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DEVELOPMENT AND INTERACTION OF SEGMENTED FAULT SYSTEMS

by Paul Graham Kelly

Faults in contractional and extensional settings have been Studied, both during fieldwork and from
interpretation of 2D and 3D seismic sections. Detailed analysis of the geometries of faults, with
displacements of a few mm to 100’s m, has provided insights into the development of fault networks.
Faults evolve from the amalgamation of initially isolated fault segments, and deformation is eventually
localised onto ‘master” faults. A-model for the development of conjugate strike-slip fault zones at
Beadnell, Northumbria, and Kilve, Somerset, involves (1) random development of vein arrays, to (2)
isolated development of several unconnected conjugate faults, through (3) intersection of a conjugate set
of master faults and linkage with minor antithetic faults, and formation of new vein arrays, to (4)
breaching of intersection points by dominant faults, and finally (5) propagation towards oversteps that are
breached to form a through-going fault. The geometry of the active structures simplifies, as strain is
localised along master faults. The conjugate strike-slip faults at Kilve are associated with reverse-
reactivated normal faults, and are related to Alpine-related contraction. Selective reactivation is attributed
to: (1) low fault plane frictions, (2) domino block rotation, (3) displacement magnitude, and (4) a
percolation model. The style of displacément transfer between the reverse-reactivated normal faults is
dependent on the original fault network geometry. Conjugate strike-slip faults accommodated the
shortening between two overlapping reverse-reactivated normal faults. Obliquely orientated reverse-
faults perform a similar role in.an underlapping fault zone.

The segmented geometries of normal faults, in cross-section and map view, in the Wytch Farm Qilfield
are described. The deformation is dommated by recurrent normal fault reactivation, onto which the
extension is locahsed The localisation is more intense in the Triassic, with a more homogenous strain
distribution in the Jurassic. The reactivated faults are identified from multiple growth sequences.
Displacement profiles do not show a simple upward decrease in displacement, but have one
displacement maxima in the Triassic, and one in the Middle Jurassic. The throws in the Jurassic are often
greater than those in the Trias, but the heaves are less due to steeper faults. The geometries are attributed
to thin-skinned extension of the Jurassic sequence above a postulated detachment in the Upper Triassic
or Lower Jurassic. The existence of a detachment questions the practice of locating the poorly-imaged
Sherwood Sandstone reservoir unit on 2D seismic sections from an isopach from the White Lias horizon.
Uncertainty in the structure of the Sherwood Sandstone exists due to the quality of a 2D seismic data set,
and a gap that exists between two 3D seismic surveys. Fault analysis methods have been applied to the
re-interpretation of the Sherwood Sandstone structure, and new maps are presented that represent the
uncertainties. These illustrate that the 2D seismic data can be interpreted in several ways, based on
variation of throw, geometry and position of the fault system. A comparison of the geometries of the
normal fault systems exposed at Kilve with those in Wytch Farm reveals that there are many geometrical

similarities. There is, however, no evidence for strike-slip faults, or reverse-reactivated normal faults at
Wytch Farm.
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2.1. The location of a zone of effective tension at the tip of a right-propagating sinistral fault
containing tensile microcracks (Reches and Lockner, 1994). The process zone moves with the

propagating fault, and coalescence of the microcracks influences the position of the damage zone
(Scholz et al., 1993). ' 6

2.2. (a) Map of part of the British Isles showing the locations of (b) Beadnell, Northumbria, and (c)
Kilve, Somerset. The locations of the strike-slip fault zones described in the text are also shown.

MHW = mean high water, and MLW = mean low water. ) 7

2.3. Field examples from Beadnell and Kilve of (a) and (b) vein arrays, (c) a pull-apart array, and (d) a

strike-slip fault with adjacent sheared calcite-filled pull-aparts. ’ o 9

2.4. Schematic diagrams of convergent (Type 1) vein arrays, and bisector paréllel veins (Type'2) (after
Beach, 1975). L ' " o 9

2.5. Data from the mapped fault zones at Beadnell, Northumbria. (a) Equal-area stereogram of poles
to planes of sinistral (n = 15) and dextral (n = 11) strike-slip faults, and of thrusts (n = 4). Lineation
data and synoptic great circles for the faults are also shown. (b) Rose diagram of the vein array -
orientations within these fault zones (n = 100). The data can be divided into three groups based on
orientations: (i) NW-SE, (i) ENE-WSW and (iii) = E-W. The first two form'a conjugate set of arrays,
with a sinistral NW-SE group and a dextral ENE-WSW group. | S 11

2.6. (overleaf) Conjugate strike-slip fault zones mapped at Beadnell at a scale of 1:25. Displacements
are in mm. The circled letters are referred to in the text. For location see Fig. 2.1(b). (a) Fault zone
showing a conjugate arrangement of strike-slip faults that have not linked to form a network. (b)

Network of linked strike-slip faults. ' 1

2.7. () k‘Graphs of zone boundary orientation and vein orientation to show the distribution of vein
array geometriés from Fig. 2.6. When the infinitesimal wallrock disp’lacément direction (A)is equal
to the angle between the vein array and zone boundary (w), the vein array has an extensional
geometry. A difference of 90° signifies contraction, and one of 45° indicates that the array has a
simple-shear geometry. The lines of extension and contraction separate zones of dextral and sinistral
displacement sense. The shaded areas indicate sinistral sense. TT = transtension; TP =
transpression. (i) Data from Fig. 2.6(a), n ~ 56. The two distinct clusters of data indicate conjugate
vein arrays that have predominantly simple-shear geometries. (ii) Data from Fig. 2.6(b), n = 60. The
single data cluster, centred on the extensional zone of the graph, demonstrates that the vein arrays in
this fault zone have transtensional geometries, but are dominated by extension. (b) Schematic
diagram of vein arrays with simple-shear, transtensional and extensional geometries. (c) The
construction of McCoss (1 986) for each of vein arrays in Fig. 2.7(b). This method treats each vein
array as a transtensional or transpressional zone (Sanderson and Marchini, 1984), to determine the
infinitesimal displacement direction (A) of the wall-rocks from the zone boundary and the vein

angle. A line parallel to the veins is drawn from point y to the circumference of a circle, z, that
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touches the zone boundary. A second line is drawn from z that passes through the centre of the

circle, to find A. 14

2.8. Maps of the wallrock displacement directions from vein systems (double-headed arrows).
Extension (long axis of cross) and contraction (short axis) orientations are superimposed on maps of
the master faults from Fig. 2.6 (a) the unconnected network which is dominated by co-linear vein

arrays with simple-shear geometries, and (b) the connected network, where transtensional vein

arrays have predominantly extensional geometries. 15

2.9. Block-diagram of the strike-slip faults in the cliff at Kilve which exhibit a wide range of
geometries. Measured orientations of the strike-slip faults have been used to construct the plan
(dashed lines) of the strike-slip faults on top of the cliff. The lateral displacements have been
calculated using the trigonometric relationship between the slickenside lineation pitch and the
vertical separation of beds. The shaded horizons represent individual limestone beds: 17
2.10. (above) Equal-area stereogram of poles to planes of dextral (n = 19) and sinistral (n = 66)
strike-slip-faults, normal faults (n = 53), and of thrusts and reverse reactivated normal faults (0= =
18) at Kilve, Somerset. Lineation data and great circles are shown to represent the faultplanes. 18
2.11. (right) Conjugate strike-slip fault zone developed in the wallrock of a 3.5 m maximum
displacement dextral strike-slip fault, from Kilve, Somerset (originally mapped-at 1:25).
Displacements are in mm. See Fig. 2.6 for key. The circled letters are referred to'in‘the text. 7~ 18
2.12. Map of the strike-slip fault network mapped from aerial photographs at a scale‘of 1:500. The

shaded areas represent individual limestone units. Displacements are in metres. Note the location of
Fig. 2.11. ~ . . 20

2.13.-Cumulative displacement-distance graphs for the two traverses indicated by the:dashed:lines in
Fig. 2.12. (@) Y-Y/, and (b) Z-Z'. The fault that corresponds to the point at which the gradient of the
graph in (a) shallows considerably is marked as ‘C" in Fig. 2.12. _ : 22

2.14. Model for the development of strike-slip fault zones to include conjugate fault development
and overstepping zones. The arrowed faults indicate those parts active at that particular stage. (a)-(c)
Models based on observations at Beadnell. (d)-(e) Expansion of the model to include the-
observations of fault network development at Kilve. The model is discussed in full in the text. (f)
idealised graph of vein strike and zone boundary orientation for (a)-{c)-(c.f.-Fig. 2.7). Veins in {a) are
parallel to each other, but there is the potential for the zone boundaries to have the whole range of
orientations. The data from (b) plot in two distinct clusters that represent Type 1 veins within arrays
with predominantly simple-shear geometries. The data from the natural examples (Fig. 2.6) show
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transtensional-extensional arrays, and the spread of zone boundary orientations is limited,-so the
data plot in a single cluster. Veins with transtensional-extensional geometries were not observed

within the fault zones at Kilve. ’ : e , 25

3.1. Map of the foreshore of part of the north Somerset Coast to show the location of Fig. 3.2, and

(inset) map of Great Britain to show the location of Kilve. . : 29

3.2. (overleaf) (a) Map of the faulting between East Quantoxhead and St. Audrie’s Bay. The bold lines

refer to the reverse and reverse-reactivated normal faults, and the ticks are on the hanging-walls of
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the faults. The Blue Lias and Quantock’s Beds have been further divided into approximately equal
thickness units of 10m. The lettered locations are referred to in the text. (b) Fault data and copy of
part of the map in (a) with unreactivated normal and strike-slip faults removed for clarity. 30
3.3(a). (previous page) Map of the strike-slip fault network between the two major reverse-reactivated
faults (see Fig. 3.2 for location). The strike-slip faults form a linked network within‘the overlapping
faults to the west of the map, and are far more segmented on the periphery, to the east. (b) (right)
Stereographic projection of dextral and sinistral faults, and slickenside lineations. ‘ 33
3.4. Comparison of the properties of normal and reverse-reactivated faults. Stereographic projection
of fault plane and slickenside lineation orientations for (a) normal faults and (b) reverse and reverse-
reactivated normal faults. (c) Graph of displacements plotted against dip angle for normal; reverse
and reverse-reactivated faults (negative values indicate reverse displacements). Reverse and reverse-

reactivated normal faults are considered together, as it was impossible to distinguish the nature of

the fault on the wave-cut'platform. ‘ ; s : o 34

3.5. (a) Schematic diagram to show how steep faults initiate in the more brittle layers (white), but
have shallower profiles in the more ductile layers (shaded) (Peacock and Sanderson, 1992; Peacock
and Zhang, 1994). (b) The faults assume a shallower, smoother profile during movement of brittle
layers past ductile layers. () Block diagram to illustrate how fault gouge can occur along faults that
have large enough displacements to juxtapose limestones against the shale-dominated units: Smaller
displacement faults wholly within the Blue Lias are less likely to contain gouge material. _ 36
3.6. Rotation of the fault blocks occurs during extension (a), which can be reversed during
contraction (b). The master faults undergo the largest rotations to shallower dips, and smaller
antithetic faults will be rotated to steeper dips during extension, and therefore make greater angles’
with o during the contraction. The filled arrow heads indicate the displacement sense of the active
faults in each diagram; the unfilled arrow heads indicate inactive faults. The latest sense of

movement is indicated by the filled arrows on the double-headed symbols. o 37

3.7. Model for basement-involved reverse-reactivation (modified from a model for faulting at
Flamborough Head Peacock and Sanderson, 1994b; Peacock, 1996). The orientations of the
maximum (1), mtermed:ate (52) and minimum (o3) principal compressive stresses are shown. (a) E-
W striking ‘basement’ faults occur, and the Jurassnc is a ‘cover’ sequence. (b) The basement faults
were normally-reactivated after Jurassic deposmon and have the largest normal displacements. A
network of small normal faults developed throughout the sequence. (c) The basement faults show
reverse-reactivation, but the smaller faults Z(réprQSented' USiﬁg finer lines) were not reactivated. __ 38
3.8. Cross-section of the Quantock’s Head region (see Fig. 3.2 for line location). Fault dimensions
were determined from the juxtaposed units, and fault displacements. Maximum displacements were
assumed at the surface, and the radial fault growth model (e.g. Walsh and Watterson, 1988) was
applied to determine the fault lengths. All the faults have been extended above the present-day
surface with a length equal to that estimated at depth. Deformation (and fluid flow) is concentrated
on a network of large displacement, connected faults that extend through the sequence. The smaller,

poorly-connected or impermeable faults are not reactivated. 3 39
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3.9. (a) Line drawing of a relay ramp in a reverse-reactivated normal fault system. (b) Model to

illustrate the style of faults at transfer zones between reverse-reactivated fault segments {c.f. Peacock

and Sanderson, 1991). 41

3.10. Maps of strike-slip faults at intersections with earlier E-W striking dip-slip faults at Kilve,
Somerset; the shading represents shale beds. (a) Intersection of a sinistral strike-slip relay ramp and a
reactivated normal fault zone. The antithetic right-lateral faults within the relay ramp are truncated at
the normal fault and the main segment has propagated through, but ends shortly after intersection in
the Kilve Shales. (b) Right-lateral strike-slip faults terminate at reverse faults, and bend into the
normal faults. (c) The right-lateral strike-slip faults cross-cut an unreactivated normal fault zone. _ 42
3.11. Schematic diagram to illustrate a mechanism for the formation of the strike-slip network in the
overlap between the Quantock’s Head and Kilve Pill Faults. Dextral transpression causes the
formation of sinistral faults and block rotation. The shortening is accommodated by the formation of

thrusts at the foot of the block, that are oblique to the Quantock’s Head Fault. Unfilled arrows =
local stress axes, filled arrows = “regional’ stress axes. R ~ 45

3.12. Block diagram of the interpretation of the formation of the oBquuely—oriented high-angle
reverse faults east of the Blue Ben Headland. A NE-SW trending anticline forms initially, due to
loading of the corner of the underlap zone by the hanging-wall of the Quantock’s Head Fault. The
beds in the south of the fold hinge dip towards the loaded corner of the'underlap zone to the'ESE,
whilst those in the footwall dip WNW. Continued shortening, driven by the northwards movement
of the Quantock’s Head Fault hanging-wall causes‘ failure along the anticline hinge, and new NE-

striking reverse faults develop. Open arrows = local stress axes, closed arrows = ‘regional’ stress
axes. 46

3.13. Block diagrams to illustrate the contractional deformation at Kilve as one single on-going event
controlled by the reverse-reactivation of the Quantock’s Head Fault. (a) The Kilve Pill Fault s offset
and rotated clockwise by sinistral faults that form in response to dextral transpression alongthe
Quantock’s Head Fault. The northwards movement of the hanging-wall of the Quantock’s Head
Fault indents its footwall, and the local principal stress axes and existing structures are rotated anti-
clockwise to the west of the fault, and clockwise to the east. (b) Further indentation of the
Quantock’s Head Fault and I1 is further perturbed such that reverse faults oblique to existing faults
form in an underlap to the west of the fault. To the east of the fault; a network of conjugate strike-

slip faults develops, that suggests a NNE I orientation. 49

Fig. 4.1. Map of part of the south Dorset Coast to show the location of the Wytch Farm Oilfield and the

extent of the seismic data (see inset for location of main map in Great Britain). The'inlines run from

