM) is very complex due to the 

complex distribution of normal faults and their associated depocentres. The analysis 

of stratigraphic deposition and dispersal patterns with reference to tectonic evolution 

of the basin therefore presents an advance on just applying the traditional model of 

syn-rift sedimentation as it predicts the facies distribution within the system, which is 

controlled by the basin tectonically evolving bathymetry. 

- A potential hydrocarbon reservoir is commonly anticipated at the highest peak 

displacement on a footwall (representing the structural crest). However, other 

anticlinal highs representing important potential structural traps are frequently 

missed. These additional highs are identified using the local maxima positions in the 

fault system displacement profile. The fault systems in the Penguin area formed 

through the linking of shorter strands and therefore the fault systems display variable 

magnitudes of displacement along strike. This variation produces differential uplift 

of the footwall and defines a series of highs and lows along the crest of the structure. 

The uplifted and tilted pre-rift sequences in the footwalls are a main hydrocarbon 

exploration target. Therefore recognition and optimal production from such 

reservoirs requires an understanding of the structure of the footwall and the 

deformation in pre-rift sediments. 

- A fault scarp degradation complex is present on the early Cretaceous End of the 

World footwall in the northwest area of the Penguin half graben. Seismic mapping of 

the complex indicates that the complex extends over a relatively large area (- 30 

km2), but no wells cored the interval, hence its internal structure and sedimentology 

could not be examined. However, fault scarp degradation complexes are considered 

important secondary hydrocarbons reservoirs (Underhill et al., 1997; McLeod & 
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Underhill 1999). Uplift of the footwalls to normal faults causes deformation of the 

pre-rift sequences through folding and brittle faulting and exposes the uplifted 

sequences to elements of denudation and erosion. These factors, together with the 

actions of translational-rotational sliding processes, lead to the development of fault 

scarp degradation complexes on footwalls such as that associated with the End of the 

World fault. 

- A number of potential stratigraphic traps exist in extensional basins where large 

fault arrays have formed through linkage of an earlier population of shorter faults. 

The new model for the Magnus Sandstone Member deposition proposed here 

interprets a transfer zone between two strands of the End of the World Fault that 

acted as a conduit for sediments transfer from the north into the Penguin half graben. 

Transfer zones (or relay ramps) have been documented as important structures for 

focusing modified, antecedent drainage systems, derived from footwall regions, into 

the hangingwalls (e.g. Underhill, 1998; Gawthorpe & Leeder, 2000). 3D seismic data 

across the northern area of the Penguin half graben over the anticipated positions of 

the transfer zones would add a great deal to the investigation of the MSM source 

directions. Displacement-length profiles of the faults arrays would aid in identifying 

likely positions for segments boundaries that may have comprised relay ramps. 

- Traditional models of extensional basin stratigraphy predict the deposition of a 

sand-prone sequence at the latest stages of rifting that reflect the cessation of activity 

of the rift system as sediment supply is able to keep pace with subsidence (Prosser, 

1993; Ravnás & Steel, 1998). The sand-prone sequence may take the form of 

transverse basin floor fan or axial turbidite systems that deposits sediments along the 

longitudinal synclinal depocentres created against the fault arrays. The Magnus 

Sandstone Member is a sand-prone sequence comprising both basin floor fan and 

axial sand sheets of turbiditic origin and proved to be highly prospective systems 

explored in two major North Sea fields. The lower MSM is interpreted as a 

submarine fan/slope environment implying good reservoir qualities although the 

confined geometry of the system represents a relatively localized reservoir. In 

contrast, sand sheets representing the axial depositional system of the upper MSM 
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have a much greater areal extent. Local thickening of sands against faults that 

trapped and controlled deposition further improves the reservoir prospectivity of the 

axial system. 

Exploration for hydrocarbons in deep-marine sediments in extensional settings must 

include detailed studies of the tectono-stratigraphic evolution of the individual 

basins. Incorporation of information on drainage systems, sediment pathways and 

sea-level fluctuations (data permitting) during syn-rift sedimentation compliments 

and provides a more complete understanding of the rift basin. Unfortunately, within 

this study investigation of these other factors was not facilitated by the data 

available. However this study conclusively demonstrated that the sediment dispersal 

patterns and deposition in a submarine rift basin are only qualified with an 

understanding of the evolution of the fault populations within the basin. This study 

demonstrates that rift basins are dynamic and the active fault distribution evolved 

throughout the rift event leading to a variation in the basin structure and geometry 

through time. 
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Appendix 1 

Seismic Surveys and Wireline Logs 

Table 1.1: Seismic surveys details. 

Sw 98087_survey over the Penguin-A Field 
- Coordinates for the 4 corners of the survey: 

Line Trace Easting Northing 
1 121 568343.4 6823820.9 

1696 121 575477.94 6843771.04 
1 2000 590459.23 6815911.87 

1696 2000 597593.77 6835862.01 

-mimes: 1-1696 
- Crosslines: 121-2000 

- Distance between mimes is 12.5m and between crosslines is 12.5m 

Sw 97115_survey over the Magnus Field 
- Coordinates for the 4 corners of the survey: 

Line Trace Easting Northing 
1992 950 418885.85 6842738.9 
2842 950 409017.8 6846676.21 
1992 3110 408880.35 6817661.33 
2842 3110 399012.38 6821597.64 

- mimes: 1992-2842 
- Crosslines: 950-3110 

- Distance between mimes is 12.5m and between crosslines is 12.5m. 
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Table 1.2: Seismic interpretation density. 

Horizons: 

Surfaces/Survey Sw 98087 Sw 97115 
Inline X-line In-line X-line 

Sea Bed 10 20 10 20 
Top Balder 10 20 10 20 
Base Cretaceous 10 10 10 10 
Top Magnus Sstn 5/every line 10 every line every line 
Top Lower-Shale 5 10 every line every line 
Top MSM Unit 1 5 10 every line every line 
Base Magnus Sstn 5/every line 10 every line every line 
Top Heather 10 10 10 10 
Top Brent 5/every line 10 5/every line 10 

Faults: All the faults were interpreted at every 101h  inline, crossline or traverse that 
runs perpendicular to the strike direction of the individual faults. 

Table 1.3: Wells used within the study. 

Well Easting Northing Composite log Velocity log Consistency 
211/7-1 414144.7 6838311.09 Yes Yes Yes 
211/7-2 - 408855.25 6840782.75 Yes Yes Yes 
211/7-3 413657.75 6838471.15 Yes Yes Yes 
211/7-4 406915.27 6843195.02 Yes Yes No (25m shift) 
211/8-1 421530.06 6839676.85 Yes Yes Yes 
211/8-2 423788.9 6840977.59 Yes Yes No (85' shift) 
211/8-3 416649.84 6839296.14 Yes Yes Yes 
211/11-1 402612.39 6830774.19 Yes Yes Yes 
211/11-2 - 395929.15 6820288.69 Yes Yes Yes 
211/11-3 402840.16 6826457.89 Yes Yes No (85' shift) 
211/11-4 403860.1 6835218.53 Yes Yes Yes 
211/12-1 408805.506 6832722.514 Yes Yes Yes 
211/12-2 412930.547 6834936.217 Yes Yes Yes 
211/12-3 408691.249 6829572.4 Yes Yes Yes 
211/12-4 408415.717 6826717.333 Yes Yes Yes 
211/12-5 409550.651 6831621.86 Yes - Yes Yes 
211/12-6 412179.723 6836708.42 Yes Yes Yes 
211/12-7 - 406997.566 6833627.915 Yes Yes Yes 
211/12-8 405458.297 6829724.284 Yes Yes Yes 
211/12-9 411755.582 6833095.213 Yes Yes Yes 

211/12-10 413469.071 6837528.151 Yes Yes Yes 
211/12-11 410275.34 6829493.476 Yes Yes Yes 
211/12-12 409029.595 6828337.877 Yes Yes No(25.8mshift) 
211/12-13 409211.89 6829490.927 Yes No Yes 
211/12-15 414949.318 6825702.075 Yes Yes Yes 
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Well Easting Not-thing Composite log Velocity log Consistency 

211/12-MI 409654.759 6832884.637 Yes Yes Yes 

211/12-M2 410693.629 6834869.913 Yes No Yes 

211/12-M3 410393.143 6830667.419 Yes No Yes 

211/12-M4 412302.063 6834983.452 Yes No Yes 

211/12-M5 411266.54 6833090.473 Yes No Yes 

211/12-M6 410334.167 6834074.356 Yes No Yes 

211/12-M7 411470.912 6837605.087 Yes No Yes 

211/12-M8 411012.155 6832391.927 Yes No Yes 

211/12-M8z 410747.416 6832391.927 Yes No Yes 

211/12-M9 412011.08 6833969.23 Yes Yes Yes 

211/12-MIO 409336.94 6834812.35 Yes Yes Yes 

211/12-M 11 408589.373 6831055.256 Yes No Yes 

211/12-M12 408497.836 6834277.25 Yes Yes Yes 

211/12-M13 410343.26 6832154.647 Yes No Yes 

211/12-M16 409438.471 6834190.582 Yes No Yes 

211/13-1 422382.93 6834574.78 Yes Yes Yes 

211/13-2 425053.54 6830315.25 Yes Yes Yes 

211/13-3 419975.549 6834732.183 Yes Yes Yes 

211/13-4 416740.72 6820921.67 Yes Yes Yes 

211/13-5 417813.727 6826060.704 Yes Yes Yes 

211/13-6 424749.63 6834364.45 Yes Yes Yes 

211/13-7 423247.58 6821879.76 Yes Yes Yes 

211/13-8 424137.55 6819968.61 Yes Yes Yes 

211/13-9 419549.394 6832499.163 Yes No Yes 

211/13-10 420946.622 6836232.483 Yes Yes No (85' shift) 

211/14-1 427447.34 6824005.56 Yes No Yes 

211/14-2 427370.37 6820329.99 Yes Yes Yes 

33/5-1 425144.47 6846879.91 Yes Yes Yes 

33/5-2 427002.08 6837585.93 Yes Yes Yes 

All the wells are from the U.K. quadrant 211 except 33/5-1 & 2, which are 
from the Norwegian quadrant 33. 
The consistency column indicates if a shift was applied to the velocity log 
depths to match the composite log depths. Some wells velocity log was 
recoded with reference to Mean Sea level instead of the Derrik Floor 
Elevation, which required a shift of the depths. 
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Table 1.4: Stratigraphy picks from wireline logs. The stratigraphic levels picked are 
important surfaces for either tying wells to the seismic data or for examining the 
tectono-stratigraphic evolution of the Penguin half graben within the Late Jurassic-
Early Cretacous rift event. 

-All the stratigraphy depths are Along Hole Measure Depths (AHIVID) below 
derrik floor unless otherwise stated. 

-* indicates True Vertical Depths (TVD) below derrik floor. 
-Abbreviations used within the stratigraphy picks: 

m: metres 
f: feet 

Stratigraphy/WeIl 7-1(m) 7-2 (m) 7-3 (m) 7-4 (m) 8-1(f) 8-2 (I) 
Sea Bed no log 213.5 205 215.5 1009 1090 
Top Balder no log 1479 1381 1515 - 4798 
Top Cretaceous - 1554 1521 1709 5245 5280 
Top Cromer Knoll - - 3084 - ? - 
Top L-Cretaceous - - 3084 - 10957 - 
Top Barremian Imsi - - 3084.5 - 10970 - 
Base Cretaceous 3148 - 3094 - 10990 - 
Top Magnus Sstn 3152 - 3101 - 11166 - 
Top Lower-shale 3216.5 - - 11363 - 
Top MSM Unit 1 3220.5 - - 11445 - 
Base Magnus Sstn 3224 - 3170 - 11515 - 
Top Heather 3348 - - - 11667 - 
Top Brent - - - - - - 
Top Dun tin - - - - - - 
Top Triassic - 3382 - - 11608 9022 
Top Statijord - - - - - - 
Top Cormorant - - - - - - 
Total Depth  4100 - 1750 12285 11050 

8-3(t) 11-1(l) 11-2(1) 11-3(1) 11-4(m) 12-1(m) 
Sea Bed 653 696 683 695 220 217.75 
Top Balder 4670 4660 4658 4750 1415 1422 
Top Cretaceous 5150 5100 5300 5270 1569 1624/10 
Top Cromer Knoll 9750 - 9003 9682 3423 - 
Top L-Cretaceous 9750 - 9003 9682 3423 - 
Top Barremiantmsi 11200 - 9042 9803 3605 - 
Base Cretaceous 11360 9140 9086 9830 - 2923 
Top Magnus Sstn 11411 - 9188 9945 - 2926 
Top Lower-shale 12038 - - - 2985 
Top MSM Unit 1 12133 - - - 2992 
Base Magnus Sstn 12155 - 9300 10112 - 2997 
Top Heather 12664 9307 9472 10335 - 3145 
Top Brent 13988 9912 10023 11210 - 3461 
Top Dunlin - 10360 10149 11765 - 3550 
Top Triassic - 10651 10297 11883 3627 3678 
Top Statijord - - 10283 11883 - 3651 
Top Cormorant - - 10297 11915 3627 - 
Total Depth 14150 11150 - 11950 4610 3840 
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Stratigraphy/Well 12-2 (m) 12-3 (m) 12-4 (m) 12-5 (m) 12-6 (m) 12-7 (m) 
Sea Bed 211  208.5 212 206 217 
Top Balder 1429 1435 1460 1427 1359 1380 
Top Cretaceous 1615 1615 1645 1631.5 1542 1572 
Top Cromer Knoll ? 2987 - - 2807 
Top L-Cretaceous  2987 3095 2987 - 
Top Barremian Imsi 3206 3004 3125 - 2810 
Base Cretaceous 3208 3016.5 3132 3010 - 2821 
Top Magnus Sstn 3222 3065 3163 3058 3024.8 2821 
Top Lower-shale 3350 3122  3194 ? 
Top MSM Unit 1 3368 3127  3203 
Base Magnus Sstn 3391 3134.5 3187 3213 3094.5 2830 
Top Heather 3535 3230 3362.5 3343 - 2836 
Top Brent - - 3528 - - 3049.5 
Top Dunlin - - 3630 - - 3129 
Top Triassic - - - - - 3268 
Top Statijord - - - - - 3253.6 
Top Cormorant - - - - - 3268 
Total Depth 3675 3287 3669 3390 3260 3295 

12-8 (m) 12-9 (m) 12-10 (m) 12-11 (m) 12-12 (m) 12-13 (m) 
Sea Bed 210.6 209 205.5 208.2 207 
Top Balder 1428.5 1419/30 1389 1430 1450.8 
Top Cretaceous 1610 1628 1550 1650 1653 
Top Cromer Knoll 2938 3102.5 - 3047 3008 2959 
Top L-Cretaceous - 3102.5 - 3047 3008 2959 
Top Barremian lmsi 2938 3138 - 3065 - 2999 
Base Cretaceous 2941.5 3152.5 3110 3079.5 3079 3121.5 
Top Magnus Sstn 2977 3175 3110 3138.8 3150 3203 
Top Lower-shale 3000 3236 ? 3227 3192 ? 
Top MSM Unit 1 3004 3255  3237 3197 
Base Magnus Sstn 3010 3377 3186 3250 3209.5 3331.2 
Top Heather 3114 - - - - - 
Top Brent 3401.5 - - - - - 
Top Dunlin - - - - - - 
Top Triassic - - - - - - 
Top Statfjord - - - - - - 
Top Cormorant - - - - - - 
Total Depth 3520 3393 3200 3385 3217 3389 

12-15(m) 12-M1(m) 12-M2 (m) 12-M2z(m) 12_M3*(m) 12-M4 (m) 
Sea Bed 204.6 242.9 242.9 No Log - - 
Top Balder 1560 1450 1637.5 No Log - - 
Top Cretaceous 1717 1643.5 1893 No Log - - 
Top Cromer Knoll 3295 3112  No Log 3051.6 4308 
Top L-Cretaceous 3459 3112  No Log 3051.6 4308 
Top Barremian lmsi 3585 3116  No Log  4313 
Base Cretaceous 3626 3119.2 - - 3076.1 4316.8 
Top Magnus Sstn 3756 3130.7 3658.2 3649.5 3134.3 4318.5 
Top Lower-shale 3880 3257 3707.8 3689.6 3239 4496 
Top MSM Unit l 3901 3263 3721 3700 3256 4515 
Base Magnus Sstn 3923 3271 3725 3703 3270.4 4543.4 
Top Heather 4107 - - - - - 
Top Brent - - - - - - 
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StratigraphylWeH 12-15 (m) 12-M1(m) 12-M2 (m) 12-M2z(m) 12M3*(m)  12-M4 (m) 
Top Dunlin - - - - - - 
Top Triassic - - - - - - 
Top Statfjord - - - - - - 
Top Cormorant - - - - - - 
Total Depth 4150 3324 3891 3860 3327.6 4606 

12-M5 (m) 12-M6 (m) 12-M7 (m) 12-M7z(m) 12-M8 (m) 12-M8z(m) 
Sea Bed - - No log No log No log No log 
Top Balder - - No log No log No log No log 
Top Cretaceous - - No log No log No log No log 
Top Cromer Knoll 3260.5 3158 - - 3552.8 3224.7 
Top L-Cretaceous 3260.5 3158 - - 3552.8 3224.7 
Top Barremian Imsi ? 3161 - - 3237 
Base Cretaceous 3263.5 3164.5 - - 3589.7 3243 
Top Magnus Sstn 3296.5 3168.5 4393.2 4370.6 3657.5 3277.5 
Top Lower-shale 3353 3275 4494 4445 3705 3354 
Top MSM Unit 1 3363 3284 4499 44450 3720 3364 
Base Magnus Sstn 3497 3307 4504.3 4455 3772.5 3422.3 
Top Heather - 3491 - - - - 
Top Brent - - - - - - 
Top Dunlin - - - - - - 
Top Triassic - - - - - - 
Top Statfjord - - - - - - 
Top Cormorant - - - - - - 
Total Depth 3558 3530 4807 4721 3837.5 3438 

12-M9 (m) 2-M1 	(m 12-M11(m)12-M12(m) 12-M13(m)12-M16(m) 
Sea Bed No log No log No log No log No log No log 
Top Balder No log No log No log No log No log No log 
Top Cretaceous No log No log No log No log No log No log 
Top Cromer Knoll 3755.7 3624.7 4102  No log No log 
lopL-Cretaceous 3755.7 3624.7 4102 ? No log No log 
Top Barremian Imsi 3755.7 3624.7 4121  3220 No log 
Base Cretaceous 3760.5 - 4132.1 - 3234.6 - 
Top Magnus Sstn 3785 3629.2 4196 3687.5 3284 3216 
Top Lower-shale 3945 3710 4315 3767 3377 3302 
Top MSM Unit 1 3955 3725 4329 3775 3387 3318 
Base Magnus Sstn 3992.6 3737.2 4336.2 3789.5 3416 3360 
Top Heather - 3845 4456.5 3886 3477 - 
Top Brent - - - - - - 
Top Dunlin - - - - - - 
Top Triassic - - - - - - 
Top Statfjord - - - - - - 
Top Cormorant - - - - - - 
Total Depth 4046 3920 4580 3957 3524 

13-1(1) 13-2 (I) 13-3 (1) 13-4 (I) 13-5 (I) 13-6 (1) 
Sea Bed 704 633 657 662 659 843 
Top Balder 4830 5130 4845 5056 4920 4967 
Top Cretaceous 5323 5740 5422 5620 5654 5683 
Top Cromer Knoll ? - 10305 10862 10834 
Top L-Cretaceous 8640 11110 10940  10834 
Top Barremian Imsi - - - 11502 
Base Cretaceous - 11169 11020 10574 11549 11038 
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Stratigraphy/Well 13-1(t) 13-2 (1) 13-3 (I) 13-4 (I) 13-5 (I) 13-6 (I) 
Top Magnus Sstn - - 11145 ? 11761 - 
Top Lower-shale - - 11394 ? 11893 - 
Top MSM Unit l - - 11472 ? 11955 - 
Base Magnus Sstn - - 11640 ? 11977 - 
Top Heather - - - 10645 12016 11088 
Top Brent - 11198 - 10915 12287 11212 
TopDunlin - 11371 12193 11388 12306 11484 
Top Triassic 8724 11708 12292 11640 12478 11902? 
Top Statfjord ? 11708 ? 11726 12603 11902 
Top Cormorant ? 11775 12292 11765 12846 - 
Total Depth 12800 13350 12512 11930 13017 12120 

13-7 (1) 13-8 (1) 13-9 (1) 13-10 (1) 14-1 (1) 14-2 (I) 
Sea Bed 637 627 643 669 614 611 
Top Balder 5092 5033 4890 4770 5175 5260 
Top Cretaceous 5880/60 5868 5582 5180 ? 6025 
Top Cromer Knoll 11254 10858 11210 10720 10995 10800 
Top L-Cretaceous 11370 10858 11210 10720 10995 10800 
Top Barremian Imsi - - 11350 10860 ? 11050 
Base Cretaceous 11630 11108 11504 10894 11134 11122 
Top Magnus Sstn - - 11712 11063 - - 
Top Lower-shale - - 12064 11333 - - 
Top MSM Unit I - - 12173 11404 - - 
Base Magnus Sstn - - 12296 11472 - - 
Top Heather 11752 11308 - - 11169.5 11220 
Top Brent 11932 11443 - - 11192 11269 
Top Dunhin 12462 11868 - - 11347 11478 
Top Triassic 12850 12347 - 11783 - 11745 
Top Statfjord 12866 12310 - - - 11745 
Top Cormorant - 12347 - 11783 - 11858 
Total Depth 12980 12550 12485 12280 11402 12125 

33/5-1 (m) 33/5-2 (m)  
Sea Bed 364.4 334.5  
Top Balder 1495 1558  
Top Cretaceous 1650 1740  
Top Cromer Knoll 2672 3694  
Top L-Cretaceous 2677 3760  
Top Barremian Imsi ? 3858  
Base Cretaceous - 3895  
Top Magnus Sstn - - 
Top Lower-shale - - 
Top MSM Unit 1 - - 
Base Magnus Sstn - - 
Top Heather - 3996  
Top Brent - 4054  
Top Dunlin - 4111  
Top Triassic 2692 
Top Statijord ? 4410  
Top Cormorant 2692 4475  
Total Depth 3822 4520  
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Table 1.5: Comparison of TWT (ms) values obtained from wireline logs and Seismic 
interpretation. The variation in the TWT values recorded led to a shift in the wireline 
logs values to match the seismic. The amount of shift applied varied between the 
wells and is indicated in the last column. 

Stratigraphy/well  211/7-1   211/7-2  
Log Seismic Error Shift Log Seismic Error Shift 

Depth TWT TWT TWT Depth TWT TWT TWT 
Sea Bed no log 248 248 applied 213.5 258.2 260 1.781 No 
Top Balder no log 1464 1464 a shift 1479 1440 1469 29 Shift 
Base Cretaceous 3148 2826 2833 7 of 20ms - - - - applied 
Top Magnus Sstn 3152 2829 2846 17 from - - - - 
Top Lower-shale 3217 2868 2880 12 Base - - - 
Top MSM Unit 1 3221 2870 2892 22 Cretac- - - - 
Base Magnus Sstn 3224 2872 2903 31 eous. - - - - 
Top Heather 3348 2958 2948 -10 - - - - 
Top Brent - - 3154 - - - - - 
Top Triassic - - - 3382 2970 2969 -1  

211/7-3   211/8-1  
Sea Bed 205 246.6 250 3.425 applied 1009 378.7 378 -0.7 applied 
Top Balder 1381 1412 1448 36 a shift - - 1535 - a shift 
Base Cretaceous 3094 2761 2786 25 of 30ms 10990 2980 2991 ii of 25ms 
Top Magnus Sstn 3101 2767 2806 39 from 11166 3018 3030 12 from 
Top Lower-shale  ? 2840 - Base 11363 3055 3070 15 Base 
Top MSM Unit I  ? 2853 - Cretac- 11445 3071 3100 29 Cretac- 
Base Magnus Sstn 3170 2811 2867 56 eous. 11515 3083 3124 41 eous. 
Top Heather - - 2906 - 11667 - - - 
Top Brent - - 3069 - - - - - 
Top Triassic - - - - - - - - 

211/8-3   211/11-3  
Sea Bed 653 238 243 5.005 applied 695 254.7 255 0.304 No 
Top Balder 4670 1452 1485 33 ashift 4750 1521 1556 35 Shift 
Base Cretaceous 11360 3005 3029 24 of 38ms 9830 2689 2722 33 applied 
Top Magnus Sstn 11411 3016 3054 38 from 9945 2718 - - 
Top Lower-Shale 12038 3115 3148 33 Base ? - - 
Top MSM Unit 1 12133 3133 3173 40 Cretac- ? - - 
Base Magnus Sstn 12155 3154 3196 42 eous. 10112 2751 - - 
Top Heather 12664 3241 3287 46  10335 2800 2800 0 
Top Brent 13988 3486 3601 115  11210 2965 3012 47.5 
Top Triassic - - - - 11883 3070 - - 

211/12-1   211/12-2  
Sea Bed 217.8 259.9 259 -0.93 applied 211 247.3 249 1 	1.74 applied 
Top Balder 1422 1498 1507 9 ashift 1429 1482 1497 15 ashift 
Base Cretaceous 2923 2675 2676 1 of I Sms 3208 2854 2855 1 of 1 Oms 
Top Magnus Sstn 2926 2678 2699 21 from 3222 2866 2871 5 from 
Top Lower-Shale 2985 2714 - - Base 3350 2934 2943 9 Base 
Top MSM Unit 1 2992 2718 - - Cretac- 3368 2946 2954 8 Cretac- 
Base Magnus Sstn 2997 2720 2733 13 eous. 3391 2958 2975 17 eous. 
Top Heather 3145 2829 2834 5  3535 3052 3061 9 
Top Brent 3461 3030 3024 -6 - - 3260 - 
Top Triassic 3678 3143 - - - - - - 
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Stratigraphy/well  211/12-3   211/12-4  
Log Seismic Error Shift Log Seismic Error Shift 

Depth TWT TWT TWT Depth TWT TWT TWT 
Sea Bed 205 244 257 13 applied 208.5 250.1 254 3.863 applied 
Top Balder 1435 1506 1528 22 ashift 1460 1538 1552 14 ashift 
Base Cretaceous 3017 2726 2746 20 of I7ms 3132 2797 2800 3 of 13ms 
Top Magnus Sstn 3065 2743 2766 23 from 3163 2820 2829 9 from 
Top Lower-shale 3122 2798 2801 3 Base ? ? - - Base 
Top MSM Unit 1 3127 2800 2817 17 Cretac- ? ? - - Cretac- 
Base Magnus Sstn 3135 2807 2829 22 eous. 3187 2833 2850 17 eous. 
Top Heather 3230 2871 2890 19  3363 2951 2914 -37 
Top Brent - - 3062 - 3528 3057 3069 12 
Top Triassic - - - - - - - - 

211/12-5   211/12-6  
Sea Bed 212 255.9 264 8.11 applied 206 247.5 255 7.466 applied 
Top Balder 1427 - 1527 - ashift 1359 soni 1457 - ashift 
Base Cretaceous 3010 2728 2742 14 of lSms - 2746 2752? - of 30ms 
Top Magnus Sstn 3058 2764 2759 -5 from 3025 2746 2769 23 from 
Top Lower-Shale 3194 2844 2854 10 Base ? ? 2795 - Base 
Top MSM Unit 1 3203 2854 2865 11 Cretac- ? ? 2811 - Cretac- 
Base Magnus Sstn 3213 2857 2879 22 eous. 3095 2792 2828 36 eous. 
Top Heather 3343 2944 2960 16 - - 2887 - 
Top Brent - - 3131 - - - 3067 - 
Top Triassic - - - - - - - - 

211/12-7   211/12-8  
Sea Bed 217 261.6 262 0.356 applied 210.6 254 253 -0.97 applied 
Top Balder 1380 tosoni 1496 - ashift 1429 1494 1528 34 ashift 
Base Cretaceous 2821 2618 2625 7 of 30ms 2942 2652 2681 29 of 3Oms 
Top Magnus Sstn 2821 2618 2638 20 from 2977 2692 2701 9 from 
Top Lower-Shale ? ? - - Base 3000 2700 - - Base 
Top MSM Unit 1 ? ? - - Cretac- 3004 ? - - Cretac- 
Base Magnus Sstn 2830 2624 2653 29 eous. 3010 2700 2719 19 eous. 
Top Heather 2836 2628 2664 36  3114 2775 2805 30  
Top Brent 3050 2775 2766 -9  3402 2955 2977 22 
Top Triassic 3268 2913 - - - - - - 

211/12-9   211/12-10  
Sea Bed 209 252.1 257 4.945 applied 205.5 247.3 251 3.74 No 
Top Balder 1430 1484 1508 24 a shift 1389 1436 1464 28 Shift 
Base Cretaceous 3153 2792 2830 38 of 37ms 3110 2787 2785 -2 applied 
Top Magnus Sstn 3175 2808 2843 35 from 3110 2787 2804 17 
Top Lower-shale 3236 2852 2887 35 Base ? ? 2842 - 
Top MSM Unit 1 3255 2862 2904 42 Cretac- ? ? 2856 - 
Base Magnus Sstn 3377 2927 2964 37 eous. 3186 2834 2869 35  
Top Heather - - 3040 - - - 2919 - 
Top Brent - - 3240 - - - 3089 - 
Top Triassic - - - - - - - - 

211/12-11   211/12-12  
Sea Bed 208.2 251 259 8.041 No 207 249.3 254 4.685 applied 
Top Balder 1430 - 1539 - Shift 1451 1505 1538 33 ashift 
Base Cretaceous 3080 2762 2777 15 applied 3079 2754 2770 16 of lOms 
Top Magnus Sstn 3139 12808 2812 4  3150 2808 2814 6 from 
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Stratigraphy/well  211/12-11   211/12-12  
Log Seismic Error Shift Log Seismic Error Shift 

Depth TWT TWT TWT  Depth TWT TWT TWT 
Top Lower-shale 3227 2864 2852 -12  3192 2835 2840 5 Base 
Top MSM Unit 1 3237 2870 2861 -9  3197 2844 2848 4 Cretac- 
Base Magnus Sstn 3250 2864 2880 16  3210 2846 2869 23 eous. 
Top Heather - - 2955 - - - 2949 - 
Top Brent - - 3114 - - - 2106 - 
Top Triassic - - - - - - - - 

211/12-15   211/12-MI  
Sea Bed 204.6 244.7 247 2.342 applied 242.9 333 260 -73 applied 
Top Balder 1560 1621 1586 -35 ashift 1450 1487 1512 25 ashift 
Base Cretaceous 3626 3125 3110 -15 of lSms 3119 2736 2702 -34 of 30ms 
Top Magnus Sstn 3756 3220 3211 -9 from 3131 2744 2727 -17 from 
Top Lower-shale 3880 3286 3293 7 Base 3257 2819 2785 -34 Base 
Top MSM Unit 1 3901 3300 3312 12 Cretac- 3263 2823 2799 -24 Cretac- 
Base Magnus Sstn 3923 3314 3337 23 eous. 3271 2828 2814 -14 eous. 
Top Heather 4107 3428 3455 27 - - 2901 - 
Top Brent - - 3665 - - - 3080 - 
Top Triassic - - - - - - - - 

211/12-M9   211/12-Mb  
Sea Bed - - 256 - applied - - 279 - applied 
Top Balder - - 1506 - a shift - - 1487 - a shift 
Base Cretaceous 3761 2784 2806 22 of 25ms - - 2661 - of 30ms 
Top Magnus Sstn 3785 2794 2823 29 from 3629 2644 2678 34 from 
Top Lower-Shale 3945 2871 2893 22 Base 3710 2680 - - Base 
Top MSM Unit 1 3955 2876 2905 29 Cretac- 3725 2686 - - Cretac- 
Base Magnus Sstn 3993 2895 2918 23 eous. 3737 2693 2721 28 eous. 
Top Heather - - 3037 - 3845 2750 2803 53  
Top Brent - - 3225 - - - 3011 - 
Top Triassic - - - - - - - 

211/12-M12   211/13-3  
Sea Bed - - 264 - No 657 234.7 237 2.346 applied 
Top Balder - - 1487 - Shift 4845 1534 1532 -2 ashift 
Base Cretaceous - - 2636 - applied 11020 2952 2971 19 of 20ms 
Top Magnus Sstn 3688 2616 2658 42  11145 2980 3000 20 from 
Top Lower-Shale 3767 2655 - - 11394 3030 3051 21 Base 
Top MSM Unit l 3775 2661 - - 11472 3046 3074 28 Cretac- 
Base Magnus Sstn 3790 2670 2681 11  11640 3076 3098 22 eous. 
Top Heather 3886 2725 2736 11 - - - 
Top Brent - - 2939 - - - - - 
Top Triassic - - - - 12292 ? - 

211/13-5   211/13-7  
Sea Bed 659 239.7 254 14.34 No 637 230.5 235 4.521 No 
Top Balder 4920 1552 1567 15 Shift 5092 1611 1609 -2 Shift 
Base Cretaceous 11549 3059 3052 -7 applied 11630 3066 3059 -7 applied 
Top Magnus Sstn 11761 3105 3105 0 - - - - 
Top Lower-Shale 11893 3127 3129 2 - - - - 
Top MSM Unit l 11955 3142 3137 -5 - - - - 
Base Magnus Sstn 11977 3145 3144 -1 - - - - 
Top Heather 12016 3152 3152 0  11752 3091 3099 8 
Top Brent 12287 3197 3194 -3  11932 3124 3124 0 
lop Triassic 12478 1  3228 - - 12850 3264 - - 
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Stratigraphy/well  211/13-8   211/13-10  
Log Seismic Error Shift Log Seismic Error Shift 

Depth TWT TWT TWT  Depth TWT TWT TWT 
Sea Bed 627 227.6 232 4.444 No 669 243.8 247 3.16 applied 
Top Balder 5033 1602 1638 36 Shift 4770 1495 1512 17 ashift 
Base Cretaceous 11108 2980 2978 -2 applied 10894 2923 2923 0 of 38ms 
Top Magnus Sstn - - - 11063 2963 2995 32 from 
Top Lower-Shale - - - 11333 3017 3051 34 Base 
Top MSM Unit I - - - - 11404 3033 3069 36.4 Cretac- 
Base Magnus Sstn - - - - 11472 3042 3085 43 eous. 
Top Heather 11308 3026 3040 14 - - - - 
Top Brent 11443 3052 3074 22 - - - 
Top Triassic 12347 3196 - - 11783 3102 3114 12  

33/5-2  
Sea Bed 334.5 458 421 -37 No  
Top Balder 1558 1649 1664 15 Shift  
Base Cretaceous 3895 3374 3382 8 applied  
Top Magnus Sstn - - - - 
Top Lower-Shale - - - - 
Top MSM Unit 1 - - - - 
Base Magnus Sstn - - - - 
Top Heather 3996 3440 3457 17  
Top Brent 4054 3474 3481 7 
Top Triassic  ? - - 

- 	N.B. All the TWT values are in ms. 
- 	Velocity used in Sea Bed TWT calculations is 1460m/s. 

Table 1.6: Sedimentation rates for Heather and Kimmeridge Clay Formations. 
According to the Gradstein el al. (1995) time scale, the Heather Formation was 
deposited in 10 Ma (165-155) whereas the Kimmeridge Clay Formation was 
deposited in 13 Ma (142-155). The sedimentation rates are for the undecompacted 
sediments and are in mm/ l000yrs. 

Heather Formation 
Well Top Base Thickness (m) Sedimentation rate 

211/12-1 3145 3461 316 31.6 
211/12-4 3286 3528 242 24.2 
211/12-7 2836 3050 214 21.4 
211/12-8 3114 3402 288 28.8 
211/13-4 10645 10915 82.3 8.23 
211/13-7 11752 11932 54.9 4.5 

Kimmeridge Clay Formation  
Well Top Base Thickness (m) Sedimentation rate 

211/7-1 3148 3348 200 15.4 
211/8-3 11360 12664 397.5 30.6 

211/12-2 3208 3535 327 25.15 
211/12-4 3132 3362 230 17.7 
211/12-15 3607 4107 500 38.46 
211/12-M6 3164.5 3491 326.5 25.1 

211/12-M 11 4132.1 4456.5 324.4 25 
211/13-4 10574 10645 21.6 1.66 
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Figure. 1: Sea Bed character in the Magnus and Penguin-A Fields. The phase of 
seismic data is examined at location of the well 211/8-3 which is located in the 
overlap area between the two fields. 

Sea bed character in the Magnus survey indicates a minimum-phase seismic data 
type. 

Sea bed character in the Penguin survey indicates a zero-phase seismic data type. 

MO I 
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Figure. 2: Time map in (TWT ms) to top of the Lower-Shale. The figure illustrates 
the axial trend of deposition of the Lower-Shale. 
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Figure. 3: Time map in (TWT ms) to top of MSM Unit 1. Highest TWT values are 
recoded at the centre of the graben, which indicates a N-S axial depocentre. 
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Appendix 2 

Fault Contacts Calculations 

Table 2.1: Throw-length calculations for faults mapped at top Brent Group level 
within the Penguin survey. The faults generally represent early syn-rift faults and 
are mapped with reference to the N-S Fault (extending furthest south) except for 
the NW-SE faults which are mapped with reference to their most eastward 
extending fault (NW-SE_i). 

C is an abbreviation for Contact. The length column represents the length of 
individual faults whereas the normalised column represents the distance of the fault 
faults in relation to a reference fault that extends furthest in one direction of the axis 
used to map the group. 

Fault 	Inline 	C-up C-down Length (m) Normalised Throw (ms) 
NNW-SSEA1 230 3125 3150 0 	1125 	25 

240 	3138 	3154 	125 	1250 	16 
245 	3142 	3149 	187.5 	1312.5 	7 

NNW-SSE—A2 320 3174 3192 0 2250 18 
330 3176 3195 125 2375 19 
340 3178 3204 250 2500 26 
350 3181 3197 375 2625 16 

NNW-SSE—A3 340 3152 3168 0 2500 16 
350 3166 3167 125 2625 1 
360 3159 3180 250 2750 21 
370 3154 3182 375 2875 28 
380 3149 3186 500 3000 37 
390 3141 3185 625 3125 44 
400 3144 3165 750 3250 21 
420 3153 3180 875 3375 27 
430 3141 3159 1000 3500 18 
440 3144 3162 1125 3625 18 
450 3150 3174 1250 3750 - 24 
460 3139 3167 1375 3875 28 
470 3146 3172 1500 4000 26 
480 3161 3181 1625 4125 20 

NNW-SSE_A4 210 3212 3236 0 875 24 
220 3241 3259 125 1000 18 
230 3254 3274 250 1125 20 
240 3263 3289 375 1250 26 

NNW-SSE—A5 270 3266 3288 0 1625 22 
280 3274 3292 125 1750 18 
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NNW-SSE—A9 

Fault 	- 	Inline C-up I C-down 	Length (m) 	Normalised 	Throw (ms) 
290 3286 3311 250 1875 25 
300 3297 3314 375 2000 17 
310 3321 3345 500 1 	2125 24 
320 3312 3333 625 2250 21 
330 3322 3345 750 2375 23 
340 3343 3368 875 2500 25 

NNW-SSE—A6 	380 3320 3362 0 3000 42 
390 3322 3345 125 3125 23 
400 3327 3350 250 3250 23 
410 3340 3340 375 3375 0 
420 3330 3354 500 3500 24 
430 3342 3359 625 3625 17 

NNW-SSE_A7 	480 3320 3342 0 4250 22 
490 3331 3349 125 4375 18 
500 3336 3348 250 4500 12 

210 3223 3249 
220 3234 3259 
230 3228 3272 
240 3209 3278 
250 3220 3274 
260 3231 3290 
270 3234 3283 
280 3244 3292 
290 3230 3301 
300 3224 3314 
310 3258 3326 
320 3262 3318 
330 1 	3274 3299 
340 3264 3299 
350 3260 3292 
360 3270 3292 
370 3253 3286 
380 3275 3284 

210 3187 3221 
220 3204 3224 
230 3198 3224 
240 3178 3224 
250 3170 3230 
260 3166 3214 
270 3188 3220 
280 3180 3214 
290 3192 3227 
300 3189 3230 
310 3204 3234 
320 3176 3198 
330 3189 3218 
340 3180 3202 
350 3193 3209 

0 875 26 
125 1000 25 
250 1125 44 
375 1250 69 
500 1375 54 
625 1500 59 
750 1625 49 
875 1750 48 

1000 1875 71 
1125 2000 90 
1250 2125 68 
1375 2250 56 
1500 2375 25 
1625 2500 35 
1750 2625 32 
1875 2750 22 
2000 2875 33 
2125 3000 9 

0 875 34 
125 1000 20 
250 
375 

1125 
1250 

26 
46 

500 1375 60 
625 1500 48 
750 1625 32 
875 1750 34 
1000 1875 35 —j 
1125 2000 41 
1250 2125 30 
1375 2250 22 
1500 2375 29 
1625 2500 22 
1750 2625 16 
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Fault 	 Inline C-up C-down Length (m) Normalised 	Throw (ms) 
NNW-SSE_AJO 590 3370 3400 0 5625 	30 

600 3370 3405 125 5750 	35 
610 3382 3421 250 5875 	39 
620 3389 3438 375 6000 	49 
630 3446 3457 500 6125 	11 
640 3454 3462 625 6250 	8 
650 3432 3464 750 6375 32 

NNW-SSE All 	330 3680 3713 0 2375 	33 
340 3693 3706 125 2500 	13 
350 3672 3708 250 2625 36 
360 3656 3680 375 2750 24 
370 3671 3713 500 2875 42 
390 3702 3706 625 3000 4 
410 3699 3745 750 3125 46 
420 3688 3734 875 3250 46 

NNW-SSE Al2 	700 3847 3871 0 7000 24 
710 3842 3873 125 7125 31 
720 3840 3868 250 7250 28 
730 3857 3883 375 7375 26 
740 3846 3869 500 	1 7500 23 
750 3795 3841 625 7625 46 
760 3782 3811 750 7750 29 
770 3751 3808 875 7875 57 
780 3767 3803 1000 8000 36 
790 3755 3799 1125 8125 44 
800 3746 3780 1250 8250 34 
810 1 	3698 3749 1375 8375 51 
820 3681 3734 1500 8500 53 
830 3683 3733 1625 8625 50 

NNW-SSE—A13 	1240 3822 3828 0 13750 6 
1250 3828 3838 125 13875 10 
1260 3820 3840 250 14000 20 
1270 3806 3836 375 14125 30 

NNW-SSE—A-14 1219 3778 3795 0 	13488 	17 
1224 	3771 	3789 	125 	13613 	18 
1227 	3753 	3784 	250 	13738 	31 
1228 	3750 	3789 	375 	13863 	39 
1234 	3746 	3789 	500 	13988 	43 
1253 	3737 	3767 	625 	14113 	30 
1259 	3751 	3765 	750 	14238 	14 
1283 	3749 	3766 	875 	14363 	17 

NNW-SSE_A15 1229 3729 3747 0 	13612.5 18 
1235 	3715 	3733 	125 	13737.5 	18 
1247 	3718 	3738 	250 	13862.5 	20 
1260 	3704 	3716 	375 	13987.5 	12 

NNW-SSE—A16 1139 3768 3788 0 	12487.5 20 
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NNW-SSE—A17 

Inline C-up C-down Length (m) Normalised Throw (ms) 
1150 3760 3788 125 12612.5 28 
1161 3736 3790 250 12737.5 54 
1170 3739 3782 375 12862.5 43 
1178 3731 3781 500 12987.5 50 
1182 3707 3772 625 13112.5 65 
1191 3713 3748 750 13237.5 35 
1200 3712 3744 875 13362.5 32 
1212 3698 3733 1000 13487.5 35 
1223 3705 3724 1125 13612.5 19 
1239 3684 3708 1250 13737.5 24 
1251 3669 3686 1375 13862.5 17 

1061 3765 3782 0 11512.5 17 
1075 3742 3777 125 11637.5 35 
1087 3736 3765 250 11762.5 29 
1095 3704 3750 375 11887.5 46 
1101 3702 3706 500 12012.5 1 	4 
1120 3674 3695 625 12137.5 21 
1129 3628 3658 750 12262.5 30 
1135 3606 3642 875 12387.5 36 
1144 3592 3623 1000 12512.5 31 
1155 3592 3640 1125 12637.5 48 
1186 3582 3618 1250 12762.5 36 
1197 3590 3629 1375 12887.5 39 
1204 3560 3618 1500 13012.5 58 

NNW-SSE—A18 

NNW-SSE_A19 

10925 
11050 
11175 
11300 
11425 
11550 
11675 
11800 
11925 
12050 
12175 
12300 
12425 
12550 
12675 
12800 
12925 
13050 
13175 
13300 
13425 
13550 
13675 
13800 

11750 

21 
56 
60 
37 
80 
48 
98 
93 
18 
28 
34 
42 
41 
36 
29 
8 

17 
8 
18 
15 
12 
16 

25 

1014 3752 3773 0 
1019 3694 3750 125 
1027 3686 3746 250 
1034 3676 3713 375 
1039 3606 3686 500 
1040 3648 3696 625 
1045 3588 3686 750 
1049 3565 3658 875 
1053 3595 3613 1000 
1057 3542 3570 1125 
1064 3518 3552 1250 
1088 3505 3547 1375 
1098 3469 3510 1500 
1100 3455 3491 1625 
1103 3431 3460 1750 
1116 3424 3432 1875 
1130 3411 3428 2000 
1140 3395 3403 2125 
1153 3379 3397 2250 
1164 3360 3375 2375 
1171 3348 3360 2500 
1175 3328 3344 2625 
1185 3320 3324 2750 
1192 3301 3301 2875 

1080 	3424 	3449 	- 0 
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Fault 	Inline 	C-up C-down Length (m) Normalised Throw (ms) 
1084 3394 3432 125 11875 38 
1098 3362 3386 250 12000 24 
1108 3344 3368 375 12125 24 
1114 3332 3356 500 12250 24 
1124 3316 3339 625 12375 23 