N-S, and the crosslines from E-W in both 3D surveys. , 51

Fig. 4.2. (a) Map of the Wessex Basin to show the fault trends and the location of the main sub-basins

(after Karner et al., 1987). (b) Satellite photo of Dorset with the location of Wytch Farm and the
Purbeck-Isle of Wight Disturbance highlighted. © Dorset County Council, used-with permission. 53

Fig. 4.3. Synoptic cross-section of the Wytch Farm Oilfield horst. The sequence within the central horst
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consists of Upper Triassic to Middle Jurassic sediments. Upper Jurassic sediments occur in the
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hanging-walls of the horst-bounding faults. The Cretaceous lies unconformably above the jurassic
sequence. : R : , : : 54

Fig. 4.4. Stratigraphy of the Wytch Farm Oilfield, based on A6SP well log. The reservoir units are shaded.
’ 55

Fig. 4.5. Interpretation of inline 9350 with shading to denote the thickened hanging-wall sedimentary
sequences adjacent to the Wytch Farm, Northern and Arne Faults. The hanging-wall and footwall

sequence thicknesses were measured parallel to the fault planes.; : ~ 58

Fig. 4.6. The timing of growth faulting derived from the ratio of the hanging-wall unit thickness to the
footwall unit thickness measured parallel and adjacent to the fault plane. A value of > 1 indicates.a
thicker hanging-wall sequence. An overestimation of the hanging-wall thickness would result from a
vertical measure of rotated beds and hence overstate the extent of growth faulting. The interval
thicknesses were calculated for only the interpreted horizons and not individual reflectors (inline:
interval = 50). A grey scale is used to indicate the size of the ratio. ND.= No Data. 59

Fig. 4.7. (a) Summary of fault timing data from identification of growth sequences. The results show the
range of activity across the entire faults, so not every part of the fault moved at the same time. (b)

Approximate orientations-of the faults at the listed horizons (c.f Fig.4.14): - 60

Fig. 4.8. (overleaf) Seismic cross-sections taken from the 2D survey area. The horizontal scale refers to
the National Grid; and the vertical depth is in TWTT (ms). The sections (top to bottom = westto -
east) show how the fault system changes from one dominated by paralle!; south-dipping faults to
one dominated by a central conjugate fault structure. The numbers in the top left corners refer to the

name of the seismic line. The seismic lines are located onto a combined 2D and-3D.area map-of the
Top White Lias faults. ; Lt o ; 61

Fig. 4.9. Cross-sections through the 3D survey, and map of the Top White Lias. The numbers in the
bottom right corners represent the seismic inline numbers (see map for location); the horizontal
scale numbers are cross-line numbers, and the vertical depth is in TWTT {ms).- The cross-sections.are

regularly spaced every 625 metres (50 inlines) and-show how the structure changes from west to
east across the survey. , G - : 63

Fig. 4.10. Vertical d-x profiles for the 2D seismic interpretations illustrated in Fig. 4.8. The throw minima
for the Top White Lias and the IntraLias are an interpretation artefact, as these horizons were.not
identifiable in every section. Additionally, survey resolution decreases with depth, so there is less

confidence in-the results for-the Triassic units.:_- ~ ‘ .64

Fig. 4.11. Vertical dx profiles for each of the inlines in Fig. 4.9. There is.an overall increase in throw
from the deepest to the shallowest units, which reflects the greater fault densities in the Jurassic

sequence.- , - s o 65

Fig. 4.12. (following three pages) Heave and throw diagrams for (a) the Wytch Farm Fault, (b) the
Northern Fault and (c) the Arne Fault. The hanging-wall and footwall cut-offs are shown for.each of
the horizons illustrated in the cross-sections (Fig. 4.8 and 4.9), with the exception of the Corallian,

due to insufficient data, and the Chalk, which is mostly unfaulted. . - ‘ 66

Fig. 4.13. (overleaf) Fault plane maps with throw: contours to illustrate the distribution of displacement

maxima and minima in the 3D survey area, for (a) the Wytch Farm Fault, (b) the Northern Fault and
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(c) the Arne Fault. Fault throw in ms. A 50 m (horizontal) by 5 rﬁs (vertical) grid was derived from
the data which was contoured using Surfer32 (Golden Software inc., Golden, Colorado). A contour
interval of 20 ms was chosen for the Wytch Farm Fault, and 10 ms for the other two faults. The outer
boundary for each map reflects the mapped extent of the fault plane itself, and the inner boundary
represents the limit of the throw data. The crosses on the maps indicate the location of an
intersecting fault plane. The data used in the maps’ construction was found by calculating the fault
throw (in ms) for the mapped horizons between, and including, the Top Sherwood and the
Cornbrash from every tenth inline in the 3D survey (9100 to 9800). The contour maps cover only
the 3D area due to variable quality of the 2D seismic data; its poorer resolution and greater spacing.
‘ 70
4.14. (following three pages) Structural interpretations for (a) Top Sherwood, (b) the Top White Lias,

and (c) the Bridport Sands. The reactivated faults are ‘unfiHed;"JuraSSic and Triassic:faults-are filled.

The arrows indicate fault dip direction, and displacements (in italics) are in ms. 72
4.15. Rose diagrams of fault strike for the (a) Top Sherwood, (b) Top White Lias and (c) Bridport
Sands. The fault strike was measured in the interval between every tenth inline. The faults in the Top

Sherwood have the greatest range of strikes, and those in the Bridport Sands have a tighter
distribution centred on E-W: i : e S L N A

4.16. Idealised throw contours on a fault plane for four scenarios (dashed lines represent former tip-
lines): (a) Normal reactivation of an existing single, isolated fault. (b) Normal reactivation of the
lower segment and interaction with the upper segment. (c) Overprinting of the lower fault by a
larger upper fault. (d) Upper and lower faults abut, with or without reactivation of the lower fault.
The elliptical contours in each diagram are based on radial propagation of a fault where D a1

(Walsh and Watterson, 1988; D = displacement.and L = fault fength). : 79

4.17. (a) Normal fault with pre-, syn- and post-rift sediments. (b) Reactivation of the fault and upward
expansion into newly deposited segments and (c) idealised vertical d-x of the reactivated fault that
suggests that a displacement minimum occurs at the top of the original syn-rift unit. The largest
displacements are associated with the deepest parts of the fault, under a simple model of -

reactivation. ~ = : e ‘ 41

4.18. (a) Idealised fault geometry to illustrate that an individual fault can have a smaller throw at
depth, and a constant downthrow across the whole fault zone. The heave at depth is half of the
combined heave of the upper two faults in this example. (b) Modification of the fault plane geometry
so the heave is constant. The throw on the lower section is the same as‘in (a);’but'the’heave is
doubled. Any decrease in the fault dip at depth would lead to an increase in.the heave, assuming

that the throw remains constant. h = heave, t= throw and the numbers represent the number of

units of each.’ ‘ ‘ o 82

4.19. Three synoptic vertical profiles of (a) fault heave and (b) fault throw, and (c) the fault plane of
the Wytch Farm Fault. The data have been converted to depths from TWTT, with interval velocities
calculated from mapped horizons depths in an exploration well (98/6-7) and the 3D seismic data.

The fault has a shallower dip at depth in all three examples. Yo ‘83
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4.20. Two methods to explain the fault geometries: (a) modification of the normally-reactivated fault
plane by reverse-reactivation of the deeper parts of the fault, and (b) fault development with the
presence of a detachment horizon. Stage 1 is identical for both models, and simply illustrates the
presence of an early fault (c.f. Fig: 4.17a). In the reverse-reactivation model, the Triassic fault is
initially normally-reactivated and propagates up-section (Stage 2). The lower parts of the fault are
reverse-reactivated, and the upper parts-remain unaffected (Stage 3). Shortening in-between is
accommodated by ductile compaction of the Mercia Mudstone. In the detachment model, the
Triassic fault reactivation and Jurassic fault initiation above a detachment horizon (Zone D.
Anhydrite) are contemporaneous (Stage 2). Continued expansion of the deeper fault into the upper

sections occurs after faulting of the detachment layer. The upper fault acquires a larger displacement

through thin-skinned extension above the detachment. .~ ; : : .85
4.21. Block diagram to illustrate the changes in active fault orientation and the alteration in the
principal stress axes orientation through time. i v e B i 87
5.1. Map of part of the south Dorset Coast to show the extent of the seismic data. The-inlines run'N-
S, and the crosslines E-W-in both 3D surveys. Lo o R 91
5.2. Existing structural interpretation of the Sherwood Sandstone reservoir (mapped by Giles Watts,

BP EXpIoration and Production; Wytch Farm), and location of the Arne Fault picks used-in this study
on the 2D seismic lines (black diamonds) within Poole Harbour. The map is based on the

interpretation of 2D and 3D seismic data, and the horizon depths are calibrated to-available well
data. ~ ~ ‘ ... .94

5.3 [llustration of the extent of fault throw and position-uncertainties (after Martin et al. 1993). The
throw uncertainty was set at + 15 ms, and the fault positions are accurate to + 200 m to reflect-the
2D seismic data resolution. - : B S ety i 96

5.4, Graphs of (a) unit thickness and (b) depth to the units taken from the wells:that intersect the
Arne Fault and the exploration wells in the EEC area, arranged in-geographical order from west to
east. The unit thickness graph is centred on the Mercia Mudstone/Sherwood Sandstone boundary to
illustrate the thickness change in the Sherwood Sandstone. A curved line at the column bases -
indicates those wells which terminated above the base of the Sherwood Sandstone. A-hanging-wall

(HW) or footwall (FW) position for the well in the Sherwood Sandstone is indicated:in.(a), andithe

intersection of the Arne Fault with the well is represented by a cross on (b). ~ 98
5.5. Detail of the 2D seismic data area to show the position of the seismic lines within Poole
Harbour (c.f. Fig. 5.1). The seismic lines that fall within the grey box were used in the
reinterpretation of the Arne Fault. ~ o ' v 99
5.6. Line drawing of the interpretation of seismic line BP85-02 (Fig. 5.5) with two phases of
identified growth faulting: (1) above the Cornbrash pick and (2) in the Mercia Mudstone, below the
Zone D-Anhydrite. L ' : ~ ‘ - 100
5.7. (overleaf) Relationships between (a) horizontal displacement-distance graphs, (b) fault plane

geometry in map view and (c) cross-section, (d) vertical displacement-distance graphs and (e) fault

throw diagrams, for (i) simple planar faults, (i) conjugate faults and (iii)-relay.ramps. 100
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Fig. 5.8. (a) Graph of total trace length against maximum displacement for 14 faults:in the ~SherWood

reservoir(filled squares), and segment trace length against displacement for those faults which have
segmented profiles (open squares). Every tenth seismic line was included, equalling a spacing of
125m, so trace length error bars are shown when the symbol width < 250 m. Lines with slopes of 1
and 2 have been drawn on for reference only, as there is no clear linear relationship for this
restricted data set. (b) and (c) Throw contours on fault planes of two methods of fault growth, to

illustrate how D-L relationships vary with the mode of fault growth (Cartwright et al., 1995). 103

Fig. 5.9. lllustration of possible fault orientations associated with NW-SE extension over basement

structures oriented E-W-.and NW-SE, based on Chadwick (1986). (a) The underlying structure -
influenced the position of the faults but not their orientation. The new faults have an en echelon
arrangement that is oriented NW-SE. (b) The E-W orientation was reactivated during extension and
continued to grow upwards. Further displacement was accommodated by a relay ramp or a new NE-
SW-fault segment, thatis a reflection of the extension direction. (c) All of the pre-existing faults were
reactivated and propagated upward into the Top Sherwood. (d) This example shows how an E-W

oriented en echelon zone of NE-SW faults might develop above an E-W fault (Chadwick, 1986). 104

Fig. 5.10. Fault throw diagram incorporating the existing interpretation of the 3D survey area (Ellis 1997),

showing the hanging-wall (downthrown) and footwall (upthrown) separations and depths for the
Arne Fault system for each of the horizons in Table 5.1. The fault plane has been divided into
several vertical and horizontal zones on the basis of fault segmentaﬂon (see text for explanation).
The Lower Arne Fault has maximum throws close to the Top Sherwood level. The Upper Arne Fault
terminates at the unconformity below the Base Chalk, whilst retaining some throw. This indicates
that the upper tip-line of the fault propagated further up through the stratigr,aphy,k,but was eroded -
away prior to Chalk deposition. The irregular profiles of the footwalls and hanging-walls within the

2D area may be a function of the lower quality of seismic data on the older surveys. = = 106

Fig. 5.11. Two maps to illustrate how displacement is transferred from one normal fault to another at an

overstep. In both examples it would be possible to follow a route through the relay ramp that does
not intersect a fault'and, therefore; never encounter a fault-imposed permeability barrier. (a) Map of
a relay ramp in the Lower Permian of East Greenland, after Larsen (1988). Displacement is
transferred between the fault segments via a zone of rotated bedding. The NW-SE oriented fault in
the north of the map may represent a linking fault that has breached a relay ramp. (b} Map of an
antithetic relay ramp from Kilve, Somerset (mapped by D.J. Sanderson). Oblique (WNW-ESE)
antithetic faults formed to accommodate displacement in the overstep between two E-W trending
normal faults. At-an antithetic/ synthetic fault intersection point, the dip direction of the bounding
fault changes polarity, and the strike of the new fault is similar to that of the original bounding fault.

The displacement from the bounding faults is taken up by sevéral en echelon:antitheticfaults. _ 107

Fig. 5.12. Map of the Arne Fault within the BP 3D area with ‘arrows:superimposed to represent the

direction of maximum throw-for:each:location. - : ~ i : s 111

Fig. 5:13. (Following four-pages) Four interpretationys of the Arne Fault within the 2D area at the Top"
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Sherwood level. The contours represent the depth in TWTT (ms). (a) Map of an interpretation of the

Arne Fault system within the 2D seismic studies area with dominant ENE-WSW and NW-SE trends.
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Fig.