NNW-SSE—A20 	1278 3666 3683 0 14225 17 
1285 3656 3684 125 14350 28 
1290 3649 3690 250 14475 41 
1297 3648 3689 375 14600 41 
1305 3644 3697 500 14725 53 
1313 3648 3702 625 14850 54 
1317 3629 3674 750 14975 45 
1331 3619 3671 875 15100 52 
1342 3618 3660 1000 15225 42 
1348 3598 3598 1125 15350 0 

NNW-SSE—A21 1250 3626 3648 0 13875 22 
1254 3617 3646 125 14000 29 
1262 3623 3638 250 14125 15 
1270 3606 3631 375 14250 25 
1278 3590 3619 500 14375 29 
1286 3584 3612 625 14500 28 
1295 3571 3599 750 14625 28 
1305 3564 3582 875 14750 18 

NNW-SSE—A22 	1218 3540 3576 0 13475 
1229 3512 3584 125 13600 
1233 3512 3538 250 13725 
1233 3546 3561 375 13850 
1238 3505 3528 500 13975 
1243 3476 3506 625 14100 

NNW-SSE—A23 1193 3453 3470 0 
1201 	3452 	3526 	125 
1206 	3423 	3488 	250 
1209 	3414 3464 375 
1213 	3402 3438 500 
1219 	3402 3428 625 

NNW-SSE—A24 	1378 	3508 3544 	1 0 
1384 	3486 3531 125 
1391 	3462 3518 250 
1394 	3426 3513 375 
1399 	3406 3456 500 
1402 	3380 3458 625 

NNW-SSE—A25 	1490 	3669 3689 0 
1500 	3666 3682 125 
1510 3654 3690 250 

L 	 1520 3657 3682 375 
1530 3663 3678 500 

13162.5 
13287.5 
13412.5 
13537.5 
13662.5 
13787.5 

15475 
15600 
15725 
15850 
15975 
16100 

16875 
17000 
17125 
17250 
17375 

36 
72 
26 
15 
23 
30 

17 
74 
65 
50 
36 
26 

36 
45 
56 
87 
50 
78 

20 
16 
36 
25 
15 
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Fault Inline C-up C-down Length (m) Normalised Throw (ms) 
NNW-SSE A26 1450 3624 3666 0 16375 42 

1460 3612 3654 125 16500 42 
1470 3610 3650 250 16625 40 
1480 3608 3657 375 16750 49 
1490 3581 3645 500 16875 64 
1500 3616 3654 625 17000 38 
1510 3623 3654 750 17125 31 
1520 3618 3647 875 17250 29 
1530 3612 3642 1000 17375 30 
1540 3596 3646 1125 17500 50 

NNW-SSE—A27 1410 3650 3678 0 15875 28 
1420 3660 3660 125 16000 0 

- 1430 3638 3664 250 16125 26 
1440 3626 3660 375 16250 34 
1450 3594 3626 500 16375 32 
1460 3604 3608 625 16500 4 
1470 3577 3606 750 16625 29 
1480 3566 3603 875 16750 37 

NNW-SSE—A28 1500 3528 3576 0 17000 48 
1510 3509 3566 125 17125 57 
1520 3500 3543 250 17250 43 
1530 3476 3516 375 17375 40 

NNW-SSE—A29 	1480 3448 3494 0 16750 46 
1490 3456 3478 125 1 	16875 22 
1500 3430 3476 250 17000 46 
1510 3416 3472 375 17125 56 

NNW-SSE_S1 	150 2978 3076 0 125 98 
160 2978 3076 125 250 98 
170 2981 3093 250 375 112 
180 3000 3096 375 500 96 
190 3012 3064 500 625 52 
200 3031 3067 625 750 36 
210 3047 3092 750 875 45 

NNW-SSE—S2 	180 	3106 3136 0 500 30 
190 	3063 3120 125 625 57 
200 	3085 3146 250 750 61 
210 	3096 3157 375 875 61 
220 3110 3172 500 1000 62 
230 	3124 3178 625 1125 54 
240 	3110 3175 750 1250 65 
250 	3134 3182 875 1375 48 
260 	3122 3190 1000 1500 68 
270 	3127 3186 1125 1625 59 
280 	3147 3212 1250 1750 65 
290 	3164 3218 1375 1875 54 
300 	3166 3230 1500 2000 64 
310 	3172 3230 1625 2125 58 
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NNW-SSE—S6 

Inline 	C-up C-down Length (m) Normalised I Throw (ms) 

NNW-SSE—S3 

NNW-SSE—S4 

NNW-SSE_S5 

320 3172 3245 1750 2250 73 
330 3185 3238 1875 2375 53 
340 3174 3238 2000 2500 64 
350 3182 3231 2125 2625 49 
360 3194 3224 2250 2750 30 
370 3188 3226 2375 2875 38 
380 3184 3220 2500 3000 36 

121 3047 3120 0 0 73 
133 3062 3135 125 125 73 
140 3068 3138 250 250 70 
150 3073 3114 375 375 41 
160 3080 3124 500 500 44 
170 3083 3122 625 625 39 

510 3190 3216 0 4625 26 
520 3205 3227 125 4750 22 
530 3204 3224 250 4875 20 
540 3213 3238 	1  375 5000 25 
550 3216 3240 500 5125 24 
560 3220 3262 625 5250 42 
570 3216 3242 750 5375 26 

500 3350 3373 0 4500 23 
510 3362 3402 125 4625 40 
520 3371 	1  3418 250 4750 47 

530 1 	3372 3426 375 4875 54 

310 3328 3366 0 2125 38 
320 3340 3378 125 2250 38 
330 3350 3410 250 2375 60 
340 3373 3419 375 2500 46 
350 3384 3452 500 2625 68 
360 3397 3464 625 2750 67 
370 3415 3474 750 2875 59 

380 3398 3464 875 3000 66 
390 3403 3458 1000 3125 55 
400 3412 3460 1125 3250 48 
410 3418 3461 1250 3375 43 
420 3439 3473 1375 3500 34 
430 3437 3473 1500 3625 36 
440 3447 3482 1625 3750 35 

450 3453 3470 1750 3875 17 
460 3440 3458 1875 4000 18 
470 3444 3476 2000 4125 32 - 
480 3442 3464 2125 4250 22 
490 3401 3451 2250 4375 50 

500 3392 3434 2375 4500 42 
510 3372 3435 2500 4625 63 - 
520 3389 3439 2625 4750 50 

530 3399 3419 2750 4875 20 
540 3369 3422 2875 5000 53 
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NNW-SSE—S7 	210 3242 	1  3281 	1  0 
220 3236 3292 125 
230 1 	3255 3285 250 
240 3265 3306 375 
250 3270 3328 	1  500 
260 3278 3321 	1 625 
270 3291 3347 750 
290 3301 3338 875 

875 39 
1000 56 
1125 30 
1250 41 
1375 58 
1500 43 
1625 56 
1750 37 

Fault 	 Inline I 	C-up C-down Length (m) 	Normalised 	Throw (ms) 
550 3380 3427 3000 	5125 	47 
560 3400 3428 3125 	5250 	28 
570 3402 3421 3250 	5375 	19 

NNW-SSE—S8 	280 3318 3347 0 
290 3324 3357 125 
300 3326 3350 250 
310 3319 3366 375 
320 3337 3383 500 
330 3353 3402 625 
340 3363 3424 750 
350 3380 3432 875 
360 3377 	1  3437 1000 
370 3382 	1  3423 1125 
380 3388 3440 1250 
390 3396 3422 1375 
400 3382 3416 1500 
410 3382 3407 1625 
420 3384 3398 1750 
430 3379 3401 1875 
440 3386 3393 2000 
450 3377 3397 2125 
460 3368 3386 2250 
470 3384 3391 2375 
480 3363 3381 2500 
490 3370 3396 2625 
500 3372 3408 2750 
510 3381 3397 2875 
520 3390 3412 3000 
530 3384 3412 3125 
540 3385 3421 3250 
550 3372 3391 3375 
560 1 	3400 3421 3500 

NNW-SSE S9 	610 3402 3424 0 
620 3406 3452 125 
630 3406 3460 250 
640 3434 3453 375 
650 3449 3478 500 
660 3446 3480 625 
670 3450 3486 750 
680 3448 3485 875 
690 3458 3481 1000 

1750 29 
1875 33 
2000 24 
2125 47 
2250 46 
2375 49 
2500 61 
2625 52 
2750 60 
2875 41 
3000 52 
3125 26 
3250 34 
3375 25 
3500 14 
3625 22 
3750 7 
3875 20 
4000 18 
4125 7 
4250 18 
4375 26 
4500 36 
4625 16 
4750 22 
4875 28 
5000 36 
5125 19 
5250 	i 	21 

5875 22 
6000 46 
6125 54 
6250 19 
6375 29 
6500 34 
6625 36 
6750 37 
6875 23 
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NNW-SSE_S13 

Fault 	Inline 	C-up C-down Length (m) Normalised Throw (ms) 
NNW-SSE_S1O 	510 3421 3466 0 4625 45 

520 1 	3417 3463 125 4750 46 
530 3408 3482 250 4875 74 
540 3422 3478 375 5000 56 
550 3413 3477 500 5125 64 
560 3426 3497 625 5250 71 
570 3424 3499 750 5375 75 
580 3443 3506 875 5500 63 
590 3432 3506 1000 5625 74 
600 3458 3540 1125 5750 82 
610 3461 3531 1250 5875 70 
620 3456 3570 1375 6000 114 
630 3457 3566 1500 6125 109 
640 3462 3555 1625 6250 93 
650 3491 3588 1750 6375 97 
660 3508 3626 1875 6500 118 
670 3484 3609 2000 6625 125 
680 3480 3626 2125 6750 146 
690 3474 3612 2250 6875 138 
700 3458 3612 2375 	1 7000 154 
710 3440 3592 	1  2500 7125 152 
720 3432 3582 2625 7250 150 
730 3444 3572 2750 7375 128 
740 3452 3568 2875 7500 116 
750 3428 3564 3000 7625 136 
760 3408 3562 3125 7750 154 
770 3388 3576 3250 7875 188 
780 3389 3568 3375 8000 179 
790 3399 3556 3500 8125 157 

NNW-SSE-S11 

NNW-SSE—S12 

210 3214 3248 0 875 34 
220 3230 3262 125 1000 32 
230 3240 3276 250 1125 36 
240 3241 3286 	1 375 1250 45 
250 3252 3284 500 1375 32 
260 3258 3297 625 1500 39 

380 3697 3728 0 3000 31 
390 3690 3727 	1 125 3125 37 
400 3694 3734 250 3250 40 

1000 3716 3730 0 10750 14 
1010 3677 3726 125 10875 49 
1020 3676 3738 250 11000 62 
1030 3664 3688 375 11125 24 
1040 3654 3688 500 11250 34 
1050 3685 3736 625 11375 51 
1060 3658 3724 750 11500 66 
1070 3651 3715 875 11625 64 
1080 3652 3706 1000 11750 54 
1090 3631 3715 1125 11875 84 
1100 3625 3718 1250 12000 93 
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InJine C-up C-down Length (m) Normalised Throw (ms) 
1110 3624 3700 1375 12125 76 
1120 3606 3693 1500 12250 87 
1130 3606 3664 1625 12375 58 

1140 3606 3679 1750 12500 73 
1150 3587 3656 1875 12625 69 
1160 3596 3666 2000 12750 70 
1170 3610 3648 2125 12875 38 
1180 3637 3670 2250 13000 33 
1190 3632 3704 2375 13125 1 	72 
1200 3650 3680 2500 13250 30 
1210 3654 3675 2625 13375 21 
1220 3666 3690 2750 13500 24 

NNW-SSE—S14 	890 3688 3705 0 9375 17 
900 3659 3705 125 9500 46 
910 3674 3737 250 9625 63 
920 3644 3745 375 9750 101 
930 3656 3748 500 9875 92 
940 3699 3786 625 10000 87 
950 3687 3802 750 10125 115 
960 3679 3756 875 10250 77 
970 3698 3766 1000 10375 68 
980 3702 3758 1125 10500 56 

990 3718 3765 1250 10625 47 
1000 3770 3782 1375 10750 12 
1010 3750 3766 1500 10875 16 
1020 3728 3748 1625 11000 20 
1030 3722 3748 1750 11125 26 
1040 3688 3740 1875 11250 52 

1050 3728 3756 2000 11375 28 
1060 3725 3760 2125 11500 35 

1070 3716 3754 2250 11625 38 

NNW-SSE—S15 	840 3746 3767 0 8750 21 
850 3756 3792 125 - 	8875 36 
860 3776 3802 250 9000 26 
870 3768 3816 375 9125 48 
880 3764 3832 500 9250 68 
890 3776 3852 625 9375 76 

900 3787 3852 750 9500 65 

910 3784 3850 875 9625 66 

920 3801 3867 1000 9750 66 

930 3810 3878 1125 9875 68 
940 3822 3898 1250 10000 76 
950 3796 3922 1375 10125 126 
960 3797 3948 1500 10250 151 
970 3786 3946 1625 10375 160 
980 3790 3960 1750 10500 170 
990 3790 3948 1875 10625 158 
1000 3784 3935 2000 10750 151 
1010 3774 3948 2125 10875 174 
1020 3756 3944 2250 11000 188 
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Fault 	Inline C-up C-down 	Length (m) 	Normalised Throw (ms) 
1030 3800 3955 2375 11125 155 
1040 3802 3940 2500 11250 138 
1050 3802 3940 2625 11375 138 
1060 3788 3934 2750 11500 146 
1070 3814 3916 2875 11625 102 
1080 3780 3916 3000 11750 136 
1090 3788 3884 3125 11875 96 
1100 3768 3820 3250 12000 52 
1110 3770 3804 3375 12125 34 
1120 3768 3769 3500 12250 1 
1130 3742 3756 3625 12375 14 
1140 3722 3728 3750 12500 6 
1150 3694 3742 3875 12625 48 
1160 3704 3722 4000 12750 18 
1170 3682 3740 4125 12875 58 
1180 3687 3750 4250 13000 63 
1190 3722 3725 4375 13125 3 
1200 3693 3714 4500 13250 21 
1210 3660 3758 4625 13375 98 
1220 3664 3771 4750 13500 107 
1230 3662 3780 4875 13625 118 
1240 3666 3820 5000 13750 154 
1250 3682 3834 5125 13875 152 
1260 3710 3848 5250 14000 138 
1270 3720 3843 5375 14125 123 
1280 3731 3804 5500 14250 73 
1290 3730 3823 5625 14375 93 
1300 3734 3820 5750 14500 86 
1310 3710 3782 5875 14625 72 
1320 3666 3783 6000 14750 117 
1330 3650 3736 6125 14875 86 
1340 3636 3739 6250 15000 103 
1350 3627 3758 6375 15125 131 
1360 3640 3696 6500 15250 56 
1370 3648 3724 6625 15375 76 
1380 3658 3713 6750 15500 55 
1390 3660 3720 6875 15625 60 
1400 3682 3708 7000 15750 26 
1410 3668 3702 7125 15875 34 
1430 3686 3708 7250 16000 22 
1440 3698 3716 7375 16125 18 
1450 3693 3713 7500 16250 20 
1460 3681 3711 7625 16375 30 
1470 3676 3708 7750 16500 32 
1480 3669 3707 7875 16625 38 
1490 3672 3702 8000 16750 30 
1500 3674 3700 8125 16875 26 
1510 3675 3699 8250 17000 24 
1520 3668 3696 8375 17125 28 
1530 3674 3692 8500 17250 18 
1540 3668 3682 8625 17375 14 
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Fault Inline C-up C-down Length (m) Normalised Throw (ms) 
NNW-SSE S16 7204008 4032 0 7250 24 

730 4020 4041 125 7375 21 
740 4022 4042 250 7500 20 
750 4020 4038 375 7625 18 
760 3974 4016 500 7750 42 
780 3978 4014 625 7875 36 
790 3964 3997 750 8000 	1  33 
800 3956 3979 875 8125 23 
810 3949 3980 1000 8250 31 
820 3954 3980 1125 8375 26 
830 3952 3986 1250 8500 34 
840 3960 3994 1375 8625 34 
850 3955 3974 1500 8750 19 
860 3953 3981 1625 8875 28 
870 3926 3974 1750 9000 48 
880 3920 3950 1875 9125 30 
890 3913 3941 2000 9250 28 
910 3863 3903 2125 9375 40 
920 3862 3903 2250 9500 41 
930 3831 3869 2375 9625 38 
940 3829 3854 2500 9750 25 
950 3843 1 	3863 2625 9875 20 
960 3838 3864 2750 10000 26 
970 3840 3857 2875 10125 17 
980 3790 3808 3000 10250 18 

NNW-SSE_S17 1040 3840 3858 0 11250 18 
1050 3832 3854 125 11375 22 - 
1060 3814 3846 250 11500 32 - 
1070 3819 3840 375 11625 21 
1090 3800 3828 500 11750 28 - 
1100 3796 3819 625 11875 23 - 
1110 3788 3817 750 12000 29 - 
1120 3786 3814 875 12125 28 	- 

NNW-SSE—S18 1300 3690 3708 0 14500 18 - 
1310 	1 3682 3712 125 14625 30 - 
1320 3702 3726 250 14750 24 
1330 3727 3730 375 14875 3 - 
1334 	1  3686 3738 500 15000 52 	- 
1345 3686 3717 625 15125 31 - 

3662 3740 750 15250 78 - 
1355 3659 3696 875 15375 37 - 
1362 3644 3682 1000 15500 38 
1373 3642 3683 1125 15625 41 	- 
1375 3629 3662 1250 15750 33 	- 
1377 3614 3638 1375 15875 24 	- 

N-S_Fault 140 3046 3243 0 0 197 
150 3046 3246 125 125 200 
160 3058 3263 250 250 205 
170 3086 3275 375 375 189 
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C-up 
3118 
3116 
3106 
3087 
3105 
3124 
3110 
3118 
3107 
3097 
3108 
3108 
3120 
3137 
3143 
3148 
3153 
3155 

3155 
3144 
3138 
3138 
3146 
3138 
3108 
3111 
3118 
3130 
3147 
3158 
3158 
3178 
3197 
3209 
3220 
3220 
3219 
3223 
3226 
3217 
3224 
3223 
3245 
3235 
3249 
3236 
3227 
3252 
3254 
3247 
3270 
3267 

Fault 	 Inline 
180 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 

460 
470 
480 
490 
500 
510 
520 
530 
540 

550 

560 

570 

580 
590 

600 
610 
620 
630 
640 
650 

660 
670 
680 
690 
700 

C-down Length (m) 
3295 1 1 	 500 
3294 	625 

3310 	750 

3320 	875 

3352 	1000 
3332 	1125 
3356 	1250 
3378 	1375 
3382 	1500 
3389 	1625 
3392 	1750 
3372 	1875 
3343 	2000 
3348 	2125 
3361 	2250 
3368 	2375 
3388 	2500 
3405 	2625 
3412 	2750 
3408 	2875 
3412 	3000 
3420 	3125 
3420 	3250 
3428 	3375 
3446 	3500 
3458 	3625 

3462 	3750 
3451 	3875 

3465 	4000 
3442 	4125 
3417 	4250 
3349 	4375 
3372 	4500 
3382 	4625 
3382 	4750 
3406 	4875 
3410 	5000 
3409 	5125 
3437 	5250 

3453 	5375 

3468 	5500 
3460 	5625 
3450 	5750 

3408 	5875 

3428 	6000 
3446 	6125 
3439 	6250 
3444 	6375 
3454 	6500 
3450 	6625 
3449 	6750 

3473 	6875  

Normalised I  Throw (ms) 
500 177 
625 178 
750 204 
875 233 
1000 247 
1125 208 
1250 246 
1375 260 
1500 275 

1625 292 
1750 284 
1875 264 
2000 223 
2125 211 
2250 218 
2375 220 
2500 235 
2625 250 
2750 257 
2875 264 
3000 274 
3125 282 
3250 274 
3375 290 
3500 338 
3625 347 
3750 344 
3875 321 
4000 318 
4125 284 
4250 259 
4375 171 
4500 175 
4625 173 
4750 162 
4875 186 
5000 191 
5125 186 
5250 211 
5375 236 
5500 244 
5625 237 
5750 205 
5875 173 
6000 179 
6125 210 
6250 212 
6375 192 
6500 200 
6625 203 
6750 179 
6875 206 
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Fault Inline C-up C-down Length (m) Normalised Throw (ms) 
710 3278 3505 7000 7000 227 
720 3282 3514 7125 7125 232 
730 3309 3535 7250 7250 226 
740 3352 3524 7375 7375 172 
750 3378 3514 7500 7500 136 
760 3340 3481 7625 7625 141 
770 3296 3435 7750 7750 139 

- 780 3284 3380 7875 7875 96 

NW-SE1 680 3254 3298 0 0 44 
Normalised to 690 3202 3306 125 125 104 

X-line680 700 3202 3312 250 250 110 
710 3206 3310 375 375 104 
720 3190 3334 500 500 144 
730 3210 3330 625 625 120 
740 3232 3354 750 750 122 
750 3238 3352 875 875 114 
760 3262 3350 1000 1000 88 
770 3268 3320 1125 1125 52 
780 3286 3318 1250 1250 32 

NW-SE2 690 3179 3202 0 125 23 
700 3169 3185 125 250 16 
710 3149 3193 250 375 44 
720 3160 3174 375 500 14 
730 3144 3187 500 625 43 
740 3156 3184 625 750 28 
750 3158 3180 750 875 22 
760 3140 3225 875 1000 85 
770 3157 3243 1000 1125 86 
780 3132 3256 1125 1250 124 

NW-SE3 810 3168 3243 0 	1 1625 75 

- 820 3176 3239 125 1750 63 
830 3158 3235 250 1875 77 
840 3193 3245 375 2000 52 
850 3188 3278 500 2125 90 - 
860 3237 3325 625 2250 88 
870 3181 3253 750 2375 72 - 
880 3207 3292 875 2500 85 
890 3208 3268 1000 2625 60 

- 900 3213 3255 1125 2750 42 

NW-SE4 910 3304 3376 0 2875 72 
920 3354 3381 125 3000 27 
930 3365 3395 250 3125 30 - 
940 3357 3398 375 3250 41 
950 3366 3420 500 3375 54 
960 3416 3458 625 3500 42 
970 3434 3476 750 3625 42 
980 3452 3492 875 3750 40 	- 
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- 	Fault 	 Inline C-up I  C-down Length (m) Normalised Throw (ms) 
- 	NW-SE5 	930 3218 3244 0 3125 26 

940 3224 3263 125 3250 39 
950 3237 3268 250 3375 31 
960 3254 3316 375 3500 62 
970 3229 3308 500 3625 79 
980 3194 3348 625 3750 154 
990 3269 3384 750 3875 115 
1000 1 	3292 3403 875 4000 111 
1010 3283 3422 1000 4125 139 
1020 3346 3443 1125 4250 97 
1030 3373 3465 1250 4375 92 
1040 3390 3456 1375 4500 66 
1050 3370 3480 1500 4625 110 