The two distinct trends are a reflection of the influence of the basement structures suggesting that the
heterogeneity of the basement rock-influenced the orientation of the NW-SE structures, and the
position of the later ENE-WSW- faults. (b) Map of an interpretation of the Arne Faultsystem to
include only E-W trending fault segments. The short nature of the many fault segments indicates that
there are many places along the fault system where the displacement is at a minimum and would
imply that the reservoir is juxtaposed quite irregularly along the fault zone. Linkage between
interacting segments, below the resolution of this survey, may indicate that there are several parallel
faults on some parts of the system. The existence of linked fault segments would depend on the
maturity of the fault system. (c) Interpretation showing an en echelon arrangement of ENE-WSW
trending fault segments. This arrangement may reflect an NW-SE extension direction, and-the
location of an underlying structural trend. The faults are less segmented than in (b), but segment
linkage would follow a similar style. (d) Interpretation of the geometry of the Arne Fault that -
corresponds most closely to the acquired timing data (Table 5.4), the fault orientations and the
direction of maximum displacement within the 3D survey area. . - e 2t TR

5.14. (a) Graph to illustrate the STOOIP (Stock Tank Oil Originally In Place) for each of the four new

“ fault geometries (Fig. 5.13). Most of the changes are confined to the lower zones. The difference

Fig.

Fig.

Fig.

Fig.

Fig.
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between the two extremes is approximately 27 mb. (b) Graph to show the amount of change from
the original interpretation (Fig. 5.2) in total volume for each of the.models. i 120

5.15. Interpretation of seismic line 300 to which illustrates the depth to the Top Sherwood when

based on the assumption that the prominent reflector represents the Top White Lias across the entire
survey. The Top Sherwood is too shallow in the extreme south:of the section to.tie-in with-the BP
survey, and the well data. R Yol s 121

5.16. Map of the Top Sherwood horizon pick based on an isopach down.from the consistent Top

White Lias (Top White Lias) pick in the EEC Survey area. The reservoir horizon is too shallow when
compared with well data south of the Wytch Farm Fault, but that there is no structure to account for
the depth difference between the two surveys. In this interpretation there is no-obvious continuation

of the Wytch Farm Fault into the EEC survey érea. : : 122

5.17. (a) A new interpretation of the Top Sherwood horizon based on the.new horizon pick (Fig.
5.18). The horizon is now calibrated to the 98/11-1 well data, and there is also a much tighter
correlation with the depth to the Top Sherwood picked on the BP 3D data. (b) Synoptic cross-section

through the EEC 3D survey to illustrate the division of the area into four distinct fault-bounded

zZones. i w2123

5.18. A re-interpretation of seismic line 300 (Fig. 5.15) to show the new pick for the Top Sherwood,
south of the new southern fault (Fault D), based on the data from well 98/11-1. The reflector

formally considered to represent the Top White Lias south of the fault must in fact relate to a

boundary higher in the Liassic stratigraphy, stich:as the Blue:Lias {c.f. Fig. 4:4). 124
5.19. Fault plane maps showing the vertical hanging-wall/footwall separations at the Top Sherwood
level for the block-bounding fault zones (vertical scale = ms), and their location on a map of the

interpreted faults in the EEC survey area (the arrows indicate fault dip direction). The fault plane
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maps show an amalgamation of the displacement at sites of segment overlap where it was not
-possible to determine accurately the throw of each segment. = 125

Fig. 5.20. (Following two pages) Interpretations of the fault geometries in the gap between the two 3D
surveys (Fig. 5.1). In the three suggestions, the displacement of the Wytch Farm Fault diminishes
eastwards, and the throw is accommodated by several faults with lesser displacements. (a) The
‘continuation of the Wytch Farm Fault with a NW-SE strike that links with Fault D (c.f. Fig: 5.19). The
western end of Fault E continues beyond the EEC survey boundary and connects to a fault to the

immediate north of the Wytch Farm Fault. (b) Interpretation of the faults based on E-W orientations,
without any linkage between the faults. .. ... ... ... . = 126

Fig. 6.1, Map of SW Great Britain (after Lake and Karner, 1987) to show. the location of the Wytch Farm
Oilfield, Dorset, and Kilve, Somerset,.in the Wessex Basin: The Wytch‘;Far;m Qilfield lies to:the:
immediate north of the Channe! Basin-(Karner et al., 1987), and the Lower Lias at Kilve is the -
onshore exposure of the Bristol Channel Basin, both sub-basins of the Wessex Basin. Both the

Wytch Farm Qilifield and Kilve are adjacentto:the eastern.side of'deXtra|~"NW¥SE strike=slip faults that
traverse SW England. : T ; S . 27131

‘Fig. 6.2. Stratigraphic logs of (a) the Lower Liassic exposure at Kilve, compared to published accounts,
and (b) the Jurassic:and Triassic of the:Dorset coast (after House, 1993) with alog from Well:A6SP,
Wytch Farm (from BP Well Completion Report). The logs are shown side-by-side, and centred on

the Triassic/Jurassic boundary, for comparison. All thicknesses are in metres to allow a direct
comparison. ; T e . . 133

Fig. 6.3. overleaf. (Reproduced at a larger scale as Enclosure 1). Two time-slice maps and cross-sections
of the Wytch Farm Oilfield. The time-slices are at 900 and 925 ms, which represents an approximate
depth difference of 45 m. The two levels were chosen as they contain the greatest areas of Blue Lias
sediments, and therefore allow a direct comparison with the map of the foreshore at Kilve (Fig. 6.4).
The diagrams include data from the BP 2D and 3D seismic surveys, that are calibrated with well
data. The 3D survey extends eastwards from 401250, and its greater resolution and tighter spacing is
evident in the detail of the fault geometries. The cross-section A-A’ was produced from the-
projection of the two closest 2D seismic lines onto the line of the section; B-B’ and C-C* were-

directly constructed from 3D lines: e - o 134

Fig. 6.4. overleaf. (Reproduced at a larger scale as Enclosure 2). Map of the exposure at Kilve {mapped by
P.G. Kelly and D.J. Sanderson, drawn by D.C.P. Peacock and P.G. Kelly), and.a composite cross-
section. The stratigraphic divisions of Palmer (1972) are preferred for descriptive reasons.:Normal
and reverse-reactivated normal faults have approximately E-W strikes, dextral strike-slip faults strike
NNW-SSE and sinistral strike-slip faults have NE-SW strikes. The cross-section construction is
discussed.in the text. e 2l s ~ 135

Fig. 6.5. Graph of fault height and throw for 301 fault measurements in the Wytch Farm data‘set. The
faults were measured from seismic sections, and the throws and heights were depth converted. 137

Fig. 6.6..Rose diag'rams;of fault orientations at Kilve. (a) Normal faults-have approximately E-W strikes,
whilst (b) the reverse-reactivated fault strikes have a greater range. (c) Sinistral faults strike NE-SW,
and (d) dextral faults have strikes between NNE-SSW and NNW-SSE. 138
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Fig. 6.7. Map of a relay ramp at Kilve (from Peacock and Sanderson, 1995a) The dlsplacement on the
two overstepping faults decreases into the ramp, but the total dlsplacement is conserved The
contours indicate that the bedding is rotated from the reglonal’ orientation to be almost
perpendicular in the ramp, and also steeper ‘ ‘ 139“

Fig. 6.8. Line drawings, from photographs of normal faults at Kllve (a) Conjugate normal faults in the
cliff to the immediate west of the steps at East Quantock's Head The dlsplacement is marked as >
11 m when it was not possible to match the beds on elther side of the fault planes (l e.the
displacement > cliff height). (b) Fault wnth synthetlc branches in the chffs to the east of Kilve Plll (c)k
Line-drawing of a network of antithetic and synthettc normal faults in the cllffs 25 m east of (b) The
faults are steeperin the limestone units, and shallower in the mterbedded shales ' 140

Fig. 6.9, Three types of reverse-reactlvated normal faults exposed in the chffs (@ Quantock's Head Fault
The fault has a finite normal displacement c. 45 m, but the over—tlghtened roll over in the hangmg—
wall contains thrusts (Peacock and Sanderson, 1992) The hangmg—wall exposure on the foreshore is
characterised by highly disrupted bedding and a compllcated network of strike-slip, reverse and |
normal faults (Fig. 6.4). (b) Fault with 8 m finite reverse throw in the Blue Ben Headland. The fault
continues eastwards along the foreshore and oversteps with the Quantock’s Head Fault (Fig. 6.4). (0
Fault zone in the cliffs to the east of Kilve Pill, with a net normal displacement of 5 m. The fault

zone is composed of two sub-parallel faults, one of which has a finite reverse displacement, whilst

the other has normal displacement. 141

Fig. 6.10. Displacement ranges for faults at Kilve and Wytch Farm. The normal faults on the foreshore at
Kilve are bounded to the south by the 200 m displacement Blue Ben Fault (Fig. 6.4), but the largest
fault on the foreshore has a displacement of 33.8 m. The average displacements for the normal fault
from both areas is indicated by the dotted lines. Negative values = finite reverse displacements .

Displacements on the dip-slip faults were measured as throws, and parallel to the strike of strike-slip
faults. 142

Fig. 6.11. (Above and next two pages) The geometry of strike-slip faults. (a) Map of a mm-scale fault zone
to the immediate west of the Blue Ben Headland (Fig. 6.4), The faults have highly irregular planes,
and through-going faults are not fully developed from pull-apart arrays (Kelly et al., in press). The
acute conjugate angles are dominated by an E-W pressure—solutioncleavage adjacent to the
intersections. Anti-clockwise rotated blocks are delimited by the pressure-solution cleavage between
two sub-parallel sinistral faults. (b) Map of a network of conjugate strike-slip faults between two
overlapping reverse-reactivated normal faults (Kelly et al., in press; in review). (c) Map of a m-scale
conjugate fault zone at East Quantoxhead (Kelly et al., in press). There are rare occurrences of pull-
apart arrays between master faults, and sheared pull-aparts adjacent to the master faults. The strike-
slip faults often overstep and displacement is transferred from one fault to another at (d) a strike-slip
relay ramp (after Peacock and Sanderson, 1995a). (e) Strike-slip fault zone exposed in the cliff at East
Quantoxhead. The strike-slip fault has a minor component of normal displacement, and resembles a
normal fault in cross-section. Fault plane dip and dip direction are shown with lineation pitches in

brackets. 143
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Fig. 6.12. Rose diagram of the normal faults at Wytch Farm. The strikes are calculated for each

interpreted inline, by assuming a straight line between the location on the two adjacent inlines. The

faults strike’between NE-SW to NW-SE. 146

Fig. 6.13. Normal fault geometries in the Wytch Farm Oilfield. The faults are segmented in cross-section,

and overlap at either extensional or contractional oversteps. The reflectors are often chaotic in

" oversteps, so itis'not a|way§possible‘ to interpret the displacements on the individual segments. The
deformation style across the seismic survey is dominated by conjugate normal faults. 147
Fig. 6.14. Three cross-sections through the conjugate Faults E and F. The sections are truncated seismic
inline interpretations; whose numbers are indicated in the bottom left corners, and arranged from
west to east (left to right). The circled numbers represent the relative timing of the faults on each
section (1 = oldest movements, 3 = most recent). Growth sequences in the hanging-walls were

used to identify fault activity. Fault E experienced the most recent movements, in all three cases. A
breakdown of fault zone evolution is detailed in the text.” e ‘ e 148
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Table 2.1. Summary of field observations for Figs. 2.6, 2.11 and 2.12. The vein type refers to the
classification of Beach (1975): Type 1 = convergent, and Type 2 = bisector parallel. TT =
transtension, SS = simple-shear and Ext. = extensional. The vein arrays strikes for Fig. 2.6(a) have

been subdivided into dextral (D) and sinistral (S). The dextral and sinistral vein arrays in Fig. 2.6(b)
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1. Introduction

The segmentation, linkage and displacement geometries of normal faults are well-documented from
studies in map view (e.g, Peacock’and Sanderson, 1991; 1994a; Schlische, 1993; Anders and Schlische,
1994; Cértwright etal., 1995; Childs et al., 1995) and in cross-section (Muraoka and Kamata, 1983;
Peacock and Sanderson, 1994b, Childs et al., 1996, Mansfield and Cartwright, 1996). Peacock and
Zhang (1994) and Willemse (1997) compared the geometries of normal faults in the field with numerical
analogués. The above-mentioned studies address linkage between faults that formed during single
deformation events. Normal fault reactivation and propagation during polyphase extension has been
recognised in, for example, the Wessex Basin (Chadwick, 1986), the North Sea (Feerseth, 1996; Thomas
and Coward, 1995), and the East African let (Bosworth, 1992). These studies provide basin-scale

viewpoints on structural reactivation, but do not discuss geometries of individual normally-reactivated
faults. |

Post-exten,siohal compresslon (or inversiorr) is a common feature of the hydrocarbon basins arount_l the
British Isles (e.g. Wessex Basin, Stoneley, 1982; Karner et al.; 1987; southern North Sea, Badley et al.,
1989; East Shetland Basin, Thomas and Coward, 1995), but the selective reverse-reactivation of normal
faults is‘not fully understood. Reverse-reactivated faults are exposed on the north Somerset coast
(Mclachian, 1986; Dart et al., 1995; Nemcok et al., 1995), that are an expression of Tertiary basin
inversion (McLachlan, 1986; Peacock and Sanderson, 1992). Strike-slip faults, which are thought to have
formed at a similar time (Dart et al., 1995; Peacock and Sanderson, 1995a) are also present. However, .
the significance of the conjugate strike-slip faults in the contraction, and the geometries of displacement
transfer zones between reversereactivated faults, have not been discussed.

1.1 OBJECTIVES E S R
Th,e’ objective of this thesis is two—fold: to propose models that describe the rleyelop;me,nt of s’egme_ntec’l
norrrtal, strike-slip and reverse-reéctivatéd normal faults and, secondly, to apply fault analysis methods to
proble‘matic areas in the seismic intérpretation of normal faults in the Wessex Basin.

1.2 STUDY AREAS

The two field areas for the study (Fig. 1.1) were chosen because of the qualrty of the exposure. Krlve on
the north Somerset coast, has normal reverse-reactrvated normal and strrke—slrp faults exposed in the
cllffs and on the gently‘drppmg beds of the wave-cut platform The deformation at Beadnell on the
Northumbrran coast, consists largely of strike-slip faults that are assocrated with mm—scale thrusts, 2D and
3D seismic data, supplred by BP Wytch Farm, that cover the onshore offshore transition zone of the

Dorset coast in Poole Harbour ‘were used for the analysrs of normal fault geometrres
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Fig. 1.1. Map of part of the British Isles that shows the three study

“areas: Kilve, north-Somerset, Beadnell, Northumberland, and ' Wytch
Farm, Dorset.