Penguin-South—Fault 	270 3184 3674 0 1250 490 
280 3178 3650 125 1375 472 
290 3176 3659 250 1500 483 
300 3167 3665 375 1625 498 
310 3163 3660 500 1750 497 
320 1 	3158 3643 625 1875 485 
330 3164 3670 750 2000 506 
340 3158 3682 875 	1 2125 524 
350 3162 3656 1000 2250 494 
360 3170 3698 1125 2375 528 
370 3190 3718 1250 2500 528 
380 3180 3726 1375 2625 546 
390 3188 3696 1500 2750 508 
400 3185 3710 1625 2875 	1  525 
410 3184 3710 1750 3000 526 
420 3162 3731 1875 3125 569 
430 3177 3746 2000 3250 569 
440 3162 3776 2125 3375 614 
450 3175 3782 2250 3500 607 
460 3180 3780 2375 3625 600 
470 3191 3782 2500 3750 591 
480 3199 1 	3774 2625 3875 575 
490 3211 3776 2750 4000 565 
500 3218 3771 2875 4125 553 
510 3237 3781 3000 4250 544 
520 3230 3778 3125 4375 548 
530 3237 3784 3250 4500 547 
540 3250 3788 3375 4625 538 
550 3252 3784 3500 • 4750 532 
560 3266 3793 3625 4875 527 
570 3262 3809 3750 5000 547 
580 3252 3842 3875 5125 590 
590 3258 3859 4000 5250 601 
600 3233 3888 4125 5375 655 
610 3230 3898 4250 5500 668 
620 3229 3939 4375 5625 710 
630 3231 3952 4500 5750 721 
640 3234 3960 4625 5875 726 
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- 	Fault 	 Inline 	C-up 	C-down Length (m) Normalised Throw (ms) 

	

650 	3231 	3976 	4750 	6000 	745 

	

660 	3236 	3998 	4875 	6125 	762 

	

670 	3227 	3971 	5000 	6250 	744 

	

680 	3258 	3984 	5125 	6375 	726 

	

690 	3250 	3987 	5250 	6500 	737 

	

700 	i 3232 	3981 	5375 	6625 	749 

	

710 	3229 	3992 	5500 	6750 	763 

	

720 	3224 	3988 	5625 6875 	764 

	

730 	3227 	4003 	5750 7000 	776 

	

740 	3238 	4009 	5875 	7125 	771 

	

750 	3245 	4014 	6000 7250 	769 

	

760 	3260 	3986 	6125 	7375 	726 

	

770 	3264 	3745 	6250 	7500 	481 

	

780 	3274 	3758 	6375 	7625 	484 

	

790 	3261 	3713 	6500 	7750 	452 

	

800 	3280 	3707 	6625 7875 	427 

	

810 	3262 	3706 	6750 	8000 	444 

	

820 	3302 	3700 	6875 	8125 	398 

	

830 	1 3306 	3697 	7000 	8250 	391 

	

840 	1  3320 	3695 	7125 	8375 	375 

	

850 	3328 	3652 	7250 	8500 	324 

	

860 	3310 	3652 	7375 	8625 	342 

	

870 	3308 	3660 	7500 	8750 	352 

	

880 	3325 	3676 	7625 	8875 	351 

	

890 	3323 	3677 	7750 	9000 	354 

	

900 	3328 	3652 	7875 	9125 	324 

	

910 	3311 	3610 	8000 	9250 	299 

	

920 	3301 	3576 	8125 	9375 	275 

	

930 	3276 	3516 	8250 	9500 	240 

	

940 	3280 	3499 	8375 	9625 	219 

	

950 	3247 	3487 	8500 9750 	240 

	

960 	3248 	3519 	8625 	9875 	271 

	

970 	3230 	3510 	8750 	10000 	280 

	

980 	3234 	3541 	8875 	10125 	307 

	

990 	3231 	3538 	9000 	10250 	307 

	

1000 	3224 	3501 	I  9125 	10375 	277 

	

1010 	I 3219 	3496 	9250 	10500 	277 

	

Penguin-South_Si 	950 	3538 	3578 	0 	10125 	- 40 

	

960 	3557 	3648 	125 	10250 	91 

	

970 	3578 	3666 	250 	10375 	88 

	

980 	36073673 	375 	10500 	66 

	

990 	3606 	3648 	500 10625 	42 

	

1000 	3566 	3648 	625 	10750 	82 

	

-- 	 1010 	3497 	3583 	750 	10875 	- 	86 

Penguin-South—S2 	1070 	3640 	3646 	0 	11625 	6 

	

1080 	3635 	3653 	125 	11750 	18 

	

1090 	3639 	3643 	250 	11875 	4 

	

1100 	3631 	3641 	375 	12000 	10 

	

1110 	3625 	3640 	500 	12125 	15 

	

1120 	3622 	3632 	625 - 	12250 	10 
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Inline C-up C-down Length (m) Normalised 	Throw (ms) 
1130 3612 3630 750 12375 18 
1140 3595 3621 875 12500 26 
1150 3580 3601 1000 12625 21 
1160 3580 3603 1125 12750 23 
1170 3601 3620 1250 12875 19 
1180 3630 3649 1375 13000 19 
1190 3666 3696 1500 13125 30 
1200 3697 3723 1625 13250 26 

Penguin_South_Splay 	770 3744 	1  3954 0 7875 210 
780 3764 3950 125 8000 186 
790 3770 	1  3960 250 8125 190 
800 3740 3966 375 8250 226 
810 3760 3978 500 8375 218 
820 3755 3979 625 8500 224 
830 3774 3978 750 8625 204 
840 3794 3976 875 8750 182 
850 3843 3976 1000 8875 133 
860 3860 3978 1125 9000 118 
870 3868 3974 1250 9125 106 
880 3880 3978 1375 9250 98 
890 3894 3976 1500 9375 82 
900 3898 4004 1625 9500 106 
910 3886 3953 1750 9625 67 
920 3881 3933 1875 9750 52 
930 3874 3923 2000 9875 49 
940 3879 3925 2125 10000 46 
950 3883 3909 2250 10125 26 
960 3867 3906 2375 10250 39 
970 3866 3896 2500 10375 30 
980 3844 3858 2625 10500 	1 14 
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Table 2.2: Throw-length calculations for faults mapped at top Brent Group level 
within the Magnus survey. The faults are mapped with reference to the N-S Fault 
(extending furthest south in the Penguin survey). 

Fault 
Brent Fault 

Inline 	C-up 
1593 	2767 
1601 	2746 
1608 	2748 
1614 	2740 
1625 	2750 
1638 	2741 
1650 1 2749 
1657 	2757 
1672 	2761 
1681 	2759 

1701 	2778 
1710 	2798 
1721 	2803 
1725 	2843 
1740 	2840 
1751 	2847 
1757 	2850 
1763 	2873 
1775 	2891 
1783 	2906 
1786 	2958 
1796 	2953 
1803 	2958 
1816 	2973 
1822 	2979 
1834 	2980 
1841 	2988 
1851 	2997 
1858 	3006 
1866 - 3001 
1878 	3003 
1890 	3039 
1901 - 3040 
1908 	3037 
1915 - 3036 
1925 	3044 
1933 	3057 
1937 	3041 
1948 	3052 
1956 	3040 
1967 	3040 
1978 	3_7 
1989 	3048  
2001 	3071 
2012 	3082 
2023 	3084 
2031 	3078 

C-down Length (m) Normalised Throw (ms) 
2782 0 2530 15 
2786 100 2630 40 
2810 200 2730 62 
2839 300 2830 99 
2840 400 2930 	i 90 
2844 500 3030 103 
2846 600 3130 97 
2852 700 3230 95 
2863 800 3330 102 
2879 	I  900 3430 120 
2886 1000 3530 108 
2884 1100 3630 86 
2882 1200 3730 79 
2863 1300 3830 20 
2868 1400 3930 28 
2857 1500 4030 10 
2870 1600 4130 20 
2891 1700 4230 18 
2913 1800 4330 22 
2970 1900 4430 64 
2963 2000 4530 5 
2974 2100 4630 	I 21 
2991 2200 4730 33 
3028 2300 4830 55 
3030 2400 4930 51 
3041 2500 5030 61 
3046 2600 5130 58 
3057 2700 5230 60 
3074 2800 5330 68 
3068 	1  2900 5430 67 
3071 6 
3065 3100 	1 5630 26 
3064 3200 5730 24 
3063 3300 5830 26 
3060 3400 	- 5930 24 
3072 3500 6030 28 
3080 3600 6130 - 23- 
3078 3700 	- 6230 	- 37 
3088 3800 6330 36 
3090 3900 6430 50 
3095 4000 1 6530 55 
3099 4100 6630 52 
3111 4200 6730 63 
3108 4300 6830 37 
3114 4400 6930 32 - 
3124 4500 7030 40 
3110 4600 7130 32 
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Fault 	 Inline I C-up I  C-down Length (m) 1  Normalised Throw (ms) 
2037 3085 3114 4700 7230 29 
2048 3099 3114 4800 7330 15 
2056 3097 3120 4900 1 	7430 23 
2069 3099 3153 5000 7530 54 
2077 3105 3150 5100 7630 45 
2086 3135 3172 5200 7730 37 
2095 3108 3143 5300 7830 35 
2103 3117 3147 5400 7930 30 
2113 3113 3138 5500 8030 25 
2136 3109 3131 5600 8130 22 
2158 3105 3129 5700 8230 24 
2177 3100 3118 5800 8330 18 
2186 3095 3107 5900 8430 12 
2196 3093 3104 6000 8530 11 
2208 3085 3097 6100 8630 12 
2215 3079 3106 6200 8730 27 
2236 3051 3081 6300 8830 30 
2243 3054 3096 6400 8930 42 
2251 3063 3099 6500 9030 36 
2272 3086 3118 6600 9130 32 
2273 3076 3091 6700 9230 15 
2274 3085 3091 6800 9330 6 
2277 3114 3122 6900 9430 8 
2285 3127 3150 7000 9530 23 
2293 3123 3154 7100 9630 31 
2300 3137 3160 7200 9730 23 
2308 3137 3160 7300 9830 23 
2313 3135 3169 7400 9930 34 
2323 3147 3173 7500 10030 26 
2331 3158 3186 7600 10130 28 
2341 3170 3189 7700 10230 19 
2354 3177 3193 7800 10330 16 
2362 3154 3177 7900 10430 23 
2373 3152 3175 8000 10530 23 
2386 3162 3182 8100 1 	10630 20 
2394 3165 3202 8200 10730 37 
2405 3150 3175 8300 10830 25 - 
2413 3163 3187 8400 10930 24 
2434 3157 3202 8500 1 	11030 45 
2445 3157 3189 8600 11130 32 
2452 3150 3187 8700 11230 37 
2460 3160 3185 8800 11330 25 
2465 3164 3190 8900 1 	11430 26 
2478 3163 3187 9000 11530 24 

Brent Fault 2 	1876 3015 3042 0 5360 27 
1886 3003 3044 100 5460 41 
1890 3024 3042 200 5560 18 
1898 3027 3051 300 5660 24 
1907 3038 3064 400 5760 26 
1916 3045 3069 500 5860 24 
1920 3034 3047 600 5960 13 
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Fault Inline C-up C-down Length (m) 	Normalised Throw (ms) 
1933 3035 3056 700 6060 21 
1943 3037 3051 800 6160 14 
1951 3051 3073 900 6260 22 
1962 3041 3060 1000 6360 19 
1985 3057 3070 1100 6460 13 
1994 3057 3074 1200 6560 17 
2007 3072 3080 1300 6660 8 
2016 3078 3091 1400 6760 13 
2024 3080 3093 1500 6860 13 
2035 3082 3098 1600 6960 16 
2040 3098 3113 1700 7060 15 
2052 3093 3109 1800 7160 16 
2062 3096 3120 1900 7260 24 
2072 3112 3137 2000 7360 25 
2080 3111 3129 2100 7460 18 
2084 3118 3135 2200 7560 17 
2092 3120 3138 2300 7660 18 
2105 3119 3131 2400 7760 12 
2112 3124 3143 2500 7860 19 
2124 3126 3143 2600 7960 17 
2138 3119 3135 2700 8060 16 
2145 3114 3124 2800 8160 10 
2159 3105 3119 2900 8260 14 
2171 3107 3118 3000 8360 11 
2179 3091 3119 3100 8460 28 
2191 3087 3109 3200 8560 22 
2203 3067 3095 3300 8660 28 
2216 3063 3082 3400 8760 19 
2228 3039 3065 3500 8860 26 
2239 3061 3070 3600 8960 9 
2248 3061 3082 3700 9060 21 

- 2256 3085 3098 3800 9160 13 

NE-SW_1 1420 2794 2804 0 1000 10 
1430 2795 2815 125 1125 20 
1440 2793 2801 250 1250 8 
1450 2786 2812 375 1375 26 
1460 2791 2812 500 1500 21 
1470 2778 2804 625 1625 26 
1480 2777 2801 750 1750 24 
1490 2781 2804 875 1875 23 
1500 2772 2787 1000 2000 15 
1510 2778 2780 1125 2125 2 
1520 2784 2788 1250 2250 4 
1530 2769 2789 1375 2375 20 
1540 2759 2775 1500 2500 16 
1560 2746 2778 1625 2625 32 
1550 2753 2772 1750 2750 19 

NE-SW-2 	1490 2820 2850 0 1875 30 
1500 2805 2844 125 2000 39 
1520 2803 2837 250 2125 34 
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Fault 	 Inline C-up C-down Length (m) Normalised Throw (ms) 
1530 2811 2832 375 2250 21 
1540 2777 2795 500 2375 18 

- 	 1550 2785 2796 625 2500 11 
1560 2780 2804 750 2625 24 

NE-SW-3 	1360 2842 2874 0 250 32 
- 	 1370 2848 2882 125 375 34 

1380 2852 2867 250 500 15 
1390 2849 2881 375 625 32 
1400 2851 2871 500 750 20 
1410 2848 2875 625 875 27 
1420 2843 2862 750 1000 19 
1430 2839 2855 875 1125 16 
1440 2840 2859 1000 1250 19 
1450 2832 2881 1125 1375 49 
1460 2845 2871 1250 1500 26 
1470 2840 2862 1375 1625 22 
1480 2850 2856 1500 1750 6 
1490 2849 2875 1625 1875 26 
1500 2854 2870 1750 2000 16 
1510 2846 2869 1875 2125 23 
1520 2832 2848 2000 2250 16 
1530 2848 2853 2125 2375 5 
1540 2830 2842 2250 2500 12 
1550 2823 2837 2375 2625 14 
1570 2809 2829 2500 2750 20 
1560 2813 2829 2625 2875 16 
1580 2794 2796 2750 3000 2 

L 

	
NE-SW-4 	1480 3020 3030 0 1750 10 

1490 3042 3050 125 1875 8 
1500 3046 3072 250 2000 26 
1510 3047 3060 375 2125 13 
1520 3058 3071 500 2250 13 
1530 3059 3065 625 	11  2375 6 I 	1540 3050 3060 750 2500 10 
1550 3064 3068 875 2625 4 
1560 3058 3069 1000 2750 11 
1570 3063 3069 1125 2875 6 
1580 3060 3063 1250 3000 3 
1590 3063 3073 1375 3125 10 
1600 3069 3084 1500 3250 15 
1610 3066 3068 1625 3375 2 
1620 3070 3081 1750 3500 11 
1630 3077 3091 1875 3625 14 
1640 3076 3094 2000 3750 18 
1650 3068 3088 2125 3875 20 
1660 3076 3081 2250 4000 5 
1670 3081 3081 2375 4125 0 
1680 3065 3084 2500 4250 19 
1690 3076 3084 2625 4375 8 
1700 3079 3100 2750 4500 21 
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Fault 	Inline C-up C-down Length (m) Normalised Throw (ms) 
1710 3070 3073 2875 4625 3 
1720 3081 3103 3000 4750 22 
1730 3082 3100 3125 4875 18 
1740 3086 3106 3250 5000 20 
1750 3096 3113 3375 5125 17 
1760 3094 3111 3500 5250 17 
1770 3107 3118 3625 5375 11 
1780 3113 3123 3750 5500 10 
1790 3114 3140 3875 5625 26 
1800 3111 3132 4000 5750 21 	- 
1810 3105 3118 4125 5875 13 
1820 3096 3107 4250 6000 11 
1830 3096 3110 4375 6125 14 	- 
1840 3088 3104 4500 6250 16 
1850 3096 3107 4625 6375 11 

- 	 1860 3086 3095 4750 6500 9 

NE-SW-4b 	1340 2918 3029 0 375 111 
- 	 1350 2915 3019 125 500 104 

- 	1360 2956 3046 250 625 90 
1370 2949 3039 375 750 90 
1380 2972 3057 500 875 85 
1390 2989 3062 625 1000 73 	- 
1400 2994 3086 750 1125 92 - 
1410 3017 3104 875 1250 87 
1420 3009 3059 1000 1375 50 
1427 3018 3050 1125 1500 32 - 
1440 3021 3052 1250 1625 31 - 
1450 3026 3050 1375 1750 24 
1460 3017 3043 1500 1875 26 - 

-- 	 1470 3014 3044 1625 2000 30 

NE-SW-5 	1510 3080 3084 0 2125 4 
1520 3076 3092 125 2250 16 - 
1530 3082 3095 250 2375 13 - 
1540 3064 3083 375 2500 19 - 
1550 3085 3108 500 2625 23 - 
1560 3093 3096 625 2750 3 - 
1570 3087 3103 750 2875 16 
1580 3095 3103 875 3000 8 - 
1590 3105 3109 1000 3125 4 - 
1600 3115 3116 1125 3250 1 
1610 3122 3125 1250 3375 3 
1620 3123 3130 1375 3500 7 
1630 3110 3124 1500 3625 14 	- 
1640 3106 3116 1625 	1  3750 10 - 
1650 3109 3126 1750 3875 17 - 
1660 3105 3113 1875 4000 8 
1670 3100 3111 2000 4125 11 
1680 3117 3128 2125 4250 11 - 
1690 3121 3127 2250 4375 6 - 
1700 3131 3148 2375 4500 17 
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Fault 	 Inline C-up C-down Length (m) Normalised Throw (ms) 
1710 3134 3141 2500 4625 7 
1720 3146 3157 2625 4750 11 
1730 3145 3159 2750 4875 14 
1740 3148 3155 2875 5000 7 
1750 3140 3162 3000 5125 22 
1760 3140 3155 3125 5250 15 
1770 3145 3165 3250 5375 20 
1780 3137 3165 3375 5500 28 
1790 3152 3168 3500 5625 16 
1800 3158 3169 3625 5750 11 
1810 3157 3164 3750 5875 7 
1820 3156 3161 3875 6000 5 
1830 3139 3153 4000 6125 14 
1840 3135 3151 4125 6250 16 
1850 3137 3148 4250 6375 11 
1860 3125 3135 4375 6500 10 
1870 3133 3147 4500 6625 14 
1880 3120 3136 4625 6750 16 
1890 3139 3152 4750 6875 13 

NE-SW-6 1660 2828 2839 0 1 	4000 	1 11 
1670 2833 2843 125 4125 10 
1680 2851 2863 250 4250 12 
1690 2872 2894 375 4375 22 
1700 2872 2892 500 4500 20 

- 1710 2856 2869 625 4625 13 
- 1720 2870 2890 750 4750 20 

NE-SW_7 1663 2833 2848 0 4038 15 
- 1674 2845 2858 100 4138 13 

- 1682 2850 2854 200 4238 4 
1694 2855 2863 300 4338 8 
1708 2854 2863 400 4438 9 
1717 2870 2876 500 4538 6 
1728 2884 2898 600 4638 14 
1738 2875 2881 700 4738 6 
1750 2856 2868 800 4838 12 - 
1760 2847 2860 900 4938 13 
1772 2833 2868 1000 5038 35 
1789 2830 2850 1100 5138 20 
1805 2815 2849 1200 5238 34 - 
1814 2818 2842 1300 5338 24 - 
1826 2819 2834 1400 5438 15 
1838 2824 2839 1500 5538 15 
1850 2820 2844 1600 5638 24 
1865 2830 2852 1700 5738 22 
1877 2833 2853 1800 5838 20 
1884 2833 2844 1900 5938 11 

- 1896 2824 2840 2000 6038 16 

NE-SW _8 2350 3042 3059 0 12625 17 
2360 3041 3060 125 12750 19 
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2530 3256 3292 750 
2540 3189 3239 875 

2850 3112 3151 0 
2860 3117 3141 125 
2870 3102 3136 250 

2500 3201 3240 0 
2510 3203 3231 125 
2520 3220 3249 250 
2530 3223 3252 375 

2500 3137 3154 0 
2510 3149 3168 125 
2520 3161 3176 250 
2530 3165 3188 375 
2540 3149 3157 500 
2550 3151 3163 625 
2570 3148 3179 750 
2580 3160 3206 875 
2590 3129 3164 1000 
2600 3146 3160 1125 
2610 3153 3173 1250 
2620 3137 3159 1375 

2500 3102 3103 0 
2510 3102 3123 125 
2520 3099 3118 250 
2530 3105 3131 375 
2540 3096 3112 500 
2550 3093 3110 625 
2560 3097 3129 750 

14875 36 
15000 50 

18875 39 
19000 24 
19125 34 

14875 39 
15000 28 
15125 29 
15250 29 

14500 17 - 
14625 19 - 
14750 15 
14875 23 - 
15000 8 
15125 12 - 
15250 31 	- 
15375 46 - 
15500 35 
15625 14 
15750 20 
15875 22 

14500 1 
14625 21 
14750 19 - 
14875 26 	- 
15000 16 	- 
15125 17 
15250 32 

NE-SW_il 

NNW-SSE_l 

NNW-SSE-2 

NNW-SSE-3 

Fault Inline 	C-up C-down Length (m) Normalised Throw (ms) 
2370 3022 3032 250 12875 10 
2380 3017 3024 375 13000 7 
2380 3020 3033 500 13125 13 
2390 3018 3034 625 13250 16 
2400 3013 3023 750 13375 10 
2410 3017 3028 875 13500 11 

- 	 2420 3014 3023 1000 13625 9 

NE-SW-9 	2390 3056 3090 0 13125 34 
2400 3066 3082 125 13250 16 
2410 3056 3059 250 13375 3 
2420 3065 3071 375 13500 6 

NE-SW_1 	2470 3275 3310 0 14125 35 
2480 3276 3302 125 14250 26 
2490 3313 3349 250 14375 36 
2500 3290 3296 375 14500 6 
2510 3268 3302 500 14625 34 
2520 3270 3302 625 14750 32 
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NNW-SSE-5 

Fault 
	

Inline 	C-up I  C-down Length (m) Normalised Throw (ms) 
2570 3107 3127 875 15375 20 
2580 3088 3113 	1  1000 15500 25 
2590 3082 3110 1125 15625 28 

NNW-SSE4 	2610 3053 3059 0 15875 6 
2620 3064 3079 125 16000 15 
2630 3063 3094 250 16125 31 
2640 3069 3096 375 16250 27 
2650 3075 3110 500 16375 35 
2660 3075 3166 625 16500 91 
2670 3076 3151 750 16625 75 
2680 3087 3157 875 16750 70 
2690 3081 3163 1000 16875 82 
2700 3065 3165 1125 17000 100 
2710 3082 3154 1250 17125 72 
2720 3061 3175 1375 17250 114 
2730 3083 3180 1500 17375 97 
2740 3096 	1  3172 1625 17500 76 
2750 3090 3150 1750 17625 60 
2760 3088 3141 1875 17750 53 
2770 3111 3154 2000 17875 43 
2780 3121 3155 2125 18000 34 
2790 3146 3175 2250 18125 29 

2624 2610 2889 0 10000 279 
2626 2622 2890 113 10113 268 
2632 2631 2873 226 10226 242 
2635 2670 2893 339 10339 223 
2661 2663 2882 452 10452 219 
2665 2671 2931 565 10565 260 
26701 2695 2960 678 10678 265 
2672 2713 2940 791 10791 227 
2676 2699 2971 904 10904 272 
2697 2678 2981 1017 11017 303 
2699 2713 2988 1130 11130 275 
2700 2707 2993 1243 11243 286 
27061  2705 3006 1356 11356 301 
2706 2716 3006 1469 11469 290 
2708 2717 3026 1582 11582 309 
27121 2733 3031 1695 11695 	1 298 
2713 2737 3042 1808 11808 305 
2714 2747 3045 1921 11921 298 
2717 2732 3052 2034 12034 320 
2717 2741 3067 2147 12147 326 
2726 2752 3070 2260 12260 318 
2732 2769 3070 2373 	1 12373 301 
2869 2772 3074 2486 12486 302 
2876 2800 3083 2599 12599 283 
2878 2806 3074 2712 12712 268 
2893 2799 3076 2825 12825 277 
2897 2801 3078 2938 12938 277 
2900 2805 3082 3051 13051 277 
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Fault Inline 
2930 
2940 
2946 
2952 
2961 
2965 
2974 
2983 
2992 
2994 
3008 
3019 

C-up 
2814 
2814 
2817 
2834 
2839 
2852 
2864 
2875 
2906 

2939 
2938 

28873122 

C-down 
3074 
3090 
3102 
3112 
3123 
3130 
3131 
3110 
3122 

3136 
3119 

Length (m) 
3164 
3277 
3390 
3503 
3616 
3729 
3842 
3955 
4068 
4181 
4294 
4407 

NNW-SSE_6 2487 2962 2976 
2498 2973 2987 
2507 2943 2996 
2524 2938 3002 
2545 2942 3028 
2552 2940 3024 
2553 2933 3023 
2560 2931 3014 
2580 2937 3021 
2589 2940 3014 
2594 2945 3026 
2596 2930 3012 
2597 2957 3044 
2598 2946 3038 
2603 2965 3043 
2604 
2609 
2611 
2623 
2640 
2657 
2659 
2667 
2680 
2681 
2683 
2690 
2698 
2704 
2710 

2956 
2966 
2967 
2966 
2968 
2975 
2977 
2979 
2980 
2987 
2987 
3001 
3004 
3039 
3015 

3032 
3034 
3031 

1 	3047 
3028 
3034 
3032 
3031 
3034 
3018 
3028 
3041 
3050 
3041 
3043 

2723 3023 3043 
2724 3011 3036 

- 	 2736 3022 3041 

NNW-SSE-7 	2514 2976 - 3061 
2521 2962 3064 
2529 2970 3040 
2545 2933 3034 
2554 2943 3012 

Normalised Throw (ms) 
13164 260 
13277 276 
13390 285 
13503 278 
13616 284 
13729 278 
13842 267 
13955 235 
14068 216 
14181 235 
14294 197 
14407 181 

14338 	14 
14451 	14 
14564 	53 
14677 	64 
14790 	86 
14903 	84 
15016 	90 
15129 	83 
15242 	84 
15355 	74 
15468 	81 
15581 	82 
15694 	87 
15807 	92 
15920 	78 
16033 	76 
16146 	68 
16259 	64 
16372 	81 
16485 	60 
16598 	59 
16711 	55 
16824 	52 
16937 	54 
17050 	31 
17163 	41 
17276 	40 
17389 	46 
17502 	2 
17615 	28 
17728 	20 
17841 	25 
17954 	19 

14675 85 
14788 102 
14901 70-- 
15014 101 
15127 69 

0 
113 
226 
339 
452 
565 
678 
791 
904 
1017 
1130 
1243 
1356 
1469 
1582 
1695 
1808 
1921 
2034 
2147 
2260 
2373 
2486 
2599 
2712 
2825 
2938 
3051 
3164 
3277 
3390 
3503 
3616 

0 
113 
226 
339 
452 
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NNW-SSE_8 2244 2733 2809 0 
2253 2734 2809 113 
2260 2732 2818 226 
2268 2743 2831 339 
2272 2753 2843 452 
2278 2763 2859 565 
2290 2771 2852 678 
2314 2751 2866 791 
2317 2734 2882 904 
2322 2720 2871 1017 
2333 2739 2883 1130 
2351 2757 2857 1243 
2357 2757 2883 1356 
2368 2756 2881 1469 
2380 2756 2878 1582 
2403 2754 2890 1695 
2405 2771 2903 1808 
2424 2772 2909 1921 
2437 2798 2941 2034 
2443 2805 2906 2147 
2452 2816 2921 2260 
2469 2815 2928 2373 
2483 2827 2925 2486 
2487 2856 2935 2599 
2491 2835 2968 2712 

11300 76 
11413 75 
11526 86 
11639 88 
11752 90 
11865 96 
11978 81 
12091 115 
12204 148 
12317 151 
12430 144 
12543 100 
12656 126 
12769 125 
12882 122 
12995 136 
13108 132 
13221 137 
13334 143 
13447 101 
13560 105 
13673 113 
13786 98 
13899 79 
14012 133 

Fault 	mIX-line C-up C-down Length (m) Normalised Throw (ms) 
2559 2932 2985 565 15240 53 
2566 2928 2940 678 15353 12 
2590 2932 2966 791 15466 34 
2599 2931 2935 904 15579 4 
2604 2928 2978 1017 15692 50 
2617 2938 2962 1130 15805 24 
2626 2936 2975 1243 15918 39 
2634 2934 2951 1356 16031 17 
2644 2933 2964 1469 16144 31 
2657 2933 2962 1582 16257 29 
2676 2926 2972 1695 16370 46 
2677 2926 2976 1808 16483 50 
2685 2923 3003 1921 16596 80 
2693 2927 3005 2034 16709 78 
2697 1 	2920 3004 2147 16822 84 
2707 2932 2984 2260 16935 52 
2709 2948 	i 3000 2373 17048 52 
2716 2959 2996 2486 17161 37 
2731 2977 3005 2599 17274 28 
2743 2980 3009 2712 17387 29 
2752 3003 3033 2825 17500 30 
2767 3002 3041 2938 17613 39 
2771 3005 3040 3051 17726 35 
2775 3008 3043 3164 1 	17839 35 
2785 3011 3054 3277 1 	17952 43 
2787 3014 3047 3390 18065 33 
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Fault 	mIX-line C-up C-down Length (m) Normalised Throw (ms) 
2500 2855 2944 2825 14125 89 
2511 2863 2975 2938 14238 112 
2524 2863 2978 3051 14351 115 
2525 2877 2993 3164 14464 116 
2538 2881 2976 3277 14577 95 
2543 1 	2891 3001 3390 14690 110 
2546 2903 3002 3503 14803 99 
2564 2907 3012 3616 14916 105 
2573 2899 3003 3729 15029 104 
2577 2887 3026 3842 15142 139 
2578 2895 3019 3955 15255 124 
2589 2901 3042 4068 15368 141 
2611 2893 3079 4181 15481 186 
2622 2911 3086 4294 15594 175 
2624 2923 3085 4407 15707 162 
2624 2914 3075 4520 15820 161 
2627 2938 3089 4633 	1 15933 151 
2636 2932 3081 4746 16046 149 
2643 2929 3084 4859 16159 155 
2643 1 	2940 3094 4972 16272 154 
2651 2921 3090 5085 16385 169 
2654 2925 3098 5198 16498 173 
2657 2915 3098 5311 16611 183 

2927 3082 5424 16724 155 
2680 2909 3113 5537 16837 204 
2690 2899 3122 5650 16950 223 
2695 2950 3156 5763 17063 206 
2707 2990 3149 5876 17176 159 
2715 2996 3154 5989 17289 158 
2715 2997 3150 6102 17402 153 
2720 2993 3161 6215 17515 168 
2729 3004 3151 6328 17628 147 
2730 2995 3166 6441 17741 171 
2739 2993 3158 6554 17854 165 
2757 2988 3172 6667 17967 184 
2766 2993 3168 6780 18080 175 
2775 3000 3174 6893 18193 174 
2788 3002 3182 7006 18306 180 
2797 3012 3185 7119 18419 173 
2850 3056 3192 7232 18532 136 
2860 3061 3217 7345 18645 156 
2870 3064 3206 7458 18758 142 
2874 3059 3204 7571 18871 145 
2880 3055 3228 7684 18984 173 
2882 3051 3192 7797 19097 141 
2887 3056 3251 7910 19210 195 
2892 3072 3201 8023 19323 129 
2900 3078 3252 8136 19436 174 
2890 3068 3201 8249 19549 133 
2902 3091 3221 8362 19662 130 
2910 3106 3251 8475 19775 145 
2920 3127 3262 8588 19888 135 
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mIX-line C-up C-down Length (m) Normalised Throw (ms) 
2930 3129 3272 8701 20001 143 
2940 3151 3278 8814 1 	20114 127 
2950 3146 3281 8927 20227 135 
2960 3156 3288 9040 20340 132 
2970 3160 3284 9153 20453 124 
2977 3192 3264 9266 20566 72 
2990 3199 3287 9379 1 	20679 88 
3000 3204 3289 9492 20792 85 
3010 3202 3283 9605 20905 81 
3020 3206 3281 9718 21018 75 

NNW-SSE _9 	26702952 2980 0 16625 28 
2680 2961 2988 113 16738 27 
2690 2974 2995 226 16851 21 
2701 2987 2996 339 16964 9 
2708 2988 2996 452 17077 8 
2724 2985 3002 565 17190 17 
2738 2994 3009 678 17303 15 
2753 2993 3006 791 17416 13 
2756 2990 3005 904 17529 15 
2767 2994 3017 1017 17642 23 
2775 2998 3015 1130 17755 17 
2783 2996 3017 1243 17868 21 
2794 2987 3012 1356 17981 25 
2807 2972 3018 1469 18094 46 
2823 2966 3018 1582 18207 52 
2836 2960 3013 1695 18320 53 
2837 2970 3001 1808 18433 31 
2838 2961 3029 1921 18546 68 
2853 2974 3067 2034 18659 93 
2861 3004 3101 2147 18772 97 
2862 2994 3091 2260 18885 97 
2864 2983 3082 2373 18998 99 

J868 3015 3093 2486 19111 78 
2868 3019 3110 2599 19224 91 
2875 3005 3099 2712 19337 94 
2880 3011 3122 2825 19450 111 
2887 3035 3130 2938 19563 95 
2902 3034 3140 3051 19676 106 
2910 3052 3181 3164 19789 129 
2913 3063 3179 3277 19902 116 
2918 3074 3158 3390 20015 84 
2920 3087 3201 3503 20128 114 
2924 3078 3186 3616 20241 108 
2936 3078 3187 3729 20354 109 
2944 3092 3199 3842 20467 107 
2947 3089 3158 3955 20580 69 
2955 3155 3202 4068 20693 47 	1 
2961 3136 3189 4181 20806 53 

NNW-SSE_10 	2815 3022 3162 0 18438 140 
2831 3036 3140 113 18551 104 

Appendix 2: Fault Contacts Calculations 	 356 



NNW-SSE_1 1 

mIX-line C-up C-down Length (m) I Normalised Throw (ms) 
2831 3040 3138 226 18664 98 
2834 3041 3052 339 18777 11 
2837 3044 3054 452 18890 10 
2845 3051 3062 565 19003 11 
2858 3042 3103 678 19116 61 
2858 3040 3076 791 19229 36 
2858 3053 3060 904 19342 7 
2859 3060 3080 1017 19455 20 
2891 3097 3129 1130 19568 32 
2897 3106 3139 1243 19681 33 
2901 3104 3149 1356 19794 45 
2905 3128 3140 1469 19907 12 
2906 3099 3165 1582 20020 66 
2909 3108 3154 1695 20133 46 
2909 3125 3139 1808 20246 14 
2915 3124 3159 1921 20359 35 

2822 2954 3044 0 18525 90 
2842 2950 2962 113 18638 12 
2884 2997 3075 226 18751 78 
2900 3062 3087 339 18864 	1 25 
2910 3053 3086 452 18977 33 
2919 3019 3077 565 19090 58 
2920 3045 3089 678 1 	19203 44 
2930 3042 3106 791 19316 64 
2938 3003 3116 904 19429 113 
2940 3059 3096 1017 19542 37 
2950 3056 3096 1130 19655 40 
2960 3061 3118 1243 19768 57 
2970 3068 3071 1356 19881 3 
2972 3028 3114 1469 19994 86 
2980 3068 3120 1582 20107 52 
2990 3076 3099 1695 20220 23 
2997 3040 3132 1808 20333 92 
3000 3086 3119 1921 20446 33 
3010 3103 3136 2034 20559 33 
3027 3057 3065 2147 21087 8 
3030 3093 3126 2260 21200 33 
3040 3097 3130 2373 21313 33 
3050 3058 3130 2486 21426 72 
3060 3096 3131 2599 21539 35 
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M_NE-SW_1 

M_NE-SW_2 

Table 2.3: Throw-length calculations for faults mapped at Magnus Sandstone 
Member level. The faults are mapped within Magnus and Penguin surveys with 
reference to the NNW-SSE _15 fault except for the WNW-ESE faults which were 
mapped with reference to the WNW-ESE-4 fault. 

Fault 
M_NE-SW_lb 

mIX-line C-up C-down Length (m) 	Normalised Throw (ms) 
2160 3125 3146 0 4000 21 
2149 3129 3138 100 4100 9 
2118 3122 3130 200 4200 8 
2101 3147 3156 300 4300 9 
2088 3161 3176 400 4400 1 	15 
2060 3167 3183 500 4500 16 
2042 3184 3195 600 4600 11 
2029 3178 3199 700 4700 21 
2018 3198 3219 800 4800 21 

2348 3084 3103 0 1650 19 
2336 3098 3130 100 1750 32 
2323 3098 3121 200 1850 23 
2314 3102 3108 300 1950 6 
2301 3105 3112 400 2050 7 
2289 3087 3107 500 2150 20 
2276 3107 3118 600 2250 11 
2265 3085 3091 700 2350 6 
2254 3099 3108 800 2450 9 
2239 3112 3125 900 2550 13 
2228 3118 3151 1000 2650 33 
2216 3110 3130 1100 2750 20 
2206 3124 3140 1200 2850 16 
2193 3137 3146 1300 2950 9 
2184 3134 3149 1400 3050 15 
2166 3128 3151 1500 3150 23 
2145 3129 3162 1600 3250 33 
2124 3133 3156 1700 3350 23 
2117 3140 3156 1800 3450 16 
2102 3153 	1 3168 1900 3550 15 
2090 3167 3182 2000 3650 15 
2068 3180 3204 2100 3750 24 
2057 3186 3210 2200 	1 3850 24 
1995 3206 3237 2300 	! 3950 31 

2395 3090 3107 0 10625 17 
2391 3076 3118 100 1162.5 42 
2380 3074 3107 200 1262.5 33 
2372 - 3078 3100 300 i 	1362.5 22 
2365 3059 3081 400 1462.5 22 
2360 3054 3077 500 1562.5 23 
2350 3061 3087 600 1662.5 26 
2340 3059 3077 700 1762.5 18 
2333 3052 3068 800 1862.5 16 
2321 3071 3073 900 1962.5 2 
2309 3070 3072 1000 2062.5 2 
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Fault 
	

mIX-line C-up C-down Length (m) Normalised Throw (ms) 

M_NE-SW_3 

M_NNE-SSW_A1 

MNNE-SSW_A2 

2296 3073 3080 1100 2162.5 7 
2283 3074 3080 1200 2262.5 6 
2273 3065 3078 1300 2362.5 13 
2258 3081 3086 1400 2462.5 5 
2241 3099 3112 1500 2562.5 13 
2234 3090 3104 1600 2662.5 14 
2216 3110 3126 1700 2762.5 16 
2204 3119 3133 1800 2862.5 14 

2240 2986 2996 0 3000 10 
2236 2972 2980 100 3100 8 
2211 2991 3006 200 3200 15 
2204 2980 3003 300 3300 23 
2193 2990 3005 400 3400 15 
2184 2985 3002 500 3500 17 
2171 3004 3012 600 3600 8 
2150 3018 3027 700 3700 9 
2143 3024 3036 800 3800 12 
2117 3036 3046 900 3900 10 
2107 3038 3050 1000 4000 12 
2095 3052 3066 1100 4100 14 
2088 3046 3055 1200 4200 9 

1200 3348 3384 0 12688 36 
1210 3357 3383 125 12813 26 
1220 3356 3398 250 12938 42 
1230 3352 3384 375 13063 32 
1240 3346 3378 500 13188 32 
1250 3380 3400 625 13313 20 
1260 3374 3400 750 13438 26 
1270 3372 3386 875 13563 14 
1280 3372 3390 1000 13688 18 
1290 3367 3389 1125 13813 22 
1300 3370 3394 1250 13938 24 

	

610 	3402 	3424 	0 	5312.5 	22 

	

620 	3394 	3426 	1125 	5437.5 	32 

	

630 	3412 	3430 	2250 	5562.5 	18 

	

640 	3404 	3432 	3375 	5687.5 	28 

	

] 650 	3413 3468 4500 	5812.5 	55 

	

670 	3426 	3446 	5625 	5937.5 	20 

	

680 	3426 	3456 	6750 	6062.5 	30 

	

- 690 	3422 	3451 	7875 	6187.5 	29 

J 700 	3423 3455 	9000 	6312.5 	32 

	

710 	3408 	3444 	10125 	6437.5 	36 
720 3426 3450 11250 6562.5 24 
730 3424 3464 12375 6687.5 40 

J 	740 3440 3460 13500 6812.5 20 
750 3445 3460 14625 6937.5 15 

- 760 3458 3474 15750 7062.5 16 
- 	770 3460 3488 16875 7187.5 28 

780 3454 3472 18000 7312.5 18 
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Fault 	mIX-line C-up C-down Length (m) Normalised Throw (ms) 
790 	3455 	3482 	19125 	7437.5 	27 
800 	3468 	3488 	20250 	7562.5 	20 
810 	3466 	3490 	21375 	7687.5 	24 
820 	3462 	3493 	22500 	7812.5 	31 
830 	3477 	3498 	23625 	7937.5 	21 
840 	3468 	3504 	24750 	8062.5 	36 
850 	3480 	3506 	25875 	8187.5 	26 

M_NNE-SSW_S1 690 3470 3499 0 	6312.5 	29 
700 	3466 	3492 	125 	6437.5 	26 
710 	3458 	3482 	250 	6562.5 	24 
720 	3452 	3486 	375 	6687.5 	34 
730 	3492 	3506 	500 	6812.5 	14 
740 	3478 	3502 	625 	6937.5 	24 
750 	3470 	3492 	750 	7062.5 	22 
760 	3478 	3506 	875 	7187.5 	28 
770 	3482 	3500 	1000 	7312.5 	18 

M_NNW-SSE_1 1034 3177 3190 0 	18075 	13 
1029 	3189 	3209 	125 	18200 	20 
1023 	3177 	3191 	250 	18325 	14 

M_NNW-SSE_2 1128 3211 3217 0 1 16900 	6 
1122 	3192 	3210 	125 	17025 	18 
1115 	3164 	3186 	250 	17150 	22 
1105 	3143 	3169 	375 	17275 	26 
1095 	3134 	3152 	500 	17400 	18 
1079 	3125 	3141 	625 	17525 	16 
1079 	3115 	3132 	750 	17650 	17 

M_NNW-SSE_3 1137 3169 3177 0 	16787.5 	8 
1137 	3154 	3160 	125 	16912.5 	6 
1116 	3113 	3122 	250 	17037.5 	9 
1116 	3063 	3087 	375 	17162.5 	24 
1113 	3057 	3075 	500 	17287.5 	18 

M_NNW-SSE_4 1173 3155 3163 0 	1633.5 	8 
1167 	3135 	3154 	125 	1758.5 	19 
1152 	3120 	3146 	250 	1883.5 	26 
1150 	3115 	3134 	375 	2008.5 	19-- 
1143 	3099 	3123___,_500 	2133.5 	24 
1142 3096 3115 	625 	2258.5 1 19 

M_NNW-SSE_5 1164 3084 3096 0 	16450 	12 
1156 	3072 	3091 	125 	16575 	19 
1148 	3048 	3074 	250 	16700 	26 
1138 3036 3055 	375 	16825 	19 - 

MNNW-SSE_6 350 3320 3340 0 	13500 	20 
330 	3322 	3337 	250 	13750 	15 
320 	3322 	3331 	375 	13875 	9 
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230 3144 3162 0 13912.5 
210 3123 3127 250 14162.5 
1324 3160 3175 537.5 14450 
1322 3146 3154 662.5 14450 

1306 3140 3148 787.5 14450 
1313 3099 3135 912.5 14450 
1285 3110 3125 1037.5 14450 
1274 3116 3126 1162.5 14450 
1281 3078 3092 1287.5 14450 
1268 3070 3086 1412.5 14450 

335 3306 3324 0 11337.5 
330 3300 3320 62.5 11400 
325 3291 3308 125 11462.5 
320 3283 3301 187.5 11525 
315 3270 3294 250 11587.5 
300 3249 3273 437.5 11775 
270 3170 3181 812.5 12150 
260 3175 3185 	1 937.5 12275 
250 3162 3172 1062.5 12400 
1493 3158 3163 1187.5 12525 
1481 3121 3141 1312.5 12650 
1470 3106 3116 1437.5 12775 
1469 3095 3104 1562.5 12900 
1456 3091 3091 1687.5 13025 
1454 3066 3078 1812.5 13150 
1444 3046 3065 1937.5 13275 
1434 3035 3047 2062.5 13400 
1428 3022 3030 2187.5 13525 
1396 2997 3007 2312.5 13650 

18 
4 
15 
8 
8 

36 
15 
10 
14 
16 

18 
20 
17 
18 
24 
24 
11 
10 
10 
5 

20 
10 
9 
0 

12 
19 
12 
8 
10 

M_NNW-SSE_7 

M_NNW-SSE_8 

mIX-line C-up C-down Length (m) Normalised Throw (ms) 
310 3323 3331 500 14000 8 
300 3302 3307 625 14125 5 
280 3268 3272 750 14250 4 
270 3255 3264 875 14375 9 
260 3225 3238 1000 14500 13 
250 3213 3222 1125 14625 9 
230 3162 3166 1375 14750 4 
1231 3181 3211 2237.5 15612.5 30 
1230 3171 3179 3100 15737.5 8 
1211 3147 3160 3962.5 15862.5 13 
1212 3149 3152 4825 15987.5 3 
1210 3109 3117 5687.5 16112.5 8 
1211 3098 3100 6550 16237.5 2 
1195 3076 3094 7412.5 16362.5 18 
1192 3064 3067 8275 16487.5 3 