1.2:1 Kilve; north-Somerset

The foreshore at Kilve is the onshore continuation of the Bristol Channel Basin (e.g. McGrath and
Davison, 1995; Peacock ‘and'Sanderson, 1995a), which is a sub-basin in the north-west extreme of the -
Wessex Basin (Kent, 1‘949). The E-W striking, gently dipping'rocks' exposed on the wave-cut platform and
in the cliffs are of Lower Liassic age (Lower Jurassic), and consist of an interbedded sequence of
predominantly limestones and shales (Whittaker and Green, 1983). The strata are truncated by normal
faults related to the Mesozoic formation of the Bristol Channel (Brooks et al., 1988), reverse-reactivated
normal faults (McLachIan 1986; Dart et al., 1995; Nemcok et al., 1995) and strike-slip faults that formed
durmg Alpme-assoaated contraction (Van Hoorn, 1987; ‘Peacock and Sanderson, 1992; 1995a McGrath
and Davison, 1995). The normal faults str|ke approx1mately E-W and are assocuated with veins with
similar strikes and geometries (Bowyer and KeHy, 1995). The segmentatlon of the normal faults in map
view has been described by Peacock and Sanderson (1 991; 1994a), and the deformation at fault tips has
been discussed kby McCrath'and Davison (1995). The normal faulis exposed in the cliffs‘often“ykha\/e =

irregular planes that are 'steepéf'in the limestones than in the shales (Peacock and Sahderéon, 1991).

There are examples of reverse-reactivated faults exposed in the cliffs, that are recognised from thrusts in
the hanging-walls, tight rollover anticlinés and kink bahds (Peacock and Sanderson, 1992), sub-
horizontal veins with vertical fibres (Sibson, 1995) and multiple sets of slickenside lineations. Strike-slip
faults 6n the wave-cut platform, and in the cliffs; are coﬁjUgaté about ap‘proki‘mately N-S (Peacock and
Sanderéon, 1995a). Dextral faults strike NW—SE and éinistral faults strike NE-SW (Peacock and Sanderson,
1995a). The strike-slip faults have sub-horizontal slickenside lineations, although occasional gently-

inclined lineations indicate either reverse or normal displacement components. The strike-slip faults are
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also segmented, at strike-slip relay ramps in map view (Peacock and Sanderson, 1995a), and in cross-
section. Deformation in the strike-slip fault zones at the mm-scale is achieved through block rotations

(Kelly, 1996), and associated with vein arrays and pressure solution (Peacock and Sanderson, 1995b;
Willemse et al., 1997).

1.2.2 Beadnell, Northumbria

Beadnell is located on the Northumbrian coast of north-east England (Fig. 1.1) and lies within the
Northumberland Basin. Subsidence of the basin, above the lapetus collision zone; was initiated in the
Devonian (Anderton et al., 1979). The basin-fill consists of fluvial Upper Old Red Sandstone sediments
(Anderton et al., 1979) that underlie the Lower Carboniferous limestones exposed at Beadnell (Shiells,
1964). The basin structure evolved through three tectonic episodes, two extensional and one
compressional (Collier, 1989). Normal faults were formed in response to extensional reactivation of the
lapetus suture during Dinantian to Namurian N-S extension (Kimbell et‘al:, 1989). Thermal subsidence
was more important, although subdued fault activity continued, in the Westphalian (Collier, 1989). An E-
W compressional phase occurred in response to'movements in'the Carboniferous (Shiells; 1964: Collier,
1989). N-S striking thrusts and folds are found adjacent to strike-slip fauits, and vertical shear zones, that
are conjugate about E-W (Shiells, 1964). The strike-slip fault zones were mapped by Shiells (1964) at
several localities along the Northumbrian‘coast, between Beadnel|'~énd Berwick-upon-Tweed, and on
Holy Island. Shear zones dominated the deformation during the closing compressional movements
(Shiells, 1964). Mafic dykes and sills, including the Whin Dykes and the Great Whin Sill, were intruded
and some of the ENE-WSW normal faults were reactivated during renewed extension in the Permian
(Robson, 1977; Collier, 1989).

1.2.3 Wytch Farm, Dorset

The Wytch Farm Qilfield ( Fig. 1.1) on the Dorset coast, lies on the southern margin of the onshore
extent of the Wessex Basin. The basin was initiated in the Permian as a series of mainly down-to-the-
south asymmetric E-W half-graben (Chadwick, 1986; Lake and Karner, 1987). The Triassic basin-fill
consists of the Sherwood Sandstone, which lies unconformably on Permian sediments, and the Mercia
Mudstone and Penarth Groups (Hogg et al., in press). The Permo-Triassic normal faults were reactivated
in response to Jurassic to Cretaceous extension (Chadwick, 1986; Lake and Karner, 1987), during which
listric growth faults developed (Stoneley, 1982). The Jurassic to Cretaceous fill consists of Lower —
Middle Jurassic sediments, below an unconformity at the base of the Chalk. The extensional
development of the basin was followed by Alpine-related basin inversion (Stoneley, 1982; Lake and
Karner, 1987; Chadwick, 1993). Normal faults in the Wytch Farm Oilfield are segmented in both map
view and cross-section, and therefore provide ideal subjects for a study of dip-linkage (Mansfield and

Cartwright, 1996) between normal faults of different ages.
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1.3 THESIS LAYOUT ; ,
Mddels:fh‘at describe the development of segmented faults in both extensional and compressional
settings are formulated in Chapters 2-4. Chapter 2 describes the geometries and proposes a model for the
formation of conjugate strike-slip fault zones in limestones. The chapter has been accepted, in its present
form, for publication with the Journal of Structural Geology. D.C.P. Peacock and D.J. Sanderson are
included as co-authors on the paper, as they contributed through' discussions of the structures, and by
editing the paper. The reverse-reactivated normal faults at Kilve are discussed in Chapter 3. Selective
reactivation of the normal faults is used as a basis to formulate a model for the contractional deformation
on the north Somerset coast. The model includes the role in the contraction of the strike-slip faults*
described in Chapter 2. Chapter 3 is currently in review with the Journal of Structural Geology. D.C.P.
Peacock, D.J. Sanderson‘and A.C. McGurk are co-authors, in recognition of their contribution to the
" 'mapping, and for editing the paper. Normal faults that developed during polyphase extension of the
Wessex Basin, interpreted from the BP Wytch Farm seismic data sets, are illustrated in Chapter 4. The
application of fault analysis methods to re-interpret the structure of the Sherwood Sandstone in selected
areas of the Wytch Farm Oilfield in the Wessex Basin in Chapter 5. Chapter 6, is'a comparison of the
“fault geometries mapped in the field at Kilve and from the Wytch Farm seismic data. The overall

conclusions to Chapters 2-6 are made in Chapter 7.

A review of previous work at the localities, and on the subject matter, and the methods used are

included within each chapter.
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2. Linkage and evolution of conjugate strlke-shp fault zones in llmestones of Somerset
and Northumbna :

2.1 SUMMARY ;

Conjugate strike-‘slip fault zones that cover metre-scale areas at Beadnell, Northumbria, and Kilve,
Somerset, were initiated as conjugate vein arrays. Early conjugate faults are linked by the propagation of
one fault that eVéntualIy by-passes the other fault. A model for the development of strike-slip faults is
presented, using‘fault and vein geometries and the position of damage zones with respect to the master
faults as an indication of the propagation direction. This model includes the evolution of networks from
(1) the initial random development of vein arrays, to (2) the isolated development of several unconnected
conjugate fault segments that pass into vein arrays, through (3) the intersection of a conjugate set of
master faults and linkage with minor antithetic faults, and the formation of new vein arrays with
extensional geometries after a linked network of faults is established, to (4) breaching of intersection
points by dominant faults, and finally (5) the propagation towards oversteps that are breached to form a
through- gomg fault. The geometry of the active structures s:mphf;es with time, as strain is localised along

the master fault, but the complexmes are preserved in the fault walls.
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Fig. 2.1. The location of a zone of effective tension at the tip of a right-
Process zone

in effective tension propagating sinistral fault containing tensile microcracks (Reches and

Lockner, 1994). The process zone moves with the propagating fault, and

coalescence of the microcracks influences the position of the damage
zone (Scholz et al., 1993).

2.2 INTRODUCTION

Damage zones consist of small faults and veins (subsidiary fractures) in the vicinity of larger structures
(master faults) (Chester and Logan, 1986). Such zones are often related to the propagation of the larger
fault (Scholz et al., 1993; Reches and Lockner, 1994) and processes at fault-tips (McGrath and Davison,
1995). In particular, Reches and Lockner (1994) identify a process zone, during experimental fracture of
Western Granite, consisting of an area of extensional (Mode 1) fracture at the fault-tip that enhances fault
propagation (Fig. 2.1). The process zone moves with the fault-tip, leaving damaged rock in its wake
(Scholz et al., 1993). The process zone is asymmetric about a Mode I tip, reflecting the propagation
direction and sense, and controls the location and width of the damage zone. Zones of ‘damaged’ rock
adjacent to faults may also arise from structures that form prior to the development of a through-going
fault. Cowie and Scholz (1992) demonstrate how a planar fault develops from arrays of fractures that
coalesce to form an irregular fault plane. The asperities are by-passed during displacement accumulation,
leading to the formation of a smooth fault plane. On the metre-scale, strike-slip relay ramps (Peacock and
Sanderson, 1995a) form in contractional zones in between overstepping strike-slip fault segments. In
their model, a smooth fault plane with a contractional bend develops after the relay ramp has been

breached, and the inactive parts of the structure are preserved adjacent to the fault.

The location and geometry of damage zones are important as they may contribute to the
compartmentalisation a reservoir, or provide fracture-controlled fluid flow pathways in addition to the
master fault (e.g. Knott et al., 1996). The development of strike-slip fault zones is of interest in

permeability studies, as it will be demonstrated that these faults develop initially in isolation, and linkage

.of fractures may occur during later evolution.
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Fig. 2.2. (a) Map of part of the British Isles showing the locations of (b) Beadnell, Northumbria, and (c) Kilve,

Somerset. The locations of the strike-slip fault zones described in the text are also shown. MHW = mean high water,
and MLW = mean low water.

The aim of this chapter is to show how the development of conjugate strike-slip faults in limestones, over
scales of millimetres to 10’s metres, may be described with a common fault evolution model. The.
formulation of the model is based on field observations at two locations: Kilve, Somerset, and Beadnell,
Northumbﬁa (Fig. 2.2). The justification of using two locations and several examples, is based on the
range of comparable structures in both areas. The mechanics of conjugate fault development have been
the subject of much debate, with particular emphasis on the nature of the intersection or offset of the

conjugate sets. For example, Freund (1974), using analogue modelling, identifies geometrical
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impossibilities prohibiting intersecting conjugate faults from being displaced synchronously, but:Nicol et
al. (1995) interpret normal fault geometries on seismic sections from the Timor Sea and conclude that
synchronous' movement on conjugate sets is possible (c.f. sandbox»mbdeuing of Horsfield, 1980).
Odonne and Massonnat (1992a) model conjugate fractures in paréfﬁn wax and show t’hat an‘jnkequality
“in either length or orientation to the major principal strain axis of one:of the cbnjugate pair can lead to
offset of the other, even during synchronous development. High strain areas in the acute angle adjacent
to a stuck intersection (Peacock, 1991; Nicol et al., 1995) may cause volume loss through pressure |

solution during synchronous movement (Odonne and Massonnat, 1992b). e

Central to the comparison of the structures at both locations i; the occurrence in the conjugate strike-slip
fault zones of arrays of echelon veins (Fig. 2.3). Several classifications and mechanical models have been
proposed for echelon vein array formation. Beach (1975) sub-divided conjugate vein arrays into two
categories, Type T and Type 2 (Fig. 2.4). Type 1 vein arrays have convergent vein géometries, whereby:
the veins in one conjugate set are sub-parallel to the zone boundary of the other set (Fig. 2.4a). Type 2
veins are sub-parallel to the bisector of conjugate dextral and sinistral arrays (Fig. 2.4b). For the purposes
of this study the Type 1 and Type 2 classifications (Fig. 2.4) are adopted as strictly geometrical
descriptive terms, and do not refer to the mode of formation of the vein arrays. Pollard et al. (1982) |
observed that echelon fractures form at the tips of'parent cracks, and their orientations reflect the remote
stress system. Rothery (1988) classified extensional and shear arrays based on the angle between the vein
strike and:the array orientation (the véih-zone angle). Extensional arrays have vein-zone angles of < 27°,
whilst the vein-zone angles in shear arrays are > 27° (Rothery, 1988). Olson and Pollard kk“(1991) use
numerical modelling to show veins may deve|op at angles to the array ranging from 0-55° ina purely
extensional environment. In their models, sub-parailel microcracks initiate, independently of localised

- shear or a parent fracture, from randomly distributed flaws in the rock. Growth of the microcracks, is
dependent on the extent of lnteractlon with adjacent cracks leading to.a range of apparently extensional

to shear vein array geometries (O!son and Pollard, 1991).

Gamond (1983) and Peacock and Sanderson (1995b) demonstrate how vein arrays evolve into pull-épart
arrays through dilation of the veins between overstepping ‘P’-shears (Fig. 2.3b) that may be eventually
faulted (Fig. 2.3¢) (Cowie and Scholz, 1992). Pull-aparts occur in dilational jogs between overstepping
shear fractures (Sibson, 1989) over several orders of magnitude (Aydin and Nur, 1982), from the
millimetre-scale (Peacock and Sanderson, 1995b), to sedimentary basins on t‘he kilometre-scale (e.g.
Hempton and Dunne, 1984). A dilational jog occurs between either right-stepping dextral faults or left-
stepping sinistral faults (Segall and Pollard, 1980), and may also occur during movement at a releasing

bend found at the intersection pomt of obhque fault segments (Mann etal., 1983 Stbson 1989).
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Fig. 2.3. Field examples from Beadnell [NU4237 6294] of (a) and (b) vein arrays, and from Kilve [ST3119 1438] () a
pull-apart array, and (d) a strike-slip fault with adjacent sheared calcite-filled pull-aparts.
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Fig. 2.4. Schematic diagrams of convergent (Type 1) vein arrays, and bisector parallel veins (Type 2) (after Beach,
1975).

For the purposes of the metre-scale maps, the master faults are those that define the triangles of the
.conjugate sets, are relatively through-going and have larger displacements (> 100 mm in the examples
mapped). The subsidiary fractures are the smaller displacement faults and veins adjacent to the master
faults. The offset of earlier faults and veins, the length of pull-aparts, and the strike-separation of faulted
pull-aparts may all be used to estimate fault displacements (Peacock and Sanderson, 1995b). It is easier
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to measure the displacements on the subsidiary fractures within the zones, as the pull-aparts are
generally well preserved.

To investigate the formation of conjugate strike-slip faults m limestones, metre-scale examples are
described in this chapter that have been mapped at a sc'aleor 1:25, using a grid drawn on the rock-. The
discussion of conjugate strike-slip fault zone formation at Beadnell is founded on kinematic analysis of
vein and pull-apart arrays. A network of conjugate strrke-slrp faults exposed at Kilve over an area
approxrmately 350 x 200m, and mapped at-a scale of approximately 1:500 onto aerial photographs,

provrded the opportunity to study fault geometry and lmkage ata larger scale. The development of

conjugate fault zones, at both Kilve and Beadnell, has been assessed through the appralsal of vein array

geometries, fault propagatron drrecnon usingthe asymmetnc drstrrb ution of fracture densrty adjacent o ‘i
the faults (c.f. Scholz et al., 1993; Reches and Lockner, 1994) and the modrfred drsplacement-gradrent
tensor method of fault-strain analysis (Jamison, 1989; Peacock and Sanderson, 1993) In conclusion, a

conjugate strike-slip fault zone evolution model has been developed by combmmg the observations at
both localmes

2.3 STRIKE-SLIP FAULTS AT 3EADNELL, NORTHUMBRIA, UK

There are good examples of metre-scale conjugate strike-slip fault zones on the upper bedding surfaces
of beds of Lower Carboniferous limestones that dip gently SE. The faults are conjugate about an
approximately E-W horizontal compressive axis and are associated with N-S trending anticlines and
millirnetre-scale displacement thruets that link the master strike-slip faults (Fig. 2.5) (c.f. Shiells, 1964).
Folds and thrusts are generally absent in the unfaulted regions. Structural maps of the Sandbanks and
Eelwell Limestone surfaces drawn by Shlells (1964, frgs Zand 9). are extremely detailed, although fault
displacements were not constramed The maps show clearly that the strike-slip faults are hrghly clustered
and concentrated in almost linear zones In between the fault zones, vein arrays (termed tension gash
echelons by Shrells 1964) are conjugate about an E—W axis. The majority of the veins are straight, but
there are examples of shghtly sigmoidal veins. Rare examples of fibres within the veins are sub-
perpendicular to the vein walls, indicating Mode I opening. Shiells (1964) noted that the vein arrays are
not only conjugate to each other, but also to the strike-slip faults. The strike-slip faults at Beadnell
oceurred as a result of approximately E-W compression during the Variscan Orogeny (Shiells, 1964;
Collier, 1989), that also caused N-S trending folds (Benard et al., 1990). The compressional phase occurs
between two extensional phases that affected NE England (Collier, 1989). ENE-WSW to NE-SW striking
normal faults initiated in the Late Devonian (Shiells, 1964) and ceased during the Early Carboniferous
(Collrer 1989). The Whin Dykes were intruded and some of the ENE-WSW normal faults were
reactivated during post-compressronal extensron in the Permian (Robson, 1977; Collier, 1989). The fault

traces are exposed on the surfaces of limestone units, but their three-dimensional geometries are more
difficult to observe.
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Fig. 2.5. Data from the mapped fault zones at Beadnell, Northumbrla (@ Equal-area stereogram of poles to planes of
sinistral (n = 15) and dextral (n = 11) strikeslip faults, and of thrusts (h = 4). Lmeatlon data and synoptic great ;
circles for the faults are also shown. (b) Rose diagram of the vein array orientations within these fault Zones = ;
100). The data can be divided into three groups based on onentatlons (i) NW—SE (i) ENE-WSW and (jii) = E W The k
first two form a conjugate set of arrays, with a smlstral NW-SE group and a dextral ENE-WSW group.

'F|g. 2.6 (overleaf) Conjugate strike-slip fault zones mappedaat Beadnell at-a scale of 1:25. Displacements are in mm :
The circled letters are referred to in the text. For location see Fig. 2.1(b). (a) Fault zone showing a conjugate _
arrangement of strike-slip faults that have not linked to form a network [NU4238 6289]. (b) Network of linked strike-
slip faults [INU4237 6294].
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The fault zone shown in Fig. 2.6(a) contains strike-slip faults associated vvith‘velnsl"and pull-apart arrays.
Veins oblique to the strike of the‘fa

ults are common, and usually termmate at the fault The maxrmL m-

fault dlsplacement measured paral el toa fault, is 225 mm. The faults have wregular planes and fault

segments often termmate or hnk at contractronal or dilational oversteps The master fault planes do not |
link to form a through-gomg network of faults {i. ea percolatmg cluster St ffe anc Aharony, 1992 S but
termmate in the rock and are co—lmear wrth arrays of veins and puI apa -

| ajority of the array
form conjugate sets and have convergent vem geometrres My ype 1, Beach , 975) ~where the vems m one

conjugate set parallel the zone boundary of the other conjugate set There are some examples of b brsector-

parallel veins close to the termmatlons of master faults (Type 2, Beach 1975). Thrusts wrt kmlllrmetre-
scale displacements link wrth the'strike-slip faults some of which are offset and matchable across the,

strike-slip faults. There are, however rare examples of thrusts that tefminate at strrke—sllp faults.

A second example from Beadnell is of a kmuch,;fmeor,e linked network (Fig. 2.6b). The maXimumfault e

displacement is approximately 500 mm, and the master faults have much more continuous traces thanin

the first example (Flg 2. 6a) ‘Sheared pull- apart structures (Frg 2.3¢) occur along—srde som of’the faults,

and there are examples of fault segments that overstep at dllatronal jogs. The largest faults link mainly by
fault-tips abutting fault walls {tip-wall hnkage) and there are no vein arrays that are co—lmear with the
faults: Damage between the largest faults consists of networks of clustered vein arrays and subsidiary
faults with mrlhmetre—scale displacements. The majority of the veins are sub—parallel to the acute bisector
angle of the conjugate master fault traces (Type 2 Beach; 1975) with few exceptrons A N-S strlkrng

dextral stnke«shp fault offsets the northern conjugate set lndlcatlng a later stage of deformatron (at A, Fig.
2.6b). .

2.3.1 Kinematic analysis =

The kinematic evolution of the veins and pull-apart arrays in the fault zone maps can be determmed

using the construction of McCoss (1 986), to find the relative infinitesimal wallrock dlsplacement

direction (Fig. 2. 7) Graphs of zone boundary onentatlon plotted agalnst the strrke of the vems wrthm the -
arrays show major dlfferences in the veln-zone angle for each of these two maps (Frg 2. 7a) In the map

of unconnected faults there |s a greater proportlon of srmple—shear arrays (Flg 2. 6a) that plot in two
clusters one dextral and the other smlstral (F!g 2. 7a) The vein and pull-apart arrays from the connected
network of strike-slip f faults (Fig. 2.6b) plot in one cluster centred on the line of extension (Fig. 2.7a). In
sharp contrast to the arrays in the unconnected. strrke—sllp network (Fig. 2.6a), the majority of the .

transtensional arrays in the connected network (Fig. 2.6b) have a predominantly extensional component.
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Fig. 2.7. (a) Graphs of zone boundary orientation and vein orientation to show the distribution of vein array
geometries from Fig. 2.6. When the infinitesimal wallrock displacement direction (A) is equal to the angle between
the vein array and zone boundary (w), the vein array has an extensional geometry. A difference of 90° signifies
contraction, and one of 45° indicates that the array has a simple-shear geometry. The lines of extension and
contraction separate zones of dextral and sinistral displacement sense. The shaded areas indicate sinistral sense. TT
— transtension; TP = transpression. (i) Data from Fig. 2.6(@), n = 56. The two distinct clusters of data indicate
conjugate vein arrays that have predominantly simple-shear geometries. (i) Data from Fig. 2.6(b), n = 60. The single
data cluster, centred on the extensional zone of the graph, demonstrates that the vein arrays in this fault zone have
transtensional geometries, but are dominated by extension. (b) Schematic diagram of vein arrays with simple-shear,
transtensional and extensional geometries. (c) The construction of McCoss (1986) for each of vein arrays in Fig.
2.7(b). This method treats each vein array as a transtensional or transpressional zone (Sanderson and Marchini,
1984), to determine the infinitesimal displacement direction (A) of the wall-rocks from the zone boundary and the
vein angle. A line parallel to the veins is drawn from point y to the circumference of a circle, z, that touches the zone

boundary. A second line is drawn from z that passes through the centre of the circle, to find A.
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direction - Strike-slip fault

““\ein strike {short axis) - RN gy
== Normal to strike (long axis) —A__ Thust

Fig. 2.8. Maps of the wallrock displacement directions from vein systems (double-headed arrows). Extension (long |
axis of cross) and contraction (short axis) orientations are superimposed on maps. of the master faults from Fig. 2.6 (a)
the unconnected network which is dominated by co—lmear vein arrays with snmple-shear geometnes and (b) the

connected network where transtensmnal veln arrays have predommantly extens:onal geometnes

The displacement directions and extension and contraction axes are plotted onto maps of the master
faults (Fig. 2.8). The vein arrays have simple-shear geometries in the unconnected example which
implies that displacement directions are sub-parallel within linear zones, and reflects the disblacement
sense on co-linear strike-slip faults (Fig. 2.8a). The wall-rock displacement direction indicated by the vein
arrays with transtensional geometries in-the connected network of strike-slip faults illustrated in Fig.
2.8(b) are sub-perpendicular to the conjugate dihedral angle bisector orientation for the master fault .-
traces: Therefore there is-a:marked contrast infhe nature of veining in‘the:two faulf zones; with-linear.
arrangements of simple-shear arrays dominating the unconnected ‘network, and clustered transtensional
arrays dominating the connected fault zone. The significance of these observations is discussed fully in -

the Fault Evolution section below.
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2.4 STRIKE-SLIP FAULTS AT KILVE, SOMERSET, UK
Lower Liassic rocks strrkmg E-W are exposed in cliffs and on a wave-cut platform, and consist of ,
limestones with thlcknesses ranglng from tens of mrllrmetres to a maximum of about 0.5 m, mterbedded

with shales and mudstones up to 4m thlck Strrke—shp faults exposed in the cliff have shp lmeatlons that
pitch in the range 2-23°. In cross-sectlon (Flg

9) these stnke—slrp faults are not srmple steeply dlppmg
planar structures but have bends and oversteps

many of the strrke-sllp faults steepen through the
more brittle llmestone layers and shallow through the shale hOl’lZOﬂS in a manner srmrlar to normal
faults.in cross—sectlon (Peacock and Zhang, 1994) T, s may mdrcate that the faults mmated as steep

shear fractures in the more bnttle llmestone umts and the ‘shallower dips represent elther (1) up— or
down-dip refractlon of a propagatmg fault

to the more ’ductrle shale beds, or (2) lmkmg faults between
two overlappmg segments srmllar r : ;

Sanderson (1992). The faults with norm, componen of drsplacement have the most complex
geometries in cross—sectlon (Flg 2. 9 Si

rlantles between normal and strike-slip fault cross—sectlonal
geometries may have glmportant implications for fa

analysrs in seismic section mterpretatron On the

wave-cut platform, the sinistral faults ‘haye N40°E strikes, whilst the dextral faults generally stnke N-S
< 1mto > 100 m (Figs. 2.11 and2 12) The

orrentatlon of NT9°E. Palaeostress analysns using

(Fig. 2.10), and are evident at trace length scales f
average acute angle bisector‘of IH? fault traces has
the P-T dihedra method, based on

that the maximum prmcxpal stress ¢

nd hneatlon data (Angelier, 1984) suggests

was appro mately horizontal and NNE trendmg dunng stnke—sllp
fault formation. The mrnlmum prrncrpal stress axis !

s horizontal with an ESE trend. Cross—cuttmg

relationships indicate that the strrke—shp faults post—date Mesozoic E-W striking normal faults (Chadwnck ~

1986; Brooks et al., 1988; Peacock; nd anderson 1991 Bowyer and Kelly, 1995). The Cretaceous to

Tertiary contractlon responsible for the formatron of he conjugate strike-slip faults, also caused reverse

reactivation on the E-W normal faults (Lake and Kar 1987 Whittaker-and Green, 1983 Peacock and

Sanderson, 1992; Bowyer and Kelly, ]995)

2.4.1 Metre-scale examples o

The example in Frg 2.11 shofs a through-gomg dext I fault that is comparable in style to the master
sinistral fault in the connected fault network at Beadnell (Fig. 2. 6b). There are conjugate sets of faults
with mllllmetre-scale drsplacement adjacent to both of these master faults along whrch strarn lS localised
(Figs. 6b and 11). The breached mtersectron pomt in Flg 2.11is the'major difference between these two
examples. The mtersec’uon (at A Fig. 2 11) of the master srmstral and dextral faults has been breached
first by the sinistral fault which i in turn us d|Splaced b\‘"""a dextral fault that extends for approxrmately 50m '

past the intersection point. The maxrmum stnke—slr

separatron of a marker measured on the dextral fault
is 3.5 m. A branch of the dextral fault bypasses the conjugate intersection, and lmkage between the two
branches is achieved through antrthetlc faults Pull-apart arrays are rare, but do'occur rn these zones and
faulted examples preserved along the length of the faults indicate their existence prior to through-fault
development. On the inside of a bend on the main dextral fault at the northern end of the map a

network of conjugate subsrdlary faults and pull-apart arrays occurs.
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North Fault Lineation ‘ Bl
- Dextral ‘
Sinistral

- Thrust
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Flg 2.10 (above) Equal-area stereogram of poles to planes of
dextral (n = 19) and sinistral ne- 66) stnke—shp faults nmmal
faults (n. = 53), and of thrusts and reverse reactivated normal

faults (0 = 18) at Kilve, Somerset Lineation data and great

c1rdes are shown to represent the fault planes

- Fig. 2.11 (right) Conjugateifstri‘ke-slip,‘fault’zone [ST3136 1443)
de\'/el‘oped in the ’walquck‘of a 3.5 m maximum displacement
dextral strike-slip fault, from Kilve, Somerset (originally mappéd f;
at 1:25). Dlsplacements are in mm. See Fig. 2.6 for key The 22
circled letters are referred to in the text.. ; : s /

/ 1 metre

North -

2.4.2 EXpdSUféSCalé strike-sl‘ip fault network ;
The strike-slip fault network exposed on the foreshore was mapped onto a basemap composed of aerial

photographs, at a scale of approximately 1:500 (Fig. 2.12). On this scale, early sinistral faults are ’
displaced by dextral faults that are themselves displaced by later sinistral faults formed between the

larger, earlier sinistral strike-slips. The later sinistral linking faults, have a more easterly strike than the
earlier ones, and occur on the western side of the area (Fig. 2.12). Features present include oversteps and
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strike=slip relay ramps (Peacock and S

achieved through breaching of the ov

). Fault segment linkage in these regions is k

etic § ault; part of the area (Fig. 2.12),
the conjugate faults are highly segmente - of the segments are linked, Rotated bedding often
occurs in the zone betv €en two ov :’ - ‘

ing faults have nofalways

developed to breach the stnke—slr T nderson, 1995a). It should be poted that

the strlke-shp fault segments rareld ' ructures. To the west, the faultéf":‘are less

segmented and hnkage

ljar to that for the unconnected ifauft zone
ones in the western part of Fig. 2.12 have
Beadnell (Fig. 2.6b).