M_NNW-SSE_9 	2341 3040 3041 0 1737.5 1 
2331 3044 3060 100 1837.5 16 

b 	 2324 3036 3050 200 1937.5 14 
2315 3023 3043 300 2037.5 20 
2296 3008 3042 400 2137.5 34 
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mIX-line C-up C-down Length (m) Normalised Throw (ms) 
2308 3009 3037 500 2237.5 28 
2286 3011 3028 600 2337.5 17 
2279 3002 3026 700 2437.5 24 
2247 3016 3031 800 2537.5 15 
2270 2999 3010 900 2637.5 11 
2239 3013 3019 1000 2737.5 6 

M_NNW-SSE_10 2445 3085 3100 	0 	437.5 	15 
2423 	3082 	3093 	100 	537.5 	11 
2419 	3091 	3112 	200 	637.5 	21 
2409 	3084 3103 	1 	300 	737.5 	19 
2404 	3075 	3080 	400 	837.5 	5 
2399 	3053 	3069 	500 	937.5 	16 
2390 3051 3060 600 	1037.5 1 9 
2382 	3037 	3052 	700 	1137.5 	15 
2379 	3019 	3043 	800 	1237.5 	24 
2369 	3007 	3038 	900 	1337.5 	31 
2360 	2995 	3048 	1000 	1437.5 	53 
2343 	2987 	3026 	1100 	1537.5 	39 
2354 	2989 	3029 	1200 	1637.5 	40 
2336 	2988 	3014 	1300 	1737.5 	26 
2329 	2984 	2995 	1400 	1837.5 	11 
2322 	2968 	2990 	1500 	1937.5 	22 
2302 	2968 	2975 	1600 	2037.5 	7 
2313 	2969 i 2983 	1700 	2137.5 	14 
2291 	2971 	2980 	1800 	2237.5 	9 
2284 	2960 	2966 	1900 	2337.5 	6 
2276 	2954 1  2963 	2000 	2437.5 	9 
2268 	2950 	2967 	2100 	2537.5 	17 
2258 	2952 	2965 	2200 	2637.5 	13 
2253 	2932 	2947 	2300 	2737.5 	15 
2245 	2936 	2948 	2400 	2837.5 	12 
2237 	2939 	2951 	2500 	2937.5 	12 
2226 1 2938 	2950 	2600 	3037.5 	12 
2217 	2944 	2951 	2700 	3137.5 	7 
2209 1  2944 	2966 	2800 	3237.5 	22 
2200 	2939 	2954 	2900 	3337.5 	15 
2177 	2954 	2963 	3000 	3437.5 	9 
2167 	2955 	2965 	3100 	3537.5 	10 
2152 	2951 	2953 	3200 	3637.5 	2 
2164 	2939 	2955 	3300 	3737.5 	16 
2134 	2944 	2959 	3400 	3837.5 	15 
2146 	2939 	2951 	3500 	3937.5 	12 
2124 	2944 	2957 	3600 	4037.5 	13 

M_NNW-SSE_11 2449 3059 3070 	0 	387.5 	11 
2464 	3044 	3053 	100 	487.5 	9 
2444 	3040 	3057 	200 	587.5 	17 
2435 	3025 	3049 	300 	687.5 	24 
2427 3032 3044 	400 	787.5 	12 - 
2418 3033 3040 	500 	887.5 	7 - 
2413 	3012 	3028 	600 	987.5 	16 
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Fault 	mIX-line C-up C-down Length (m) Normalised Throw (ms) 
2403 3011 3014 700 1087.5 3 
2396 3002 3011 800 1187.5 9 

M_NNW-SSE_12 	2482 3024 3053 0 0 29 
2475 3010 3025 100 100 15 
2466 3011 3024 200 200 13 
2461 3006 3014 300 300 8 
2451 2994 3005 400 400 11 
2439 2995 3024 500 500 29 
2431 2994 3017 600 600 23 
2424 2988 3005 700 700 17 
2415 2985 2998 800 800 13 
2405 2977 2992 900 900 15 
2395 2964 2989 1000 1000 25 
2384 2962 2981 1100 1100 19 
2371 2959 2982 1200 1200 23 
2362 2958 2978 1300 1300 20 
2355 2955 2979 1400 1400 24 
2342 2954 2964 1500 1500 10 
2338 2942 2958 1600 1600 16 
2326 2940 2952 1700 1700 12 
2319 2927 2947 1800 1800 20 
2310 2927 2941 1900 1900 14 
2297 2924 2942 2000 2000 18 
2290 2920 2939 2100 2100 19 
2279 2919 2940 2200 2200 21 
2273 2917 2926 2300 2300 9 
2266 2904 2921 2400 2400 17 
2259 2905 2923 2500 2500 18 
2250 2895 2917 2600 2600 22 
2245 2892 2911 2700 2700 19 
2236 2880 2904 2800 2800 24 
2212 2871 2907 2900 2900 36 
2198 2886 2910 3000 3000 24 
2192 2871 2879 3100 3100 8 
2190 2886 2912 3200 3200 26 
2189 2859 2872 3300 3300 13 
2179 2894 2913 3400 3400 19 - 
2175 2886 2904 3500 3500 18 
2166 2885 2902 3600 3600 17 

M_ NNW-SSE _14 

2865 2886 
2861 2877 
2852 2864 
2852 2875 

2476 2932 2940 
2465 2945 2946 
2459 2937 2943 
2453 2935 2937 
2444 2921 2936 
2435 2917 2939 

0 2987.5 21 
100 1 	3087.5 16 
200 3187.5 12 
300 3287.5 23 

0 43 8 
100 143 1 
200 243 	

L 
6 

300 343 2 
400 443 15 
500 543 22 

M_NNW-SSE13 	2241 
2234 
2230 
2223 
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Fault mIX-line C-up C-down Length (m) Normalised Throw (ms) 
2425 2929 2938 600 643 9 
2416 2917 2934 700 743 17 
2402 2933 2943 800 843 10 
2393 2928 2949 900 943 21 
2384 2917 2928 1000 1043 11 
2377 2911 2923 1100 1143 12 
2368 2905 2913 1200 1243 8 
2357 2894 2910 1300 1343 16 
2350 2884 2893 1400 1443 9 
2343 2895 2911 1500 1543 16 
2332 2891 2899 1600 1643 8 
2329 2873 2900 1700 1743 27 
2318 2879 2893 1800 1843 14 
2310 2875 2888 1900 1943 13 
2295 2882 2895 2000 2043 13 
2283 2876 2889 2100 2143 13 

MNNW-SSE15 	2480 2834 2838 0 0 4 
2459 2829 2844 100 100 15 
2471 2828 2832 200 200 4 
2450 2832 2844 300 300 12 
2418 2843 2850 400 400 7 

MNNW-SSES1 	1240 3368 3399 0 13187.5 31 
1250 3376 3406 125 13312.5 30 
1260 3376 3394 250 13437.5 18 
1270 3382 3406 375 13562.5 24 

M_NNW-SSE_S15_St 	1030 3342 3379 
1040 3362 3412 
1050 3424 3458 
1060 3394 3440 
1070 3314 3386 
1080 3343 3373 
1090 3350 3392 
1100 3350 3388 
1110 3348 3395 
1120 3343 3376 
1130 3321 3351 
1140 3352 3379 
1150 3302 3326 
1160 3297 3338 
1170 3292 3330 
1180 3277 3308 
1190 3271 3303 

M_Png-South_Stl 	1210 3084 3130 
1220 3088 3114 
1230 3088 3124 
1240 3104 3142 
1250 3110 3156 
1260 3106 3169 

0 10562.5 37 
125 10687.5 50 
250 10812.5 34 
375 10937.5 46 
500 11062.5 72 
625 11187.5 30 
750 11312.5 42 
875 11437.5 38 
1000 11562.5 47 
1125 11687.5 33 
1250 11812.5 30 
1375 11937.5 27 
1500 12062.5 24 
1625 12187.5 41 
1750 12312.5 38 
1875 12437.5 31 
2000 12562.5 32 

0 12812.5 46 
125 12937.5 26 
250 13062.5 36 
375 13187.5 38 
500 13312.5 46 
625 13437.5 63 
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NNW-SSE-S12 

Fault 	mIX-line C-up C-down Length (m) Normalised Throw (ms) 
1270 3100 3156 750 13562.5 56 
1280 3083 3160 875 13687.5 77 
1290 3074 3164 1000 13812.5 90 
1300 3084 3196 1125 13937.5 112 
1310 3097 3208 1250 14062.5 111 
1320 3123 3248 1375 14187.5 125 
1330 3113 3241 1500 14312.5 128 
1340 3103 3251 1625 14437.5 148 
1350 3122 3276 1750 14562.5 154 
1360 3148 3255 1875 14687.5 107 
1370 3150 3277 2000 14812.5 127 
1380 3131 3235 2125 14937.5 104 
1390 3146 3248 2250 15062.5 102 

M_Png-South_St2 	400 3142 3170 0 2687.5 28 
410 3164 3199 125 2812.5 35 
420 3174 3202 250 2937.5 28 
430 3193 3237 375 3062.5 44 
440 3200 3254 500 3187.5 54 
450 3205 3258 625 3312.5 53 
460 3208 3256 750 3437.5 48 
470 3216 3242 875 3562.5 26 
480 3215 3269 1000 3687.5 54 

290 3316 3336 
300 3317 3346 
310 3310 3336 
320 3308 3334 
330 3316 3342 
340 3306 3340 
350 3316 3348 
360 3313 3353 
370 3317 3361 
380 3318 3340 

890 3337 3382 
900 3316 3378 
910 3300 3400 
920 3281 3364 
930 3258 3362 
940 3245 3374 
950 3234 3379 
960 3216 3378 
970 3199 3336 
980 3198 3362 
990 3198 3336 

1000 3220 3314 
1010 3196 3302 
1020 3199 3315 
1030 3192 3281 
1040 3182 3304 
1050 3156 3362 

0 1312.5 
125 1437.5 
250 1562.5 
375 1687.5 
500 1812.5 
625 1937.5 
750 2062.5 
875 2187.5 

1000 2312.5 
1125 2437.5 

0 8812.5 
125 8937.5 
250 9062.5 
375 9187.5 
500 9312.5 
625 9437.5 
750 9562.5 
875 9687.5 

1000 9812.5 
1125 9937.5 
1250 10062.5 
1375 10187.5 
1500 10312.5 
1625 10437.5 
1750 10562.5 
1875 10687.5 
2000 10812.5 

20 
29 
26 
26 
26 
34 
32 
40 
44 
22 

45 
62 
100 
83 

104 
129 
145 

137 

138 
94 

106 
116 
89 
122 
206 

Appendix 2: Fault Contacts Calculations 	 365 



Fault 

Penguin_South_Splay 

mIX-line I C-up I C-down Length (m) Normalised Throw (ms) 
1060 3158 1 	3369 2125 10937.5 211 
1070 3172 3286 2250 11062.5 114 
1080 3192 3318 2375 11187.5 126 
1090 3208 3318 2500 11312.5 110 
1100 3211 3292 2625 11437.5 81 
1110 3206 3296 2750 11562.5 90 
1120 3204 3282 2875 11687.5 78 
1130 3190 3268 3000 11812.5 78 
1140 3228 3310 3125 11937.5 82 
1150 3220 3258 3250 12062.5 38 
1160 3211 3238 3375 12187.5 27 
1170 3212 3253 3500 12312.5 41 
1180 3225 3254 3625 12437.5 29 
1190 3220 3256 3750 12562.5 36 

1200 3230 3254 3875 12687.5 24 
1210 3232 3276 	1 4000 12812.5 44 
1220 3244 3280 4125 12937.5 36 
1230 3260 3333 4250 13062.5 73 
1240 3268 3334 4375 13187.5 66 
1250 3282 3350 4500 13312.5 68 
1260 3300 3374 4625 13437.5 74 
1270 3308 3366 4750 13562.5 58 

1280 3326 3361 4875 13687.5 35 
1290 3317 3361 5000 13812.5 44 
1300 3334 3366 5125 13937.5 32 
1310 3332 3364 5250 14062.5 32 
1320 3340 1 	3360 5375 14187.5 20 
1330 3352 3380 5500 14312.5 28 

580 3389 3434 0 4937.5 45 

600 3402 3430 125 	1 5062.5 28 
610 3410 3438 250 5187.5 28 
620 3420 3454 375 5312.5 34 
630 3414 3440 500 5437.5 26 
640 3422 3460 	1  625 5562.5 38 
650 3412 3456 750 5687.5 44 

660 3426 3462 875 5812.5 36 
670 3422 3450 1000 5937.5 28 

680 3428 3466 1125 6062.5 38 
690 3420 3442 1250 6187.5 22 
700 3420 3452 1375 6312.5 32 
710 3394 3434 1500 6437.5 40 
720 3406 3436 1625 6562.5 30 
730 3436 3454 1750 6687.5 18 
740 3426 3456 1875 6812.5 30 
750 3417 3441 2000 6937.5 24 
760 3426 3460 2125 7062.5 34 
770 3396 3441 2250 7187.5 45 

780 3400 3434 2375 7312.5 34 
790 3352 3466 2500 7437.5 114 
800 3364 3470 2625 7562.5 106 
810 3364 3468 2750 7687.5 104 
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Penguin-South_Fault 

mIX-line C-up C-down Length (m) Normalised Throw (ms) 

820 	3370 	3470 	2875 	7812.5 	100 
830 	3373 	3459 	3000 	7937.5 	86 
840 	3361 	3472 	3125 	8062.5 	111 
850 	3380 	3472 	3250 	8187.5 	92 
860 	3397 	3486 	3375 	8312.5 	89 
870 	3429 	3478 	3500 	8437.5 	49 
880 3478 3512 3625 1  8562.5 	34 
890 3446 3472 3750 i 8687.5 	26 

920 	3216 	3231 	0 	9187.5 	15 
930 	3201 	3210 	125 	9312.5 	9 
940 1  3140 	3192 	250 	9437.5 	52 

950 	3116 	3153 	375 	9562.5 	37 
960 1 3082 	3139 	500 	1 9687.5 	57 

970 	3052 	3098 	625 	9812.5 	46 
980 	3060 	3092 	750 	9937.5 	32 
990 	3034 	3080 	875 	10062.5 	46 
1000 	3095 	3111 	1000 	10187.5 	16 
1010 	3061 	3086 	1125 	10312.5 	25 

1020 	2989 	3021 	1250 	10437.5 	32 
1030 	3006 	3050 	1375 	10562.5 	44 
1200 	3035 	3057 	2250 	11437.5 	22 
1210 	3043 	3077 	2375 	11562.5 	34 
1220 	3047 	3075 	2500 	11687.5 	28 
1230 	3054 	3082 	2625 	11812.5 	28 
1240 	3052 	3084 	2750 	11937.5 	32 
1250 	3075 	3100 	2875 	12062.5 	25 

1260 	3076 	3089 	3000 	12187.5 	13 
1270 	3052 	3068 	3125 	12312.5 	16 
1280 	3048 	3048 	3250 	12437.5 	0 
1290 	3038 	3040 	3375 	12562.5 	2 
1300 	3022 	3060 	3500 	12687.5 	38 
1310 	3032 	3054 	3625 	12812.5 	22 
1320 	3040 	3044 	3750 	12937.5 	4 
1330 	3008 	3010 	3875 	13062.5 	2 
1340 	2998 	3038 	4000 	13187.5 	40 
1350 	3006 	3044 	4125 	13312.5 	38 
1360 	2992 	3057 	4250 	13437.5 	65 

1370 	3010 	3042 	4375 	13562.5 	32 
1380 	3010 	3040 	4500 	13687.5 	30 
1390 	3008 	3204 	4625 	13812.5 	196 
1400 	3032 	3208 	4750 	13937.5 	176 
1410 	3042 	3214 	4875 	14062.5 	172 
1420 	3100 	3194 	5000 	14187.5 	94 
1430 	3116 	3182 	5125 	14312.5 	66 
1440 	3106 	3192 	5250 	14437.5 	86 
1450 	3124 	3206 	5375 	14562.5 	82 
1460 	3116 	3184 	5500 	14687.5 	68 
1470 	3109 	3154 	5625 	14812.5 	45 

1480 	3126 	3194 	5750 	14937.5 	68 
1490 	3093 	3162 	5875 	15062.5 	69 
1500 	3080 	3140 	6000 	15187.5 	60 
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Fault 	mIX-line C-up C-down Length (m) Normalised Throw (ms) 
1510 	3122 	3168 	6125 	15312.5 	46 
1520 	3148 	3160 1 6250 	15437.5 	12 
1530 	3146 	3168 	6375 	15562.5 	22 

WNW-ESE _1 	2296 	2841 	2852 	0 	1925 	1 	11 
2274 	2860 	2862 	125 	2050 	2 
2240 	2895 	2901 	250 	2175 	6 
2230 	2902 	2916 	375 	2300 	14 
2220 	2918 	2933 	500 	2425 	15 
2210 	2931 	2943 	625 	2550 	12 
2200 	2955 	2963 	750 	2675 	8 
2190 	2968 	2976 	875 	2800 	8 
2180 	3003 	3012 	1000 	2925 	9 
2160 	3041 	3042 	1125 	3050 	1 
2150 	3063 	3082 	1250 	3175 	19 
2130 	3079 	3104 	1375 	3300 	25 
2120 	3104 	3136 	1500 	3425 	32 
2110 	3111 	3148 	1625 	3550 	37 
2100 	3138 	3161 	1750 	3675 	23 
2090 	3151 	3180 	1875 	1 	3800 	29 
2080 	3162 	3189 	2000 	3925 	27 
2070 	3177 	3200 	2125 	4050 	23 
290 	3249 	3259 	2875 	4625 	10 
300 	3272 	3293 	3000 	4750 	21 
310 	3269 	3297 	3125 	4875 	28 
320 	3291 	3310 	3250 	5000 	19 
330 	3332 	3354 	3375 	5125 	22 
345 	3340 	3376 	3500 	5250 	36 
350 	3349 	3385 	3625 	5375 	36 
360 	3348 	3388 	3750 	5500 	40 
370 	3370 	3397 	3875 	5625 	27 
380 3384 3404 4000 5750 	20 
390 	3389 	3411 	4125 	5875 	22 
400 3396 3421 4250 6000 	25 
410 	3408 3434 1  4375 	6125 	26 
420 1  3432 	3452 	4500 	6250 	20 
430 3448 3452 4625 6375 	4 
440 3456 3478 4750 6500 	22 
450 3459 3486 4875 6625 	27 
460 3457 3490 5000 6750 	33 
470 	3480 	3508 	5125 	6875 	28 
485 	3495 	3538 	5250 	7000 	43 
490 	3504 	3544 	5375 	7125 	40 
500 3490 3520 5500 7250 	30 
510 	3502 	3566 	5625 	7375 	64 
520 	3510 	3543 	5750 	7500 	33 
530 	3515 	3547 	5875 	7625 	32 
540 	3503 	3525 	6000 	7750 	22 
550 1  3492 	3499 	6125 1 	7875 	7 
560 	3488 	3504 	6250 	8000 	16 
570 	3468 	3489 	6375 	8125 	21 
580 	3462 	3478 	6500 	8250 	16 
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Fault 
WNW-ESE-2 

WNW-ESE-3 

mIX-line C-up C-down Length (m) Normalised Throw (ms) 
2410 2695 2714 0 500 19 
2400 2704 2724 125 625 20 
2390 2714 2737 250 750 23 
2380 2732 2757 375 875 25 
2370 2753 2775 500 1000 22 
2360 2775 2795 625 1125 20 
2350 2795 2813 750 1250 18 
2340 2803 2820 875 1375 17 
2330 2817 2836 1000 1500 19 
2320 2830 2846 1125 1625 16 
2310 2836 2850 1250 1750 14 
2300 2847 2857 1375 1875 10 
2290 2853 2870 1500 2000 17 
2280 2860 2862 1625 2125 2 
2270 2872 2875 1750 2250 3 
2260 2878 2891 1875 2375 13 
2250 2888 2901 2000 2500 13 
2240 2901 2919 2125 2625 18 
2230 2917 2934 2250 2750 17 
2220 2933 2952 2375 2875 19 
2210 2946 2965 2500 3000 19 
2200 2964 2979 2625 3125 15 
2190 2975 2992 2750 3250 17 
2180 2989 3003 2875 3375 14 
2080 3211 3228 3000 3500 17 
2050 3255 3265 3125 3625 10 
2040 3251 3265 3250 3750 14 
2030 3260 3279 3375 3875 19 

2186 3058 3059 0 3300 1 
2180 3060 3069 125 3375 9 
2170 3075 3086 250 3500 11 
2160 3086 3100 375 3625 14 
2130 3134 3142 500 4000 8 
2120 3156 3167 625 4125 11 
2110 3162 3173 750 4250 11 
2100 3168 3182 875 4375 14 
2090 3182 3201 	1  1000 4500 19 
2080 3201 3211 1125 4625 10 
2070 3200 1 	3222 1250 4750 22- 
2060 3218 3232 1375 4875 14 
2050 3226 3238 1500 5000 12 
2040 3225 3240 1625 5125 15 
2030 3224 3243 1750 5250 19 
2020 3221 3241 1875 5375 20 
2010 3208 3229 2000 5500 21 
310 3282 3294 2125 5625 12 
320 3285 3293 2250 5750 8 
330 3290 3310 2375 5875 20 
340 3308 3329 2500 6000 21 
350 3321 3338 2625 6125 17 
360 3318 3336 2750 6250 18 
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2752 
2756 
2765 
2774 
2787 
2795 
2816 
2828 
2822 
2840 
2843 
2832 
2844 
2846 
2856 
2868 
2889 
2902 
2940 
2942 
2959 
2966 
2988 
3008 
3034 
3044 
3103 
3207 

0 
125 
250 
375 
500 
625 
750 
875 

1000 
1125 
1250 
1375 
1500 
1625 
1750 
1875 
2000 
2125 
2250 
2375 
2500 
2625 
2750 
2875 
3000 
3125 
3250 
3375 

mIX-line C-up C-down Length (m) Normalised Throw (ms) 
370 3334 3358 2875 6375 24 
380 3343 3351 3000 6500 8 
390 3355 3371 3125 6625 16 
400 3360 3374 3250 6750 14 
410 3370 3382 3375 6875 12 
420 3380 3384 3500 	I 7000 4 
430 3384 3392 3625 7125 8 
440 3387 3393 3750 7250 6 
450 3414 3428 3875 7375 14 
460 3407 3425 4000 7500 18 
470 3430 3442 4125 7625 12 
480 3470 3476 4250 7750 6 
490 3472 3484 4375 7875 12 
510 3490 3512 4500 8000 22 
520 3517 3524 4625 8125 7 
530 3517 3526 4750 8250 9 
540 3506 3523 4875 8375 17 
550 3493 3505 5000 8500 12 
560 3481 3488 5125 8625 7 
570 3453 3471 5250 8750 18 

WNW-ESE-4 

- WNW-ESE-4b 

2450 2750 
2440 2747 
2430 2753 
2420 -- 2761 
2410 2777 
2400 2790 

- 	2390 2796 
2380 - 2809 
2370 281511  

2360 2828 
2350 2835 
2340 	2823 
2330 	2836 

Al 2835
10 2827 

2300 	- 2847 
2290 2852 
2280 2867 
2260 2918 
2250 2912 
2240 2927 
2230 2942' 
2220 2957 
2210 2986 
2200 	1 3009 
2190 3020, 
2140 34 
2060 3205 

465 	3412 	3419 	0 
475 	3415 	3428 	125 

7562.5 
7687.5 

0 
125 
250 
375 
500 
625 
750 
875 

1000 
1125 
1250 
1375 
1500 
1625 
1750 
1875 
2000 
2125 
2250 
2375 
2500 
2625 
2750 
2875 
3000 
3125 
3250 
, )_7 

2 
9 

12 
13 
10 
5 
20 
19 
7 
12 
8 
9 
8 

11 
29 
21 
37 
35 
22 
30 
32 
24 
31 
22 
25 
24 
9 
2 

7 
13 
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WNW-ESE-6 

Fault 	mIX-line C-up C-down Length (m) Normalised Throw (ms) 
485 3436 3441 250 7812.5 5 
495 3452 3454 375 7937.5 2 
515 3484 1 	3493 500 8062.5 9 
525 3491 3493 625 8187.5 2 
535 3491 3493 750 8312.5 2 
545 3487 3494 875 8437.5 7 
555 3465 3471 1000 8562.5 6 

WNW-ESE_5 	2280 2889 2890 0 2500 1 
2270 2891 2910 125 2625 19 
2260 2922 2924 250 2750 2 
2250 2929 2940 375 2875 11 
2240 2956 2957 500 3000 1 
2210 2983 2989 625 3375 6 
2200 3001 3003 750 3500 2 
2190 3008 3012 875 3625 4 
2180 3014 3028 1000 3750 14 
2170 3041 3049 1125 3875 8 
2160 3060 3060 1250 4000 0 
2150 3075 3077 1375 4125 2 
2140 3079 3080 1500 4250 1 
2130 3097 3098 1625 4375 1 
2120 3108 3121 1750 4500 13 
2110 3136 3139 1875 4625 3 
2100 3141 3142 2000 4750 1 
2090 3152 3156 2125 4875 4 
2080 3155 3166 2250 5000 11 
2070 3160 3176 2375 5125 16 
2060 3186 3196 2500 5250 10 

2420 2786 2795 0 375 
2410 2813 2820 125 500 
2400 2825 2835 250 625 
2390 2827 2842 375 750 
2380 2835 2862 500 875 
2370 2838 2864 625 1000 
2360 2830 2870 750 1125 
2350 2832 2871 875 1250 
2340 2853 2892 1000 1375 
2330 2862 2892 1125 1500 
2320 2866 2902 1250 1625 
2310 2882 2906 1375 1750 
2300 2886 2922 1500 1875 
2290 2892 2915 1625 2000 
2280 2879 2915 	1  1750 2125 
2270 2874 2903 1875 2250 

9 
7 

10 -
15 
27 
26 
40 
39 
39 
30 
36 
24 
36 
23 
36 
29 
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Appendix 3 

Magnus Sandstone Member Units Thickness 

Table 3.1: Depth picks to top of the Magnus Sandstone Member various units. 

Table 3.2: Thicknesses of the Magnus Sandstone Member various units. 
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Appendix 4 

Graphic Core Descriptions 

Table 4.1: Cored depths of the Magnus Sandstone Member and Kimmeridge Clay 
Formation. The cores are from wells within the Magnus and Penguin-A fields and 
surrounding blocks. 

Well 211/7-1 (m) 211/8-1 (Feet) 211/8-3 (Feet)_ 211/12-1 (m) 
Core Top Base Top Base Top Base _7p_  Base 

Core  3156 3257.4 11195 11227 11424 11511 2938 2947 
Core  Core Numbers 11227 112433" 11512 11599 2947 2957 
Core 3 are not  11602 11693 2957 2975 
Core 4 differentiated  11693 11780 2975 2988 
Core   11782 11872  
Core   11872 11904  

Well 211/12-2 (m) 211/12-3 (m) 211/12-5 (m) 211/12-6 (m) 
Core 1  3064 	r_3153.75 3073 	1 	3203.5 3019.4 3027.9 
Core 2  Core Numbers Core Numbers 3029.6 3056.2 
Core  3226 3244.5 are not are not 3056.2 3084 
Core 4 3244.5 3255 differentiated differentiated 3084 3097 
Core 5 3255 3262.27  3097 3107.6 
Core 6 3265.7 3274  
Core 7 3274 3284  
Core 8 3284 3296.5  
Core 9 3296.5 3316  

Core 10 3316 3327.43  
Core 11 3361 3362.28  

Well 211/12-8 (m) 211/12-9 (m) 211/12-11 (m) 211/12-15 (m) 
Core 1 3018 3029.96 3181.54 3185.83 3142 3154.24 3755 3782 
Core 2  3193.33 3203.79 3159 3171  
Core 3  3203.79 3209.1 3171 3199.2  
Core 4 1   3209.1 3218.8 3199.2 3226.45 1  
Core 5  3218.83 3236.2 3226.5 3245.2  
Core 6  3236.2 3251.69 3245.2 3266.8  
Core 7  3251.69 3255.15  
Core 8  3255.15 3267.32  
Core 9  3267.32 3285.32  
Core 10  3285.32 3303.66  
Core 11  3303.66 3321.16  
Core 12  3321.96 3339.34  
Core 13  3339.6 3357.56  
Core 14  3357.5 3376.07 
Core 15  3376.24 3393.99 
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Well 211/12-M1(m) 211/12-M2 (m) 211/12-M6 (m) 211/12- 	8z (m) 
Core Top Base Top Base Top Base Top Base 

Core 1 3110 3120.5 3667 3675.2 3376 3393.5 3360 3378 
Core 2 3121.46 3146.44 3676.5 3703.3 3393.5 3412,13  
Core 3 3149 3176 3704 3728.89 3412.13 3430.5  
Core 4 3176 3187 3729 3756.25 3430.5 3449  
Core 5 3187 3124.9  3449 4358.5  
Core 6 3124.9 3242.5  
Core 7 3243 3270.33  
Core 8 3271 3291.35  

Well 211/12-M10 (m) 211/12-M12 (m) 211/12-Mj 211/12-M13 (m) 
Core  3631 3647.72 3694 3711.82 3825 3837 not available in dti 
Core 2  3712 3738.77 3837 3841.53 3464 3467.59 
Core 3  3739 3761.65  3467.74 3469.22 
Core 4  3762 3787.9  

Well 211/12-M16 (m) 211/13-3 (feet) 211/13-5 (feet) 211/13-9 (feet) 
Core  3213.85 3217.6 11256 112599" 11840 11865.9 11725 11786 
Core  3217.6 3224.5 11277'8" 112887" 11872 11879.8 11786 11828 
Core  3224.5 3251.85 11297 11354'5"  11828 11887 
Core  3251.85 3278.75 11358 11408  11887 11929 
Core  3279.15 3306.25 11421 11470' 11"  11929 11930 
Core  3306.25 3332.98  11934 11996 
Core  3333.25 3361.05  11996 12059 
Core 8 3361.05 3381  
Core 9 3381 3404  

Core 10 3404 3432  
Core 11 3432.5 3458.6  
Core 12 3458.6 3471  
Core 13 3471 3477.4  

Well 211/13-10 (feet)  
Core  11068 11158'9"  
Core  11159 11250  
Core 3 11250 11312'9"  
Core  11313 11404  
Core  11404 114942'  

Appendix 4: Graphic Core Descriptions 	 378 



Core Graphic Logs 

Symbols used within the graphic core descriptions 

Sedimentary Structures 
Lithologies 

-_ Parallel Lamination 
Coal rVV1 Ripple Lamination 

Mud 
—1' Cross Lamination 

'- Dishl Dewatering 
Silt P 	Pipej 	Structures 

Sand -." Slump Structures 

Limestone \- 	Micro Fault 

Bioturbation 

O Sandstone Clasts 

0 	Clay Clasts 

* Core Slab Photo Location 
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Core Description 
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Location: 	 Sheet:Lofi- 

Appendix 4; Graphic Core descriptions 	 389 



Sheet: j of 2 

interpretation 

'S 

Well Name: 	I-3, 	2 
Location: 	H )n 
Date: 

---- 	. 

Sedimentary Structure 
and Grain Size 

'I) U  

Core Description 

Description and 
Comments 

/ 	 --' —AN 	 M- 	c 

(1,5N 
O. —VIA c4x• 

-. 	 ft) 	CC 

i0ç -ooSo.. 

rI(2 \ 	 ci 

Fj.: --- 	

•coot 	''' 	°'S 

I ((IC) , 
 

t 
- 	 4 

c(U 

Fo,?.C) 
(S00, 

- 	 cj ossooio*NLa -¼- 	°'-' 

soA 

- 

°• 

L 

Co,U 3 

C' 

c Fr i 2~ 

-'c 

I 	It 

iF 	(oI 

cçi 	(oi 

Silt I 	L0t 
>c 

San tone Conel. 

4- it--.'- - 
- 

Appendix 4: Graphic Core descriptions 	 390 



Core Description 
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Core Description 
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Core Description 

Well Name: 	Coe 	a. ' 2 
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Core Description 
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Core Description 
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Core Description 
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Core Description 

Well Name: _o I -o, 
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Core Description 
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Core Description 

Well Name: 	(e 3 Z 

Location: _Iber"' FJL. 

Date: 	ISIVIS  
Sheet: ±L of 2: 

2 
Sedimentary Structure Description and 

Comments 
Interpretation   

(3 
and Grain Size 

- 
—Uws.-' \\ 

I., s'r) 	IM 	m*.- (II.' 

- • __.-_______-\ 

- 1 1 ct 	wit, 6olW'1 
rl 

Lip 

•• 	.. 

- — J 	4?.•---'- 

(rric dd pl 	 4i sJ  
4 oiwpdo.e sdI' 

- - - bi.. 4. 
• 

- 	
- I 

- ) 	 ..d1 
o.4'cM 

. S... 

:— 

kA 

iFFT F.i () IA 

C.2 0; 
i6o - 

O..,;nitWpI 
Jr-

i- i.P' 

F 

c4.. 	 -'- 

Ci se4L. 

_______ Flu 

c%..*. ....& 	si 	4sp. 

ipi?, 	p..•. 
k~ey Part 4 	d.k-. ----- 

- - 
Fv.ot) t5 ..t 	s C6.)44 Is 

6:1 cl-3 haw 

I 	---- 
I\  

-' 	•. - hi 	u. 	se-r.i 	s —. __i_i_iJ 4- I-pp 

1 
-•1 

L 	s 	J 

Appendix 4: Graphic Core descriptions 	 493 



Core Description 

WeliName: 	alr-1o. Q,.Q 

Location: 	&4$. ;AP k.i.yWV of  Sheet: _L 
Date: '-I  - 

1 

Sedimentary Structure Description and 
Comments 

interpretation 
and Grain Size 

I CI'M, 	 .J/uIf Cl 	& 

o$4..V 

- .4- 
k 	pt..  

0 

...,• 	- 	- - 	
_J .I(o.0) 

I 	
I I 

_j 	
3c 4 
-rop . 

lAe 	•.:.•:•— 	 Hi 
I .eiJ s-eà 	

un'il-c 

c-' 	7 — 
LI-J - 

• 
- 

UI 
Ll 

 

jl 	-) 

—.-- 
-1 

ttOlII 	3 	, 

- 

- 

-= —_..•-:i 
,,., 	 4 

:=;:-:: 	_________________ 

,—•-- 

> 
---i 

'" 
-- 
111__ _IIIIIIIIj 

Jim 

 

Fd.l 

— 	¼3 	ri 
° s4 	ui 	 c1sic 	1r 

e 	 3er 
- 	-I- 	- 

- 	. 
.• / 

TIIIIIIIIiII1__- 

CoClay silt 	i1  
> 

L_ s 	_J c. 

Appendix 4: Graphic Core descriptions 	 494 



- 
% 	 •j4 

.44 	flIQII( 

9j(( Plc) 

Silt' 

L_ —conal 

Core Description 

Well Name: Q11IM40, Cot'- 

Location: Fj Sheet: 	of. ..±. 
Date: ________________________________ 

Sedimentary Structure Description and 
Comments 

interpretation 
and Grain Size 	(1  

Fli "2  

.ig 4  

V )  -— 
;_. 

..---i 
3(O.t'( 1•\. c 

— -- — 4. 

±4 
upe1" 

— 

Po. - CA j Ms.4& 
	'' S.— .'... 

 A...i 	ses'.-..1 	pI.'..r 

d.j- 

FJ.2' 

.7" 

,S,'ve1 	y 
s,,fipA 	PJ p.,IIc (toøi. 	d.vJ'( 

oip cl.es) 	 ?1 

e 	 4qp,j _J4.94 7 ICId$ 	 1 

3(.) cL.tis 	J 	'.*tiv 	SCC$II 

(.2. 

ii 
ut•% 4 I 

It'  

J2,øep- 

paI- 	'" 

b6- de4'f404- 

Appendix 4: Graphic Core descriptions 
	 495 



Core Description 
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Appendix 5 

Facies Thickness Calculations 

Table 5.1: Facies thickness calculations for Magnus Sandstone Member units and 
Kimmeridge Clay Formation. The facies and sub-facies thicknesses are recorded 
from the graphic core descriptions. The thicknesses are used in analysing the 
proportions and spatial distribution of the different fades within individual units o 
the Magnus Sandstone Member and the Kimmeridge Clay Formation. 

Abbreviations used within the facies thickness calculations; 
Th: Thickness 
C: Core 
T: Top 
B: Base 
AC: Actual Core 

Well lntervalj CoreT 
3156 

CoreB Th(m)AC-Th(m) Facies Th(m) Sub-fades Th(m) 
211/7-1 Unit 3 3156.5 0.5 0.29 FV 0.29 FV.la 0.29 

M--Shale-3156.5 3162.5 6 5.39 Fl 2.3 FI.1 2.3 
FIN1.25 FIJI 1.25 
FIV 
FV 

0.04 
1.73 

FIV.2 0.04 
FV.la 1.73 

FVI 0.07 FVI.3 0.07 
Unit 2 3162.5 3217 54 40.96 Fl 0.84 FI.1 	- 0.84 

FU 0.2 FII.1 0.2 
FIV 0.07 FIV.2 0.07 
FV 39.85 FV.la 34.3 

FV.2a 5.55 
FVI 0.51 FVI.3 0.51 

L-Shale 3217 3221.9 4.85 3.93 Fl 1.03 FJ.1 1.03 
FIV 0.12 FIV.3 0.12 
FV 1.07 FV.la 1.07 
FVI 1.71 FVI.3 1.71 

Unit 1 3221.9 3224.9 2.95 2.21 Fl 0.9 FI.1 0.9 
FIV 0.08 FIV.3 0.08 
FV 1.23 FV.la 1.23 

LKCF 3225 3257.4 32.4 31.8 Fl 22.55 FI.1 22.35 
FI.3 0.2 

FVI 9.25 FVI.1 0.25 
FVI.3a 9 

211/8-1 Unit  11195 11233 11.6 10.77 Fl 4.1 FI.1 4 
FIV 0.1 FIV.2 0.1 
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Well Interval CoreT CoreB Th(m) AC-Th(m) Facies Th(m) Sub-fades Th(m) 
FV 3.6 FV.la 3.6 
FVI 2.97 FVI. 1,2 2.97 

M-Shale 11233 11243 3.13 2.85 FT 0.3 P1.1 0.3 
FV 0.5 FV. la 0.5 
FVI 2.05 FVI. 1,2 2.05 

211/8-3 - Unit  11424 11565 43 39.91 Fl 1.45 Fl.! 1.45 
FlI 0.35 FII.l 0.35 
FIV 0.1 FIV.2 0.1 
FV 36.08 FV.la  0.9 

FV.1 1.3 
FV. 1,2 1.5 
FV.2 3.4 

FV.2a,b 28.68 
FV.4 0.2 
FV.5c 0.1 

FVI 1.93 FVI. 1,2 0.76 
FyI.! 0.2 
FVI.2 0.22 
FVI.3 0.35 
FVI.4 0.4 

M-Shale 11565 11585 6.1 4.15 Fl 0.6 P1.1 0.6 
FIV 0.05 FIV.2 0.05 
FV 2.7 FV.1 0.13 

FV.2a 2.57 
FVI 0.8 FVI. 1,3 0.45 

FVI.3 0.35 
Unit 2-U 11585 11885 91.5 75.62 Fl 2.19 FI.1 2.19 

FIT 0.45 P11.1 0.45 
PIV 0.15 FIV.2 0.15 
FV 70.38 - FV.la 18.62 

FV. lb  0.74 
FV.2a 5.27 
FV.2b 1.05 
FV.2ab 41.45 
FV.4 0.1 
PV.5a 1.78 
FV.5c 1.37 

FIV 2.45 FVI. 123 0.35 
FyI.! 0.3 

_____  FVI.3 1.7 
U2-Shak 11885 11904 5.75 5.49 Fl 0.3 FI.l 0.3 

FIl 1 FIT.1 1 
FIV 0.25 FIV.2 0.25 
FV 3.72 FV.1 2.3 

FV.2 0.85 
FV.4 0.43 

PV.5ac 0.14 
FIV 0.22 FIV.2 0.04 

FIV.4 0.18 
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Well Interval CoreT CoreB Th(m) AC-Th(m) Fades Th(m) Sub-facies Th(m) 
211/12-1 Unit 3 2938.3 2964.5 26.2 18.13 FIV 0.43 FIV.2 0.43 

FV 17.7 FV.la  17.7 
M-Shale 2964.5 2976.1 11.6 10.52 Fill 4.48 FIII.1 4.48 

FV 5.67 FV.1 4.04 
FV.2 1.63 

FVI 0.37 FVI.1 0.3 
FVI.2 0.03 
Fy14 0.04 

Unit 2 2976.1 2985.6 9.5 8.22 FIT - 0.12 FII.1 0.12 
FV 7.98 FV.la  5.66 

FV.2 2.32 
FVI 0.12 FVI.1 0.05 

FVI.3 0.07 
L-Shale 2985.6 2987.3 1.72 1.45 Fl 0.89 

0.1 
FI.l 

17II.2 - 

0.89 
FIT 0.1 
FV 0.28 

0.18 
FV.la  0.28 

FVI FVI.2 - 0.18 

211/12-2 Unit 3 3226.5 3290.6 64.1 43 Fl 0.59 FL1 0.59 
FIT 0.35 FII.1 0.35 
Fill 0.44 Fill 0.44 
FIV 0.05 FIV 0.05 
FV 37.41 FV.la 37.11 

FV.4 0.3 
FVI 4.16 FVI.1 0.23 

FVI.23 1.02 
FVI.123 1.83 
FVI. 13 1.05 
FVI.4 0.03 

M-Shale 3290.6 3297.5 6.9 6.58 Fl 1.55 FI.i 1.55 
FIT 1.39 17II.1 1.39 
FIJI 2.62 Fill 2.62 
Fly 0.18 FIV.1 0.03 

FIV.2 0.15 
FV 0.66 FV.la 0.66 
FVI 0.18 FVI.1 0.18 

Unit 2-U 3297.5 3327.4 29.9 28.9 Fl 0.85 FI.1 0.85 
FIl 1 FII.1 1 
FIJI 0.34 Fill 0.34 
FV 26.71 FV.la  25.67 

FV.4 0.67 
FV.5 0.37 

L-Shale 3361 3362.3 1.28 1.28 Fl 1.28 FI.1 1.28 

211/12-3 Unit 3 3064 3082.6 18.6 14.84 Fl 0.62 FI.1 0.57 
17I.3 0.05 

FlI 1.71 FII.1 1.71 
Fill 0.45 Fill 0.45 
FIV 0.53 FIV.1 0.08 

FIV.2 0.45 
FV 11.43 FV.la  11.43 
FVI 0.1 FVI. 12 0.1 
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Well Interval CoreT CoreBTh(m) AC-Th(m) Facies Th(m) Sub-facies Th(m) 
M-Shale 3082.6 3090.2 7.6 4.75 Fl 4.65 FIll 45 

FV 0.1 FV.1 0.1 
Unit 2 3090.2 3118.3 28.1 21.54 Fl 0.4 FI.1 0.4 

FIV 0.2 FIV.2 0.2 
FV 
FYI 

20.87 FV.la 20.87 
0=07 FVI.3 0.07 

L-Shale 3118.3 3124.5 6.2 5.87 Fl 5.7 FI.1 5.7 
FIV 0.12 FIV.2 0.12 
FV 0.05 FV.1 0.05 

Unit 1 3124.5 3132 7.5 - 5.51 Fl 2.1 FI.1 2.1 
FIll 3.06 FIll 3.06 
FIV 
FVI 

0.3 
0.05 

FIV.2 0.3 
FVI.3 0.05 

LKCF 3132 3153.8 21.8 18.61 Fl 
FlI 

18.51 FI.1 18.51 
0.1 	- 1711.2 0.1 

211/12-5 Unit 3 3073 3081.7 8.7 4.83 FIll 0.04 FIll 0.04 
FV 4.48 FV.la 4.48 

- FVI 
Fl 

1711 
FIll 

0.31 
0.13 

FVI.3 0.31 
M-Shale 3081.7 3095.4 13.7 7.27 FI.l 

FII.i 
FIll - 

0.13 
3.84 	- 3.84 
1.56 1.56 

FIV 0.18 FIV.2 0.18 
FV 1.18 

0.38 
FV.la 1.18 

FVI FVI.1 0.22 
FVI.3 0.16 

Unit 2-U 3095.4 3124.4 29 20.68 Fl 0.15 P1.1 0.15 
FIl - - 0.02 FII.1 0.02 
FV 20.16 FV.l 20.16 
FVI 0.35 - FVI.1 0.08 

FVI.3 0.27 
U2-Shalc 3124.4 3126.7 2.3 1.53 Fl 0.32 P1.1 0.32 

FIl 0.4 FII.1 0.4 
FIV 0.15 FIV.2 0.15 
PV 0.66 FV.1 0.66 
FVI 0.23 

0.91 
FVI.3 0.23 

Unit 2-L 3126.7 3194 67.3 46.24 Fl P1.1 0.91 
P11 0.17 FII.1 0.17 
FIll 0.23 1 P111.1 0.23 
FIV 0.2 FIV.2 0.2 
FV 44.46 FV.1 44.32 

FV.4 0.14 
FVI 0.27 FVI.l 0.27 

L-Shale 3194 3203.5 9.5 9.42 Fl 7.4 FI.1 7.4 
P11 0.19 FII.1 0.19 
FV 0.74 FV.la 0.74 
FYI 1.09 FVI. 13 0.73 

FVI. 123 0.36 

211/12-6 Unit 2-U 3024.8 3067.5 42.7 31.07 P1 0.39 P1.1 0.39 
P11 	10.17 P11.1 0.17 
FIll 0.15 FIll 0.15 
FIV 0.2 FIV.2 0.2 
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Well Interval CoreT CoreB Th(m) AC-Th(m) Facies Th(m) Sub-facies Th(m) 
FV 30.06 FV.la  27.46 

- FV.2 2.6 
FVI 0.1 FVI.1 0.1 

U2-Shak 3067.5 3069.6 2.1 1.58 FIV 0.05 FIV. 1 0.05 
FV 0.5 FV.la 0.5 
FVI 1.03 FVI.1 1.03 