Figure -} Network | Vein
: o Type | Strikes Style
Beadnell | T , : ;
6@ Unconnected ’ : , 1 D:NE-SW Linear
' : ' W, : S:NW-SE |  zones
6b) | Connecte 1-500mm | NESW | NWsE | TT-ext.| 2 | ENEWSW, | Clustered
. | | ESEWNW |
Kilve | ; ; = @
11 Conneckted 1 -320 mm 4 . NS NE-SW . - - -
12W | Connected | 0.08-36m | NS | NNE - - -
' . ‘ . SSW
126 | Unconnected | 05-1m | NS | NEsSwW S I - ]

Table 2.1, Summary of field observatlons for ans 2 6,2. 11 and 2. 12 The vem type refers to the classrﬁcatlon of
Beach (1975): Type 1= _convergent, and Type 2= blsector para“el 7= transtensmn SS.= s;mple—shear and Ext.
= extensional. The vem arrays stnkes for Flg 2 6(a) have been subdwnded into dextral (D) and sinistral (5). The :

dextral and sinistral vein arrays in Flg 2. 6(b) have SImllar onentatlons, SO have not been sub-divided.
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2.5 STRAIN ANALYSIS

The method of Peacock and Sanderson(1993) is used to esti‘mate the magnitudes and orientations of the
principal strain axes for each of the described fault Zzones (Figs'z 6,2.11 and 2.12). Their approach.is k
based on the dtsplacement—gradrent tensor method (Jamison, 1989) but modified to allow fault-strain
calculation from a line sample that traverses faults with various orientations. The total fault-strain is
derived from the following data for each fault: dip and dip direction, dlsplace‘ment sense, direction and
magnitude. The displacement is weighted to account for the angle between the peroendicular to the fault |

and the sample line, so the estimation of the fault-strain is independent of the line orientation (Peacock

and Sanderson, 1993). The weighted displacement-gradient tensor approach provides an ideal method to
compare directly fault-strain magnitudes over the two scales of observatton In the analysrs of strain for
the networks of conjugate strike-slip faults, the sample lines have been drawn perpendrcular to the acute
angle bisector of the fault traces (X-X’ and Y-Y’: Figs. 2.6, 2.11 and 2.12), so that their orientations form
similar angular relationships with the shortening and extension directions to those of the normal fault set

examined by Peacock and Sanderson (1 993) The results that are. presented are, therefore denved from

an estlmatron of the summed extensron across each fault zone.

The fault—stra,in analysis of the metre-scale fault zones from Beadnell (Fig: 2.6) an\dKiI\"/e’ ,(Fi:g. 2.*1;1)
assumes that all the deformation occurred in the horizontal plane (i.e. plane strain);a\{ailable slickenside

lineation data support thls assumption but were not obtainable for all faults. Slickenside lineation data

were more widely available for the faults illustrated in Fiyg.e2.12, sqthree—dimensionale strain analysis was

possible. The displacement-gradient tensor method is an estimation, as the fauit-relared brittle

deformation is approximated to ductile deformation of the strain ellipsoid (or ellipse*for two—dirnensional
analysis) (Jamison, 1989) Moreover, the analysrs was camed out. for only the master faults on ‘aII‘ of the |

maps. Vem and pull-apart arrays were not mc|uded in the analysis of the metre—scaie example‘s,: and

faults <1im long were excluded from the survey of the stnke-shp fau,ltnetwork rllqstrated by the larger-

scale ‘map (Fig. 2.12). A further assumption was made concernmg the displace ment of the fault at

intersection with the sample |me A drsplacement value was estrmated by mterpo!atmg between the

nearest measured values onerther side of the sample line. U,nfortu nately, this method assumes a Imear

. drsplacement gradrent between the two pomts, whrch represents an over—snmp lification when compared
with drsp!acement profrles for individual faults (c. £ erlrams and Chapman 1‘)83;“Peacock,‘ ‘1‘991'; 3
Odonne and Massonnat, 1992a). ‘

The deformatron in an area must be statlsttcally homogeneous to provrde a ngorous strain estrmatron

(Wojtal, 1989; Jamison, 1989) so the sample line should be sub-drvrded if there is consrderable
heterogeneity (Peacock and Sanderson, 1993). The measured faults in the three metre-scale maps (Figs.
2.6.and 2.1 1 ) are approximately homogen’eous,ebut there is some‘variation across the ,Iarger’-sca‘le map
(Fig. 2.12). Cumulative displacement-distance graphs of the faults intersected by the sample lines
demonstrate the heterogeneity from east to west of fault spacing and displacement.distribution (Fig.
2.13). The data from the sample line Y-Y* has been sub-divided into two sets; based on the marked:
shallowing of the slope at approximately 175 m (Fig. 2.13). ‘ :
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Fig. 2.13. Cumulative displacement-distance graphs for the.two traverses indicated by the dashed lines:in-Fig. 2:12.

(@) Y-Y’, and (b) Z-Z'. The fault that corresponds to the point at which the gradient of the graph in (a) shallows
considerably is marked as ‘C’ in Fig. 2.12.

Figure | Line | Llength | Number | Density e Eigenvalues (2sf) 3 Strain
(m) of faults | N.m’ e e | e _ axes
6@ | Y-y | 152 | 4 | 026 |00089 | - - |-0.0089 X

zz' | 152 4 | o026 loo099 | - |-00099

eb) | YY' | 148 6 041 0038 | - |-0038

11 Y | 263 4 | 152 |ooss | - o043 X

ZQZ* ‘2.63’ 6 2.23__; 0063 | - |-0063
12 | vy | 3133 | 10 | 003 |0026 | 000062 |-0.026
E| 1383 4 0.02 0.00063 | -0.00007 fo.oo‘ezx
w| 175.0 6 | 004 |0047 |-00017 |-0.048
zz | 3387 | 17 | ‘o.os 0020 d.oobag 0,024 y #‘ : L
" E| 1637 4 | 003 |00037 |0  |-0.0026
w! 1750 5 0.06 | 0.031 0.0011 |-0.038

Table 2.2. Results of the straln analysus for sample lines from each of the maps (X- X’ and Y-Y": ans 2. 6 2. H and
2.12). Data along two sample lines were collected for each map, w:th the exceptlon of Fag 2. 6(b) due to insufficient
dlsplacement data. &1 = extension axis, e = shortening axis, and e2 = intermediate axis {negative = contractxonal
positive = extensional). The number of faults for each- sample line refers to the number of faults with measurable
displacement that were included in the analysis, and not the actual number: The extensional and contractional axes

orientations (eigenvectors) are indicated by the:arrows:in the final:column:(north is at the top of the: page)
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2.5.1 Results

The fault-strain estimates for each of the four maps are shown in Table 2.2. Fracture densities caleulated
for each sample line are highly variable, ranging from 0.02 (Y-Y/E, Fig. 2.12) to 2.27 (Z-Z’, Fig. 2.11) and
can be attributed to (1) survey resolution, and (2) the number of measurable faults. All of the faults and
veins that were visible to the naked eye were mapped in the metre-scale maps (Figs. 2.6 and 2.11), but it
was not possible to determine the dispiacément on every fault. On the network of conjugate faults shown
in Fig. 2.12, only faults that were longer than 1 m were mapped, and virtually all displacements were
resolvable and included in the analysis. The eigenvalues indicate convincingly that far greater strain was
accommodated by the connected networks of strike-slip faults and veins (Figs. 2.6b, 2.11 and 2.12 west),

than the unconnected examples (Figs. 2.6a and 2.12 east), even when interpreted in the context of the
assumptions. : :

2.6 FAULT ZONE EVOLUTION s f ~ e G

It is appropriate to consider the two examples illustrated in Fig. 2.6, as representing two stages in
conjugate fault zone evolution through comparison of the strain analysis and the ,vario_us;yy structures, The
results of the strain analysis (Table 2.2) indicate that the connected fault zone (Fig. 2.6b) accommodates
far greater strain than the unconnected fault zone (Fig. 2.6a). It has also been demonstrated by var’ious
workers that early fault development occurs through fracture propagation, interaction and subsequent
linkage (Gamond, 1983; Cowie and Scholz, 1992; Peacock and Sanderson, 1995b). Intact vein and pull-
apart arrays occur in the unconnected fault zone (Fig. 2.6a), and relics of faulted pull-apart structures
occur adjacent to the master faults in the connected fault network (Fig. 2.6b). The observations of the
fault zones at Kilve (Figs. 2.11 and 2.12) are also incorporated into the model (Fig. 2.14a-€), on the basis
of their geometrical similarities with the maps illustrated in Fig. 2.6. : ‘

Faults and vein arrays in the unconnected fault zone illustrated in Fig. 2.6(a) are preserved in various
stages of development, such that there are (1) en echelon vein and pull-apart arrays, (2) fault segments.
withbirregularstraces that are co-linear with vein arrays, (3) fault segments ‘linked’ by en echelon vein
arrays, and (4) contractional and extensional oversteps along master faults; but there-are:no:conjugate
intersection points between faults. The presence of this range of structures suggests-that different parts of
the rock deformed at different rates, but a lack qf cross-cutting structures:implies that these: processes

occurred during:a-single progressive event.

The Type 1 veins depicted in Fig. 2.6(a) form densely populated linear zones at fault-tips, and also form
shear zones that are antithetic to master faults. Type 1 veins commonly occur in existing shear zones ‘
(Beach, 1975; Rothery, 1988), and localisation into linear zones may form at the periphery of a parent
fracture (Pollard et al., 1982; Cruickshank et al., 1991). Type 2 veins are more common ly assdciated
with vein arrays in extensional regimes (e.g. Beach, 1975; Rothery, 1988), but the Type 2 veins in Fig.
2.6(a) have vein-zone angles that indicate extensional to simple-shear deformation. The model of Olson

and Pollard (1991) may be applicable, whereby sub-parallel fr_actures are able to grow and interact
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during a single episode of extension to produce arrays with geometries that range from extensional to

transpressional. The arrays can: then serve 1o localise subsequent shear Beach 1975; Ponard etal, 1982;

Rothery, 1988; Olson and Pollard, 1991) An alternative explanatrm for the presence of the Type 2 veins ~

at A (Fig. 2.6a) is that they occurin a tensronal quadrant ad;acent to the tip of a master fault (e g

Cruickshank et al., 1991) and represent a fault—trp damage zone (Mc;Gr‘th and Dav;son 1995). A similar

mode of formation, however, is not applicable to the veins in the ar"tithetrc arrays. -adjacent to B (Frg
2.6b). '

A sub-division of the veins into separate deformation events can be basedon their orientations and
interpreted formatlon mechanrsm ' : .

2.6.1 Stage 1 - Extensional vem development

The model of Olson and Pollard (1 991) is appropnate to describe the mrtra! formatron of sub-pa a
Type 2 veins in the rock mass that form into arbitrarily orientated arrays durmg effectrve extensron (Frg
2.14a and f). These veins are lnterpreted as the first- formed structures as they were- able to grow as sub-

parallel extension fractures, and thelr orientations or geometrres were not modified srgmfrcantly by
interaction with other structures or.in shear zones.

2.6.2 Stage 2 - Formation of conjugate strike-slip faults

Two possible mechanisms to describe the formation of conjugate faults at low angles (i.e. << 60°).to
each other (c.f Hancock; 1985) (Fig. 2.6a) are (1) coalescence of the Stage 1vein arrays durrng
continued growth, followed by shear, or (2) shear deformation localised onto the pre-existing extensional
veins. The Type 1 vein geometnes (Fig. 2.6a) rndlcate that snmple—shear deformation was an 1mportant -
process (Beach 1975; Rothery, '1988), and occurrence of veins at htgh angles ad;acent to the master :
faults provrde evidence that the strlke-shp faults formed from arrays wrth srmp!e—shear geometrres (Frg

2 14b and f). A three—dtmensmnal vtew of the strrke—shp fault network was not possrble o) conclusrons
Cannot be drawn to expfam the locahsatron rnto Irnear zones of the vem arrays wrth srmple—shear S
geometries (cf Crurckshank et aI 1991). The mterpretatlon of the deformatlon shown in Frg 2. 6( )k '
involves several conjugate systems (of faults and veins) being actrve ata srmrlar time (c.f. Nicol et al.,
1995) before linking to produce master faults (Fig. 2.14b). Analysis of the fault locations demonstrates

that they propagate towards intersection points, and never initiate at them (Fig. 2.6a).
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Zone boundary °

0 30 80 90 120 150 180
Vein strike ©
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Fig. 2.14. Model for the development of strike-slip fault zones to include conjugate fault development and
overstepping zones. The arrowed faults indicate those parts active at that particular stage. (a)-(c) Models based on
observations at Beadnell. (d)-(e) Expansion of the model to include the observations of fault network development at

Kilve. The model is discussed in full in the text. (f) Idealised graph of vein strike and zone boundary orientation for
(@)-(c) (c.f. Fig. 2.7). Veins in (a) are parallel to each other, but there is the potential for the zone boundaries to have

the whole range of orientations. The data from (b) plot in two distinct clusters that represent Type 1 veins within
arrays with predominantly simple-shear geometries. The data from the natural examples (Fig. 2.6) show some
overlap in vein strike of the two clusters. The veins in (c) are sub-parallel within the transtensional-extensional arrays,
and the spread of zone boundary orientations is limited, so the data plot in a single cluster. Veins with

transtensional-extensional geometries were not observed within the fault zones at Kilve.

2.6.3 Stage 3 - Fault linkage and re newed extensional vein opening

Conjugate faults with similar displacement magnitudes lock at an intersection, and propagation continues
away from this point (Fig. 2.14c) (c.f. Peacock, 1991). The propagation direction of faults is evident from
vein distributions along-side the master faults, with microcracks forming asymmetrically about a Mode Il
fracture tip (Reches and Lockner, 1994) (Fig. 2.1). Extensional fractures initiate at flaws in the rock (Olson
and Pollard, 1991), so new veins that initiated in the wake of a process zone would have an asymmetric

distribution (e.g. at B and C, Fig. 2.6b). Smaller faults that propagate towards the master fault become
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stuck at their intersection, and-there-are no examples of breached intersections in the linked fault zone

(Fig. 2.6b). The network continues to develop and link with the initiation and propagation of new faults.

Type 2 veins in the connected fault zone (Fig. 2.6b) differ from Tybe 2 veins in Fig. 2.6(a) in that they.
form arrays with predominantly extensional geometries, and the vein-zone angles do not vary . .
significantly (Figs. 2.7a and 2.14f). Formation of these veins before Stage 3 C?f‘; be discounted due to the
lack of (1) any cross-cutting structures, (2) evidence of subsequent shear failure and (3) ’simki lar structures
in.Fig. 2.6(a) (but there are through-faulted Type 1 veins in Fig. 2.6b). Prior to their interSe_(;tion, the
strike-slip faults are able to grow unhindered, so extension across the zone is possible through shear
failure along existing faults and Type 1 vein arrays. Vein arrays with predeminantiy extensional

geometries (Figs. 2.6b and 2.8b) must have developed, therefore after the establishment of a linked fault
network (Fig. 2.14c).