Unit 2-L 3069.6 3094.8 25.2 20.72 Fl 1.04 FI.1 0.94 
17I.2 0.1 

70  FIT 0.1 FII.1 0.1 
FIR 0.07 - Fill 0.07 
FV 18.33 FV.la 16.03 

FV.2 2.3 
FVI 1.18 FVI.1 1.18 

L-Shale 3094.8 3107.6 12.8 13 Fl 10.75 FI.1 10.75 
FVI 2.25 FVI.1 2.25 

211/12-8 LKCF 3018 3030 12 11.96 Fl 11.96 FI.1 11.96 

211/12-9 Unit  3181.5 3185 3.46 2.25 FV 2.25 FV.la  2.25 
M-Shale 3185 3185.8 0.83 8.7 Fl 0.45 -  FI.1 0.45 

FlI 1.7 FII.1 1.7 
FIll 0.1 FIll 0.1 

___ FIV 
FV 

0.1 
1.85 

FIV.2 0.1 
FV.la 1.85 

FVI 4.5 FVI.2 0.3 
FVI. 123 4.2 

Unit2 3203.8 3239.8 36 27.25 Fl 0.4 FI.1 0.4 
FIl 1 FII.1 1 
FIll 0.1 FIll 0.1 
FV 25.75 FV.la  14.2 

FV.2 10.25 
FV.3 0.2 
FV.4 0.6 
FV.5 0.5 

FVI 1.7 FVI.1 0.2 
FVI.123 1.5 

L-Shale 3239.8 3259 19.2 19.2 Fl 12.9 FI.1 4.95 
FI.2 7.95 

FIl 0.6 FII.1 0.6 
FIV 1.1 FIV.1 1.1 
FV 2.55 FV.la  2.55 
FVI 2.05 FVI.1 0.6 

FVI.2 1.2 
FVI.3 0.25 

Unit1 3259 3374.9 116 115.3 Fl 5.5 FI.1 5.2 
FI.2 0.3 

FlI 4 FII.1 3.6 
FII.2 0.4 

FIll [ 	1.55 FIll 1.55 
FIV 1 	4.45 FIV.1 0.35 

FIV.2 4.1 
FV 87.3 FV.la 45.7 

FV.2 21.1 
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Well Interval CoreT CoreB Th(rn) AEi-Th(m) Facies Th(m) Sub-facies Th(m) 
FV.3 15.15 
FV.4 3.9 
FV.5 1.45 

FVI 12.5 FVI.1 0.9 
FVI.2 6.5 
FVI.3 5.1 

LKCF 3374.9 3394 19.1 18.98 Fl 3.95 FI.1 1.35 
FI.2 2.6 

FIT 4.5 17II.2 4.5 
FV 2.7 FV.la 1 

FV.2a 0.6 
FV.2b 0.3 
FV.3 0.8 

FVI 7.83 FVI.2 1.53 
FVI.3 6.3 

211/12-11 Unit  3142 3164.3 22.3 18.3 Fl 0.2 
0.5 

FI.1 
FII.1 

0.2 
FIl 0.5 
FV 17.6 FV.la 12 

FV.lc 3.1 
FV.2 2.5 

FVI 0.6 FV. 12 0.6 
M-Shale 3164.3 3169.8 5.5 5.15 Fl 1.2 FI.1 1.2 

FIT 0.8 FII.1 0.8 
FIll 3.05 FIll 3.05 
FVI 0.1 FVI.3 0.1 

Unit 2 3169.8 3225.2 55.4 47.9 Fl 1.8 FI.1 1.8 
FIl 0.3 FII.1 0.3 
FIll 0.2 FIJI 0.2 
FIV 2 Fly.! 0.4 

FIV.2 1.6 
FV - 40.4 - FV.la 27.3 

FV.lb 0.5 
FV.lc 3.25 
FV.2 2.4 
FV.2b 0.6 
FV.4 2.35 
FV.5c 0.9 
FV.6c 3.1 

FVI 3.2 FVI.1 1.2 
FVI.2 0.9 
FVI.3 0.9 
FVI.4 1 	0.2 

L-Shale 3225.2 3235 9.8 9.4 Fl 4.4 

FIl 3 FII.2 3 
FVI 2 FVI.2 0.3 

FVI. 12 1.7 
Unit 1 3235 3248.6 13.6 13.8 - 	Fl 2.2 FI.1 2.2 

FIl 1.2 FIT.! 1.2 
FIll 3.2 FIll 3.2 
FVI 7.2 FVI.1 1 

FVI.2 0.2 
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Well Interval CoreT CoreB Th(m) AC-Th(m) Facies Th(m) Sub-facies Th(m) 
FVI.3 0.5 

- FVI.4 5.5 
LKCF 3248.6 3266.8 18.2 22.5 Fl 17.75 FI.1 17.75 

FIT 4.5 FII.2 4.5 
FVI 0.25 FVI. 12 0.25 

211/12-15 U-shale 3755 3768.1 13.1 11.9 Fl 10.55 FI.1 10.55 
FV 0.3 FV.la 0.3 
FVI 1.05 FVI.2 0.1 

FVI. 123 
FI.l 

- 0.95 
0.85 Unit 3 3768.1 3782 13.9 13.57 Fl 0.85 

FIT 0.4 FII.1 0.4 
- FV 8.61 FV.1 5.51 

FV.2 1.8 
FV.4 1.3 

FVI 3.71 FVI. 12 
FVI.3 

2.85 
0.16 

211/12-Mi 0.4 FI.1 Unit  3135.3 3146.4 11.1 11.02 Fl 0.4 
FIT 0.3 FII.1 0.3 
FlIT 7.8 FIll 7.8 
FIV - - 	0.5 FIV.1 0.2 

FIV.2 0.3 
FV - 1.22 FV.la 0.7 

FV.4 0.52 
FVI 0.8 FVI.2 0.2 

M-Shale 3149 3153.8 4.8 4 	- Fl 2.3 FT.1 0.6 
FI.2 1.7 

FIT 0.3 FILl 0.3 
Fill 0.1 - FIll 0.1 
FIV 0.4 FIV.1 0.1 

FIV.2 0.3 
FVI 0.9 FVI.2 0.3 

FVT.12 0.6 
Unit2 3153.8 3260.3 107 83.6 FT 2.2 FI.1 2 

FI.2 0.2 
FIT 2.5 - FIT.1 2.5 
FIJI 0.6 FIll 0.6 
Fly 3.4 FTV.1 0.5 

FIV.2 2.9 
FV 72.05 FV.la 54 

FV.lb 4.6 
FV.lc 1.3 
FV.2 8.7 
FV.2b 0.5 
FV.4 1.95 
FV.5b 1 

FVI 2.85 FVI.1 1.6 
FVI.2 0.95 
FVI.3 0.3 

L-Shale 3260.3 3268.3 8 8 FT 3.5 FI.i 3.5 
FVI 4.5 FVI.! 0.75 

FVI.23 0.9 
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Well Interval CoreT CoreB Th(m)AC-Th(m) Facies Th(m) Sub-fades Th(m) 
FVI.3 0.7 

FVI.34 1.9 
FVI.4 0.25 

Unit 1 3268.3 3270.3 2.03 5.1 Fl 0.1 P1.1 0.1 
3271 3274.5 3.5  FIT 0,1 FII.1 0.1 

FV 1.7 FV.1 1.6 
5.53 - 

3.2 
FV.4 0.1 

FVI FVI.1 0.2 
FVI.2 0.4 
FVI.4 2.6 

LKCF 3274.5 3291.4 16.8 16.6 Fl 8 FI.1 4.9 
FI.2 3.1 

FIT 4 FII.2 4 
FIll 0.4 FIll 0.4 
FIV - 	0.3 FIV.2 0.3 
FV 
FVI 

0.2 FV.1 0.2 
3.7 FVI.2 0.7 

FVI.3 2.2 
_______ FVI.23 0.8 

211/12-M2 M-Shale 3667 3671.4 4.44 3.77 Fl 0.35 FI.l 0.35 
FIT 
FIll 

0.15 
2.05 
0.12 

FII.1 0.15 
- FIII.1 2.05 

FIV FIV.2 0.12 
FV 0.85 FV.l 0.85 
FVI 
Fl 

0.25 
0.58 

FVI.1 
FI.l 

0.25 
Unit 2 3671.4 3715.1 43.7 27.24 0.58 

FIV 1.14 FIV.2 
FV.la 

1.14 
FV 23.85 21.65 

FV.2 2.2 
FVT 1.67 FVI.1 1.42 

FVI.2 0.25 
L-Shale 3715.1 3728.1 13 11.2 Fl 10.14 FI.1 10.14 

FIll 0.56 FIll 0.56 
FIV 0.05 FIV.2 0.05 
FVI 0.45 FVI.1 0.45 

Unit 1 3728.1 3728.9 0.79 - 	0.54 FV 0.54 FV.l 0.54 
LKCF 3728.9 3756.3 27.4 26.9 FT 22.18 FI.1 22.18 

FIll 0.15 FIll 0.15 
FIV 0.19 FIV.2 0.19 
FV 0.08 FV.la 0.08 
FVT 4.3 FVI.1 1.73 

FVI.3 2.57 

211/12-M6 LKCF 3376 3458.5 82.5 76.09 Fl 3.29 FI.1 3.29 
FIT 53.7 17II.1 17.99 

FI1.2 35.71 
FIJI 1 	1.28 FIR 1.28 
FIV 0.07 FIV.2 0.07 
FV 7.99 FV.la 7.99 
FVI 9.76 FVI.1 1.02 

FVI.2 0.12 
FVI.4 4.34 
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Well - Interval CoreT CoreBTh(rn) AC-Th(m) Facies Th(m) Sub-fades Th(m) 
FVI.234 4.28 

211/12-M8z A-unit 3360 3378 18 15.01 FlI 1.71 FII.1 1.71 
Fill -- 4.87 FIll 

FIV.1 
- 4.87 

FIV 1.26 0.51 
FIV.2 0.75 

FV 3.65 FV.la 3.65 
FVI 3.52 FVI.1 1.33 

FVI.2 0.15 
FVI.4 2.04 

211/12-M1O Unit 3 3631 3647.7 16.7 8.67 FIH 0.3 FIll 0.3 
FIV 0.46 FIV.1 0.46 
FV 7.39 FV.la 7.39 
FYI 0.52 FVI.2 0.46 

FVI.4 0.06 

211/12-M12 Unit 3 3694 3720.5 26.5 26.09 Fl 0.15 FI.1 0.15 
- FV 25.94 FV.1 25.94 

M-Shale 3720.5 3721.3 0.77 0.7 Fl 0.21 FI.1 0.21 

Unit 2 
FIV 0.49 FIV.2 0.49 

3721.3 3767.9 46.5 40.68 Fl 0.97 FI.1 
FIV.2 

0.97 
0.28 FIV 0.28 

FV 39.03 FV.la 
FV.2 

18.8 
19.5 

FV.lc 0.73 
FYI 0.4 FVI.1 0.2 

FVI.3 0.2 
L-Shale 3767.9 3773.5 5.65 5.32 Fl 2.74 FI.1 2.74 

FY 2.06 FV.la 2.06 
FYI 0.52 FY.lbc 0.12 

FVI.2 0.4 
Unit 1 3773.5 3787.9 14.4 12.38 Fl 0.25 FI.1 0.25 

FY 12.13 FV. la 6.76 
FV.lbc 1.27 
FY.2 4.1 

211/12-M12z LKCF 3825 3841.5 16.5 15.42 Fl 8.87 FI.1 -- 8.87 
FY 5.28 FV.la 5.28 
FYI 1.27 FVI.2 1.27 

211/12-M13 LKCF 3464 3469.2 5.22 3.99 FIl - 3.99 FII.2 3.99 

211/12-M16 Unit 3 3213.9 3234.2 120.3 17.38 FI.1 0.25 FI.1 0.25 
FIII.1 0.65 FIII.1 0.65 
FIV.2 0.28 FIV.2 0.28 

FY 11.25 FY.la 9.37 
FY.lb 1.23 
FV.4 	0.65 

FYI 4.95 FVI.2 4.95 
M-Shalej 3234.2 3241,3 7.1 6.21 Fl 0.03 FI.1 0.03 

FIll 3.8 FIll 3.8 
FV 2.18 FV.la 2.18 
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Well Interval CoreT CoreB Th(m) AC-Th(m) Fades Th(m) Sub-facies Th(m) 
FVI 0.2 FVI.2 0.2 

Unit 2-U 3241.3 3265.6 24.3 22.83 Fl 0.3 Fl.! 0.3 
FIll 0.08 FIll 0.08 
FIV 0.75 FIV.2 0.75 
FV 20.8 FV.la  18.6 

FV.lb 2.2 
FVI 0.9 FVI.2 0.6 

FVI.2,3 0.3 

-U2-Shalt,  3265.6 3269.2 3.6 3.6 Fl 0.65 
2.1 

FI.1 
FIII.1 

0.65 
________ FIll 2.1 

FV - 	0.4 FV.la  0.3 
FV.4 0.1 

_ FVI 0.45 FVI.2 0.45 
Unit 2-L 3269.2 3300 30.8 27.52 Fl 1.53 Fl,! 1.53 

FIll 0.15 FIll.! 0.15 
FIV 1.31 FIV.1 0.17 

FV 23.08 
FIV.2 

- 	FV.la  
1.14 

21.45 
FV.lb 1.07 

FVI 1.45 
FV.4 0.56 
FVI.2 1.45 

L-Shale 3300 3316 16 15.65 Fl 5.5 FI.1 5.5 
FIll 1.18 17III.1 1.18 
FV 0.24 FV.la  0.24 
FVI 8.73 FVI.2 3.3 

FVI.3 5.43 
Unit1 3316 3358.4 42.4 37.87 Fl 0.64 FI.1 0.45 

FI.2 0.19 
FIV 0.51 FIV.2 0.51 
FV 33.55 FV.la  14.05 

FV.lb  19.5 
FVI 3.17 FVI.2 2.4 

FVI.2,3 0.37 
FVI.4 0.4 

LKCF 3358.4 3477.4 119 109.15 Fl 43.2 FI.1 43.2 
FlI 3.76 FII.2 3.76 
FIV 0.25 FIV.2 0.25 
FV 44.97 FV.la  41.42 

FV.lb 2.34 
FV.2a 0.68 
FV.4 0.53 

FVI 16.97 FVI.1 2.78 
FVI.2 7.84 

FVI.1,2 5.21 
FVI.4 1.14 

211/13-3 Unit  11256 11260 1.15 1.11 Fl 0.67 FI.1 0.67 
FV 0.44 FV.la  0.44 

11278 11289 3.34 3.33 Fl 0.4 Fl. 1-  0.4 
_______ FV 2.93 FV.la _2.93 

11297 11314 5.18 5.27 Fl 0.22 FI.1 0.22 
FV 5.05 FV.la 3.65 

FV.2a,3 1.4 
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Well Interval Corel CoreB Th(m) AC-Th(m) Fades Th(m) Sub-faciJ Th(m) 
M-shale 11314 11327 3.96 4.3 FT 2.7 - FI.1 1.4 

FI.2 1.3 
FV 1.6 FV.la 1.6 

Unit 2-U 11327 11341 4.31 4.9 Fl - 0.4 FI.1 0.4 
_______ FV 4.5 FV.la 0.6 

FV.2a,3 3.4 

--FV.3 0.5 
U2-Shalc 11342 11367 7.62 6.8 Fl 2.24 FI.1 2.1 - 

17I.3 0.14 
FIT 2.58 FTI.1 2.58 
FIV 0.25 FIV.2 0.25 - 
FV 1.48 FV.la  1.23 

FV.2a 0.25 

11367 
FVI 0.25 FVI.3 0.25 

Unit 2-L 11398 9.45 11.77 Fl 
FV 

0.75 FI.1 0.75 
9.67 FV.la 5.45 

FV.2a 2.17 
FV.3 2.05 

FVI 1.35 FVI.2 0.35 

11398 
FVI.3 1 

L-Shale 11471 22.2 15.87 FT 7.95 FI,1,2 6.75 
FI,2 1.2 

FIT 0.55 FII.1,2 0.55 
FIV 0.17 FIV.2 0.17 
FVI  7.2 FVI.3 7.2 

211/13-5 LKCF 11840 11865 7.62 5.53 Fl 4.25 FI.1 
FV.1 

4.25 
FV 0.68 0.68 
FVI 0.6 FVI.12 0.6 

FVI.123 1.3 
11872 11880 2.38 2.3 FT 2.1 FT.1 2.1 

FVI 0.2 FVI. 12 0.2 

211/13-9 Unit  11725 11737 3.66 - 	3.65 FT 0.2 FT.1 0.2 
FV 2.65 FV.2a 0.94 

FV.2b 0.96 
FV.3 0.4 
FV.6a 0.35 

FVI 0.8 FVI.2,3 0.55 
FVI.3 0,25 

U-Shale 11737 11789 15.9 15.85 FIT 4.35 FIT.1 4.35 
FlIT 4.5 - FIll 4.2 
FV 3.55 FV.la 0.85 

FV.lb  0.25 
FV.2a 1.2 
FV.2b 0.2 

FVI 3.45 FVI.1,2 0.6 
FVI.2 0.2 

FVI.1,2,3 2.2 
FVI.3 0.45 

Unit  11789 11896 32.6 28.6 Fl 0.9 FT.1 0.9 
FV 23.7 FV.la  5.1 

FV.lb  0.4 
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Well Interval CoreT CoreB Th(m) AC-Th(m) Fades Th(m) Sub-facies Th(m) 
FV.2a 12.45 
FV.2b 4.95 
FV.3 0.3 
FV.4 0.35 
FV.6a 0.15 

FVI 4 FVI.1,2,3 1.7 
FVI.2,3 1.25 
FVI.3 0.65 
FVI.4 0.4 

M-Shale 11896 11940 13.4 12.4 Fl - 0.5 FI.1 0.5 
FIT 3.3 FII.1 3.3 
FIll 2.2 FlIT 2.2 
FV 2.2 FV. la 1.6 

FV.2a 0.6 
FYI 4.2 FVI.1,2,3 2.1 

FVI.2,3 1.8 
FVI.2 0.3 

Uni2-U 11940 11961 6.4 6.4 Fl 0.7 FI.1 
FI.2 
FII.1 
FY.la 

0.3 
0.4 

FIT 0.35 0.35 
FV 4.9 2.1 

- 

FV.lb 
FV.2a 

0.65 
1.55 

FV.2b 0.6 
FYI 0.45 FVI.2 0.2 

FVT.1,2 0.25 
U2-Shak 11961 11981 6.1 5.95 Fl 1.05 FI.1 0.7 

FI.3 0.35 
FIT - 1.6 FII.1 1.6 
FIll 2.4 FlIT 2.4 
FY 0.5 FV.la 0.5 
FYI 0.4 FYI.2,3 0.4 

Unit 2-L 11981 12048 20.4 20.35 FT - 2.6 FT.1 -- 2.6 
FIT 1.5 FIT.1 1.5 
FlY 0.35 - FIY.2 0.35 
FY 10.7 FY.la  4.45 

FV.2a 6.25 
FYI 5.2 FVI.2a 0.5 

FYI.2b 1.6 
FYI. 1,2 0.6 
FYI.2,3 2.1 
FVI.3 0.4 

L-Shale 12048 12059 3.35 3 Fl 2.8 FI.1 2.8 
FVI 0.2 FVI.3 0.2 

211/13-10 Unit  11068 11078 3.05 3.05 Fl 0.6 FI.1 0.6 
FIT 0.55 FII.1 0.55 
FY 1.1 FY.la 0.75 

FY.lb  0.15 
FY.5c 0.2 

FYI 0.8 FYI.2,3 0.5 
FVI.2 0.3 

U-Shale 11078 11114 11 11.05 FIT 9.45 FII.1,2 1.95 
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- 	Well Interval CoreT CoreBTh(rn) AC-Th(m) Facies Th(m) Sub-facies Th(m) 
FII.2 7.5 

FlIT 0.8 FIll 0.8 
FV 

FVI - 

0.55 FV.la 0.4 
FV.5c 0.15 

0.25 FVI.1 0.25 
Unit  11114 11171 17.5 15.85 Fl 0.85 FI.1 0.85 

Fl! 
FIll 

0.15 FII.1 
FlIT 

0.15 
0.05 0.05 

FV 11.2 FV.1a7.6 
FV.2a,3 3.2 
FV.2b 0.4 

FVI 3.6 FVI.l 0.2 
FV1.2 0.5 
FVI.3 2.9 

M-Shale 11171 11209 11.5 11.5 Fl 2.35 FI.1 1.9 
FI.3 0.45 

FIT 4.8 FII.1 2.65 
FII.2 2.15 

FIll 2.05 171112.05 
FV 0.65 FV.la 0.65 
FVI 1.65 FVI.2 

FVI.3 
1.05 
0.6 

Unit 2-U 11209 11233 7.32 6 Fl 0.7 FI.1 0.2 
FI.2 0.1 
FI.3 0.4 

FV 5 FV.la 1.4 
FV.2a 1.6 

FV.2a,3 3.4 
FVI 0.3 FVI.2 0.3 

U2-Shak 11233 11253 6.1 4.6 Fl 0.9 FI.1 0.7 

FIT 
FIV 

FI.3 0.2 
3 FII.1 3 

0.1 FIV.2 0.1 
FV 0.35 FV.la 0.35 
FVI 0.25 FVI.3 0.25 

Unit 2-1, 11253 11325 22 19.5 Fl 5.25 FI.1 4.55 
FI.2 0.5 
FI.3 0.2 

FIT 0.75 FII.1 0.75 
FIll 0.1 FIll 0.1 
FV 7.7 FV.la 5.8 

FV.lb 0.5 
FV.2a 0.6 
FV.3 0.4 
FV.5c 0.4 

FVI 5.7 FVI.1 0.15 
FVI.2a 2 
FVI.2b 0.2 
FVI. 1,2 1.2 

FVI. 1,2,3 1.2 
FVI.3 0.95 

L-Shale11325 11402 23.5 22.2 Fl 5.9 FI.1 5.3 
FI.2 0.5 
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Well Interval CoreT CoreB Th(m) AC-Th(m) Facies Th(m) Sub-facies Th(m) 
FI.3 0.1 

FIT 0.6 FII.1 - 0.6 
FIll 2.5 FIll 2.5 
FV 2.25 FV.la 2.25 
FVI 10.95 FVI.2 0.7 

FVI.3 6.55 
FVI.2,3 3.7 

Unit 1 11402 11464 18.9 18.85 Fl 3.45 FI.1 1.55 
FI.2 0.5 

FII.1 
0.6 

FIT 3.45 3.45 
FIV 0.3 FIV.2 0.3 
FV - 4.45 FV.la 2,6 

FV.2a 
FV.2,3 

1.25 
0.4 

FV.6a 0.2 
FVI 7.2 FVI.1 0.3 

FVI.1,2 0.6 
FVI.2 

FVI.2,3 
0.35 
1.2 

FVI.3 4.75 
LKCF 11464 11494 9,21 8.6 Fl 

Fill 
8.5 - 	FI.1 	- 

FIll 
8.5 

- 0.1 0.1 
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