The important results from the two very different h;etwkoryk,s; (Fig. 2.6) are that the style of veining changed
systematically during conjugate strike-slip feult zone development (Fig. 2.14a-c and f). An initial bhasefof
sub-parallel vein formation during an extensional phase pre-dates shear failure (Fig. 2.14a). Shear
deformation then dominates with the formation of co-linear vein arrays with srmple—shear geometnes that
are subsequently breached to form strike-slip faults (Fig. 2. 14b) (c.f. Peacock and Sanderson, 1995b,
Willemse et al., 1997). After the establishment of a .connected fault network, all the simple-shear:is
accommodated by movement concentrated on the linked network of strike-slip faults, but the unfaulted
rock mass is able to fail further through the development of extensional vein arrays (Fig. 2.14c). There is
therefore a progression from (1) development of Type 2 veins from randomly distributed ‘m“iCre'c‘raéks,
through (2) Type 1 vein development (Mode 1 failure) within simple-shear vein arrays concentrated in

linear zones (Fig. 2.6a), to (3) the formation of and shear across a linked network of strike-slip faults

(Mode 11}, and finally (4) a rene‘wedfpyhase of Type 2 vein arrays with extenssonal‘gécmet‘rie‘s(‘Fig 2.6b).
The sole major difference between the examples in the two locations is that vein arrays with these

geometnes were not observed in the fault zones at Kilve (Flgs 2.11and 2. 12)

2.6.4 Stage 4 --Breaching of the intersection points: . -

The next two stages of fault zone development are based on the geometries of the fault zones examined
at Kilve, where intersection points are often breached (Figs. 2.11 and 2.12). In the metre-scale example
(Fig. 2.11), the master sinistral fault first breached the sticking point, but is in turn offset by the dpminant
dextral fault that effectively by;paSSes the conjugate set. The offset of the sinistral fault by the dextral fault
and a lack of evidence of pressure solution at the intersection point (Fig. 2.11) indicate sequential rather
than synchronous fault activity (Odonne and Massonnat, 1992a), and the map shown in Fig. 2.11 implies
that one fault became increasingly important during the later stages of development. In the model
presented here, the sinistral fault breaches the overstep and continued to propagate in both directions
(Fig. 2.14d). j ‘ e :
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2.6.5 Stage 5 - Linkage with other fault systems

In the final stage, the dominant fault continues to propagate in both directions, and eventually oversteps
with another propagating fault segment. The overstep reguon is eventually broken through by a linking,
synthetic fault at a strike-slip relay ramp (Frg 2.14e) (Peacock and Sanderson, 1995a). Minor antithetic
faults and relics of strike-slip relay ramps are often preserved along-side the through-going faults (Peacock
and Sanderson, 1995a) (Fig. 2.14e). The occurrence of a conjugate network of strike-slip faults on the
inside of the bend (at B, Fig. 2.11) can be attributed to two factors: (1) a contractional bend that would
indicate that this part of the fault propagated southwards (Srbson 1989, whrch is supported by £
subsidiary fractures on the opposite side of the fault @t Q) or(2)a conJugate stnke—shp fault zone that
formed:priorto.the development of the master fault and was subsequently by-passed (see below) The
damage at ‘D’ implies that this segment propagated northwards, and the probable lmkage pomt between
these two segments is at the branch-point of the fault‘t adjacent to ’Bk’tt.:Alarge fault network (Fig. 2.1 2)
evolves from the continuing development,k propagation andk linkage of kfaultfsegments. The sini‘stral faults
dominate the foreshore, and segment linkage has been observed on several trace-length scales from the
millimetre-scale to the 100 metre-scale. Lmkage between the larger faults and compartmentallsatron of
the rock mass are rare during the early stages of development but i mcrease as faults breach the oversteps

The geometry of the active part of a fault zone srmphfles with time as these heterogenemes are by-passed
by.single dominant faults (Flgs 2.11 and 2.12).

2.7 CONCLUSIONS : e
(1) This paper descrlbes the geometry and evolutron of conjugate stnke—shp fault zones in limestones,

and shows that deformatron becomes concentrated on the largest faults. Metre—scale examples are
descnbed in detail, that have srmllar geometrles to larger fault networks.
(2) Strain analysus indicates that far greater strains are accommodated by connected rather than
unconnected networks of conjugate strike-slip faults. o
(3) The geometrles of metre—scale strike-sllp fault zones indicate the following stages of development (Frg
2.14): o :
(a) Opening of dilational veins during extension. -
(b) The subsequent processes that contribute to the formation of strike-slip networks (simple-
shear vein array initiation and fault development) indicate strain accommodation at different ,
rates in different areas of the fault zone. Conjugate sets of unlinked strike-slip faults develop in
isolation and propagate towards intersection points. : k
(c) Once a linked network of faults is established, deformation is accommodated largely by slip
on the master faults, with new vein arrays developing with predominantly extensional
geometries.
(d) Intersection points are breached by dominant faults.
(e) The geometry of the active fault system simplifies after conjugate intersection points are
breached and the complexities become inactive and are by-passed. By-passed portions remain

_ preserved in the walls of the master faults.
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3. Selectlve reverse-reactivation of normal faults, and deformation around reverse-

reactlvated faults in the Mesozoic of the Somerset coast

3.1 SUMMARY

Normal faults exposed in the Triassic- Jurassac I lmestones and shales of the Somerset coast were formed
during the Mesozoic development of the Bristol Channel Basm ‘Reversereactivation of some of these
normal faults occurred during Late Cretaceous to Early Tertiary N-S contraction. The contraction is also
evident from thrusts and conjugate strike-slip faults. Preferential reactivation of the normal faults is

attributed to: (1) decreased fault-plane friction, (2) domino block rotation, (3) displacement magnitude,
and (4) fault connectivity.

The geometries of overlapping and underlapping zones in reactivated fault zones are dependent on the
existing structural geometry. Two distinctive styles of displacement accommodation occur between
reverse—reactnvated normal faults: (1) forma‘non ofa network of stnke-sllp faults, conjugate about NNE— |
SSW and (2) obhque steeply—dsppmg reverse faults Interactton between stnke-sllp and an ex:stmg fault is
dependent on whether the normal fault was reactlvated

The range of structures related to the N-S contraction have been mcorporated mto a smgle deformatlon t
model, controlled by the northwards movement of the hangmg—wall of the Quantock’s Head Fault. Pure
dip-slip movement occurred in the centre of its curved fault trace, with a sinistral component at the
western tip, and a dextral component of dlsplacement and strike-slip block rotations occurred at the
eastern tip. Shortening of these blocks was achieved through development of a strike-slip fault network
and NW-striking thrusts In an underlap zone, loadlng of the footwall by the hangmg—wall block modlfled

the local stress system to allow formation of obhque, steeply-dlpplng:reversefaults.
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Fig.-3.1.-Map:of the foreshore of part-of the north Somerset Coast to show the locatnon of Flg 3.2, and (mset) map of .
Great Britain to show the Iocanon of Kilve. .

3.2 INTRODUCTION L
‘Recent discussion of fault reactivation “appears to have concentrated on the relationsh ips between fault
geometries (e.g. Cooper and Williams, 1989; Dart et al. ,»1995),’: orientations of the fault plahe tothe ‘
stress axes (e.g. Sibson, 1985; Huyghe and Mugnier, 1992) and the role of pore fluids (e.g. Sibson;
1995). Gently-dipping normal faults, or steep!y—diippihg reverse faults may reflect a diverse fault history.
For example, gently dipping normal faults have been shown to develop through normal reactivation of
thrusts (Brewer and Smithe, 1984; Enfield and Coward, 1987), and reverse faults with steep dips may
‘reflect a'normal fault origin (e. g ‘Williams et al 1989). L e

This chapter is based on field observations of faults in the Mesozoic sediments of the. Somerset coast in

the East Quantoxhead area (Fig. 3.1). The foreshore and dliff exposures have provided an ideal
‘opportunity to study-reverse-reactivated normal faults (Fig. 3.2)-and provide further understandmg of
similarstructures that are often: observed on seismic sections, e.g. in the Southern North Sea (Badley et
‘al., 1989), offshore of the British Isles (Roberts, 1989) and the East Shetland Basin ,(Tho'm‘a:s'! and*Coward,‘
1995). Recent work on the Bristol:Channel Basin has included field-based studies by McLachian (1986),
Peacock and S’and&son (1991; 1992; 1994a);'Dart‘etaI; (1995) and Nemcok et al. (1995), and seismic
‘studies by Brooks etal. (1988) and Van Hoorn (1987). ‘

Faults were mapped using a series of ¢.1:500 scale aerial photographs as a basemap. The high resolution
and quality of the aerial photographs enabled individual beds and fault offsets to be imaged. Cross-
sections through individual fault zones were mapped onto photographs of the cliffs.

The chapter begins with an introduction to the geology of the Somerset coast, followed by descriptions

‘of the fault properties. Four-models for the preferential reversereactivation of the normal faults are

discussed, and the ge’ometrieé of underlapping and overlapping zones are used to develop a model for
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the contractional deformation at this local ity. It is shown that reverse-reactivation of normal faults is
strongly mﬂuenced by the size of the fault and several geometric and mechanical reasons for this are

given. The preferentlal reversal of the some of the norma! faults has led to three distinct styles of overlap
zones in map view. =

3.3 GEOLOGICAL SETTING

The development of the Bristol Channel Basin is believed to have been controlled by the formation of a
southward dipping normal fault“vVh‘i\ch is thought to detach onto a major Variscan thrust at depth (Brooks
etal., 1988), and was reactivated durmg the Late Jurassic to the Cretaceous (Van Hoorn, 1987; Lake and
Karner, 1987; Dart et al., 1995; Nemcok et al., 1995). The onshore sedimentary sequence consists of -
Triassic marls and Jurassic limestones, shales and marls (Fig. 3.2) (Whittaker and Green, 1983), The
stratigraphy of the Upper Triassic and Lovv\ery“‘l‘."iiassic sediments used in this study is based on the divisions
of Palmer (1972) as the descriptive names are‘fhore applicable'to this study. The Kilve Shales and St.
Audrie’s Shales consist of thin (< 0.15m th‘ckness) Ilmestones mterbedded with shales and mudstones

of up to 3 m thickness. The Blue Lias and the Quantock’s Beds are also limestone/shale interbeds, but the
limestone units are up to 0.6 m thick, and the shales have thicknesses that are < 2 m. These:-Mesozoic

sedimentary rocks contain E-W trendmg normal faults (eg Peacock & Sanderson 1991 1992; Bowyer
and Kelly, 1995). ‘

A phase of contraction in the Tertiary (Van \Hoorri,{ 1987; Brooks et al., 1988; Chadwick, 1993; Dart et ;
al., 1995; Nemcok et al., 1995) is evident from a seismic Study by. Van Hoorn (1987) and field exposures
of reverse—reactnvated normal faults (Mclachlan, 1986; Peacock and Sanderson, 1992) and thrusts. Strike-
slip faults are conjugate about N20°E (Fig. 3.3 (Peacock and Sanderson, 1992). Field evidence for the
reverse-reactivation of individual normal fau!ts mcludes thrusts in their hanging-walls, kink bands and
crenulation cleavage (Peacock and Sanderson, 1992); hanging-wall buttress anticlines (Dart et al., 1995),
multiple sets of slickenside lineations on a fault plane, and drag of beds. Within a fault zone, indi\}idual
faults frequently retain finite normal disp!acements,‘but are associated with contractional features and
strike-slip faults, and occasionally pass laterally in‘toreverse faults. In the Triassic marls at Watchet (Fig.
3.1), moderately-dipping to sub-horizontal gypsum veins occur with sub-vertical mineral fibres, in the
footwall of a reverse-reactivated normal fault. Sibson (1995) suggests the veins are filled with fluids thatA

migrated into a footwall dilational area, created during reverse-reactivation.

Fig. 3.2. (overleaf) (a) Map of the faulting between East Quantoxh‘ead and St. Audrie’s Bay. The bold lines refer to the
reverse and reverse-reactivated normal faults, and the ticks are on the hanging-walls of the faults. The Blue Lias and
Quantock’s Beds have been further divided into approximately equal thickness units of 10m. The lettered locations
are referred to in the text. (b) Fault data and copy of part of the map‘in (@) with unreactivated normal and strike-slip

faults removed for. clarity.
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Fig. 3.3(a). (previous page) Map of the strike-slip

fault network between the two major reverse-

reactivated faults (see Fig. 3.2 for location). The

strike=slip faults form a linked network within the

overlapping faults to the west of the map, and are

far more segmented on the periphery, to the east.
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R

(b) (left) Stereographic projection of dextral and

N
)

sinistral faults, and slickenside lineations.

N

3.4 SELECTIVE REVERSE-REACTIVATION

To investigate the importance of fault geometries on the selective reverse-reactivation of the normal faults

(Fig. 3.2), the properties of normal faults and reverse-reactivated normal faults are compared (Table 3.1
and Fig. 3.4). :

Dip No Dips ° Net Displacements (m)
direction Range Mean SD Range Mean SD
Normal North 58 | 24-86 51.41 14.74 0.1 to 20.0 3.23 4.66
South 19 | 31-80 60.05 12.40 0.1to 22.0 7.87 7.09

Reverse North 23 | 20-82 44.83 17.35 | -32.0to +48.6 4.55 17.11
South 12 | 41-72 59.67 8.65 -8.2to +60.0 10.29 19.26

Table 3.1. Comparison of the displacements and dips of the south-dipping and north-dipping normal and
reverse/reversecreactivated normal faults. Faults are included that have dip directions 30° either side of north and

south. Negative displacement values refer to reverse displacements, and positive values to normal displacements.

Fault dips and slickenside lineation orientations have similar distributions (Fig. 3.4a and b). All faults
with finite normal displacements > 22 m show evidence of reverse-reactivation (Fig. 3.4c). Reverse-
reactivated faults with lesser displacements occur, but it is not possible to calculate the prereactivated
normal displacements. Note, however, that reversereactivation of the 200 m throw Blue Ben Fault (at A,
Fig. 3.2) has not been directly proven, although it does have thrusts in its hanging-wall. The maximum
observed reverse displacement is 32 m (49° dip) and is within the Blue Ben Fault damage zone (at A,
Fig. 3.2).
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Fig. 3.4. Comparison of the properties of normal and reverse-reactivated faults. Stereographic projection of fault
plane and slickenside lineation orientations for (a) normal faults and (b) reverse and reverse-reactivated normal faults.
() Graph of displacements plotted against dip angle for normal, reverse and reverse-reactivated faults (negative
values indicate reverse displacements). Reverse and reverse-reactivated normal faults are considered together, as it

was impossible to distinguish the nature of the fault on the wave-cut platform.

The faults with the largest finite reverse displacements (up to 32 m) have dips in the range of 40-55°, and
the faults with the largest finite normal displacements (23-60 m) have dips > 60° (Fig. 3.4¢). Sibson
(1995) found an optimum angle between ov and the fault plane for reactivation of normal faults of. 25-
30°. Further displacement is inhibited at twice this value (i.e. 50-60°) unless pore fluid pressures are
sufficient (Sibson, 1985; 1995). The distribution of reverse displacements (Fig. 3.4¢) indicates that the
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optimum fault dips for reverse-reactrvatnon of the stud‘ d fe ults lie in the range 40-55°, and net reverse
movement is rarely achieved on faults W|th steep

< 40° also have mostly frmte extensronal dlsp cemen

versereactivated normal faults with drps :
m. The net dlsplacements of these faults

ent =reverse d:splacement ( 'th

Mugnier, 1992; Snbson 1995) or antlthetrc backthr ;t‘s”(Hayward and
reactivated normal faults (Fig. 3.2).

Gr, raham 1 989) to reverse-

Factors other than fault drp that may mfluence selectnve reactlvatnon include fault-plane fnctron rotatron
of domino blocks dunng basrn extensron drs

nt magnitude and fault connectivity (ie.a
percolation model). The dlfferent mechanlsms are descrrbed below.

3.4.1 Fault-plane friction

There are dlfferences between the fault geometry and fl“ that are related to the magnltude of Sl
displacement. Faults with low dlsplacements (< bed thrckness) have lrregular surfaces that are steeper in
the limestone units and shallower in the more ductile shales (Fig. 3.5a). Larger faults with several metres
of throw, including the Kilve Pill Fault (at B, Fig. 3.2), have smooth planar surfaces (Fig. 3.5b). The low

displacement normal faults are often healed by calcite fills, but the faults with m-scale throws are often
open with calcite on their surfaces.

The larger normal faults (>25 m) would have’diskplaeed the,':St. Audrie’s or Kilve Shales (cf Fig. 3.2) and
would\ therefore be most susceptible to shale smear (Fig. 3.5¢). Fault plane smoothness (Scott etal.,

1994; Dragom and Piombo, 1993), the presence or absence of fault gouge (Marone 1995; Sibson,
1995), gouge thickness (Koestler and Ehrmann 199l Beeler etal,; 1996) and _composition (Scott et aI
1994) all have an impact on fault—plane friction. Marone (1995) shows experimentally that faults w;thout
gouge have higher frlctlonal strengths and fail snmllarly to intact rock, In summary, the fleld ev1dence and
studies of fault gouge indicate that it is the larger faults that have the lowest frictional strengths due to the
likelihodd of movement past a shale unit, and have smoother plénes that formed from. attritidn during
displacement accumulation. The fault-plane friction model permlts the initiation of selective reverse-
reactivation of gouge-filled, smooth faults and its subsequent cessation due to gouge thmnmg and
extrusion (Scott et al., 1994). |
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St. Audries
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Fig. 3.5. (@) Schematic diagram to show how steep faults initiate in the more brittle layers (white), but have shallower
profiles in the more ductile layers (shaded) (Peacock and Sanderson, 1992; Peacock and Zhang, 1994). (b) The faults
assume a shallower, smoother profile during movement of brittle layers past ductile layers. (c) Block diagram to
illustrate how fault gouge can occur along faults that have large enough displacements to juxtapose limestones

against the shale-dominated units. Smaller displacement faults wholly within the Blue Lias are less likely to contain
gouge material.

3.4.2 Domino block rotation

There is evidence for steepening of the larger south-dipping reverse-reactivated normal faults through
reverse-rotation (e.g. the Quantock’s Head Fault and the fault that passes through the Blue Ben
Headland), as adjacent antithetic faults have considerably shallower dips (Fig. 3.2). In the areas where
neighbouring faults have similar displacements, dips are similar for both north- and south-dipping faults.
Faults that dip in the same direction as the beds may have been steepened during regional tilting, but this
is not apparent in the gently south-dipping beds in the study area as many south-dipping faults dip at <
50°, and there are numerous examples of steep north-dipping faults (Figs. 3.2 and 3.4). Normal faults
can rotate to have dips of around 25-30° (Sibson, 1995) during domino-style extension (e.g. Gibbs,
1987; Mandal and Chattopadhyay, 1995), with the greatest rotations occurring across the largest
displacement faults (Fig. 3.6a). Faults antithetic to the large displacement faults would be rotated to
higher dips which are unfavourable for reactivation (e.g. Sibson, 1985). Faults become locked when the
angle between o and the fault plane exceeds the value determined by doubling the optimum
reactivation angle (Sibson, 1995). Reverse-rotation of the faults and hence steepening of their dips would
occur during a later contractional stage (Sibson, 1995) (Fig. 3.6b).

Chapter 3. Selective reverse-reactivation of normal faults Page 36 -



ng extension. (b) Reverse-reactivation of the
Iocks The master faults undergo the largest
rotations to shallower dips, and smaller antlthetlc faults WIII be rotated to  steeper dips during extension, and

Fig.-3.6. (@) Domino-style fault blocks are defined by normal faults

normal faults during contraction causes reverse-fotatton of the ult

therefore make greater angles with on during the contractton The filled arrow heads indicate: the kdnsplacement sense k

of the active faults in each dlagram, the unf lled arrow heads md:cate mactwe faults The Iatest sense of movement rs o

mdlcated by the fi lled arrows on the double—headed symbols F

3.4. 3 Fault size..

Peacock" and Sanderson (1991) show afault with 0. 4 m throw that has an 80m map Iength A normal
fault with 20 m throw would be expected wuth the same dlsplacement-length relatlonshlp, to bein the
order of 4 km in map length, so could cut through the whole of the Jurassic sequence and intothe

deeper Tnassnc marls. A similar model to that for the faultung at Flamborough Head East York‘ ire, may
be approprlate where reactwatnon may have been dnven by stresses in the basement (Peacock and
Sanderson, 1994b; Peacock, 1996) (Fig. 3.7). At Flamborough Head E W stnkmg basement fau(ts that
developed during the Jurassic (Kirby and Swallow, 1987), and may extend back to the Carbomferous
(Rawson and anht 1993), were reverse—reactlvated (Peacock and Sanderson 1994b Peacock 1996).
Normal fau!ts in the cover, initiated in the Cretaceous, have a wude range of orlentattons and were not
reverse-reachvated (Peacock 1996) Faults in the Jurass:c cover’ in Somerset may have become
detached from the Triassic ‘basement’, above one of the anhydnte units m the Mercna Mudstone

(Warnngton and Scrivener, 1980; House, 1993) and were not reacnvated The faults whnch extend from .

the 'basement’ to the ‘cover’ are more hkely to be reactivated than the faults that are small enough to be
contained entirely within the ‘cover’, if the reactwanon was dnven by stresses in the basement
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Fig. 3.7. Model for basement-involved reverse-reactivation (modified from a model for faulting at Flamborough
Head, Peacock and Sanderson, 1994b; Peacock, 1996). The orientations of the maximum (1), intermediate (02) and
minimum (3) principal compressive stresses are shown. (a) E-W striking ‘basement’ faults occur, and the Jurassic is a
‘cover’ sequence. (b) The basement faults were normally-reactivated after Jurassic deposition and have the largest
normal displacements. A network of small normal faults developed throughout the sequence. (c) The basement faults

show reverse-reactivation, but the smaller faults (represented using finer lines) were not reactivated.

A detachment model was proposed by Roberts et al. (1990) to illustrate the reverse-reactivation of faults
in the Central Graben, North Sea. In their model, an antithetic backthrust propagated from the reverse-
reactivated fault, along a salt horizon which detached the Jurassic-Cretaceous sequence from the
basement. The Jurassic-Cretaceous sequence was shortened independently by folds above the tip of the
backthrust (Roberts et al., 1990). Sibson (1995) proposed that a population of gypsum veins in the
footwall of a reverse-reactivated normal fault within the Triassic marls exposed at Watchet (Fig. 3.1)
indicates over-pressured fluid expulsion during fault-valve activity. Fluids accumulate in hydrofractures
within impermeable strata adjacent to unsuitably oriented faults, and are expelled into the fault when the
fluid pressure exceeds o+ and o3 (Sibson, 1995). A mechanism is thereby provided by which the
reactivation could have affected only faults large enough to continue beyond the limestones into the

deeper, less permeable Triassic marls.
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N . Unconnected,
unreactivated faults \

Quantock's
Head Fault
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Fig. 3.8. Cross-section of the Quantock’s Head region (see Fig. 3.2 for line location). Fault dimensions were
determined from the juxtaposed units, and fault displacements. Maximum displacements were assumed at the
surface, and the radial fault growth model (e.g. Walsh and Watterson, 1988) was applied to determine the fault
lengths. All the faults have been extended above the present-day surface with a length equal to that estimated at
depth. Deformation (and fluid flow) is concentrated on a network of large displacement, connected faults that extend

through the sequence. The smaller, poorly-connected or impermeable faults are not reactivated.

3.4.4 Percolating network of connected faults

A cross-section of the Quantock’s Head area (Fig. 3.8, line A-A’ Fig. 3.2) illustrates the distribution of the
reverse-reactivated faults. Projection above the present-day beach level of the Quantock’s Head Fault and
the 25 m displacement fault to the north, indicates that an intersection between the two would have
occurred. These two faults are the only two reverse-reactivated faults on the section. Unreactivated faults
have displacements of < 1 m, and appear isolated. One exception is an unreactivated fault inside the
conjugate intersection of the reversereactivated faults, which links to the north-dipping fault.

The importance of fault connectivity in the selective reverse-reactivation of the normal faults can be
demonstrated with a percolation model (e.g. Stark and Stark, 1991; Turcotte, 1995; Sahimi and Arbabi,
1996). A single percolation network on the Somerset coast would involve linkage of the reverse-
reactivated Quantock’s Head and Kilve Pill Faults (C and B, Fig. 3.2) which have opposing dips and are
separated by a horst. Linkage of both the Quantock’s Head and Kilve Pill Faults to an underlying fault
(the Central Bristol Channel Fault Zone, Brooks et al., 1988) would form a network of larger faults'upon
which the reversereactivation was concentrated. The passage of fluids through the basin would
preferentially occur along the connected network of normal faults that form the backbone of the
percolation cluster (e.g. Quantock’s Head Fault, Fig. 3.8). Isolated, poorly connected or impermeable
faults are not reactivated. Connectivity in itself does not guarantee that a fault will form part of the

percolation backbone, as fluid flow through a network relies on fault permeability (Stauffer and Aharony,
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ults (Sibson, 1995), but fluid
. tl ild focus along faults of any
orientation, wrth su ,rcrent permeabrlltres that are o

3.5 GEOMETRIES OF OVERLAPPINC AND UNDERLAPPING ZONFES

In normal fault systems, drsplacement atan overlap zone in map view is transferred from one synthetlc

fault segment to another across a relay ramp (e.g. Larsen, 1988; Peacock and Sanderson, 1991, 19943;
Trudgill and Cartwright, 1994), or via an accommodation zone between two opposite polarity faults

(Morley et al., 1990; Gawthorpe and Hurst, 1993 McClay and Whrte, 1995). Underlap zones occur:
between two offset synthetlc fault segments w

opagated past each other (Peacock
and Sanderson, 1991) In contractional systems, a tran

overlapping thrust. planes that lrnk at depth to. a decollement ~( a;ﬂ str

he zone between two
~ Boyer and Elliot, 1982)

In map view, approxrmately umform contraction is conserved across the transfer zone by the cumulatlve -

shortening of en echelon sub-parallel faults and folds in the hanging-walls of thrusts (House and Gray,
1982), with displacement along the thrusts decreasmg into the transfer zone. Alternatrvely, Lebel and ‘
Mountjoy (1995) use numerical modellrng to show that drsplacement minima and maxima along a thrust .
in map view, can occur through systematrc shrftrng of the deformat:on from one thrust to another -
Drsplacement on the most surtably orrented and posrtroned thrust occurs untrl m \ ‘,ment is prevented
and the shortenmg is accommodated by another thrust (Lebel and Mountjoy, 1995)

In reverse—reactrvated normal fault systems the style of drsplacement accommodatron is governed by the .
geometry of the pre-exrstmg normal fault network and by the selectlve reactrvatron of some of those
normal faults, For example relics of normal fault relay ramps (Larsen, 1988 Peacock and Sanderson -
1991; 1994a; Trudgrll and Cartwrlght 1994) that formed durmg the extensron event (Frg 3 9a) are often
preserved adj acent to the reverse—reactrvated normal fault The through-gomg fault is reverse-reactrvated
but the fault tips by-passed durmg breachmg of the relay ramp are not reactrvated (Flg 3 9b) Several
examples of breached relay ramps between fault segments wrth spacmgs < 1m, occur wrthln the .
reverse-reactrvated Krlve Prll Fault Zone (at B, Frg 3. 2) ‘

Shortenrng between antithetic reverse—reactrvated normal faults has been accommodated by (1) a strike-
slip fault network within an overlap zone {at D, Frgs 3.2and 3. 3a), and (2)an array of obliquely oriented
reverse faults atan underlap zone (at E, Fig. 3.2). Both of these occur between two steep ( = 60°) reverse-
reactrvated normal faults (Frg 3. 2) Thetradrtronal defrmtron of athrust transfer zone (Dahlstrom, 1969
Boyer and Ellrot 1982) does not applyto these examples, as they occur between faults wrth opposing
dips, rather than between faults wrth srmrlar drp directions that link at depth The style of shortemng :
accommodatron is dependent on the structural heterogenerty rnhented from the extensronal phase of ;
basrn development i e fault spacmg and whether the faults overlap or underlap For example the strrke— t
slip network (Frg 3 3a) is between two reverse—reactrvated normal faults that defme a zone 500 m wide
that contains relatrvely few normal faults,
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Fig. 3.9. (a) Line drawing of a relay ramp in a reverse-reactivated normal fault system. (b) Model to illustrate the style

of faults at transfer zones between reverseeactivated fault segments (c.f. Peacock and Sanderson, 1991).

3.5.1 Strike-slip network

A network of conjugate strike-slip faults occurs within a horst block, at an overlap between the south-
dipping Quantock’s Head Fault and the north-dipping Kilve Pill Fault (at D,-Figs. 3.2 and 3.3a). The
amount of overlap between the two reverse-reactivated normal fault zones is not known, as the tips of
both faults are not exposed. The zone containing the strike-slip fault network is wholly within the
interbedded Blue Lias limestones and shales. The Blue Lias is between the more ductile Kilve Shales and
St. Audrie’s Shales, and strike=slip faults in the shale units to the north of the Kilve Pill Fault are rare (Fig.
3.2). There is a marked change eastwards from a linked network of conjugate strike-slip faults in thie
overlap zone with displacements of a few metres, towards a highly segmented strike-slip fault system
with displacements of < 1 m (Fig. 3.3a). '

3.5.1a Interaction of strike-slip and dip-slip faults

There have been conflicting views on the relative timing of the strike-slip fault development and reverse-
reactivation of the normal faults. To generate strike-slip faulting and reverse-reactivation of normal faults
during one event, 0 and o must have been able to swap, at least locally. Dart et al. (1995) state that the
strike-slip faults formed after the reversereactivation of the normal faults, but Nemcok et al. (1995)
believe that the two modes of faulting were contemporaneous. A relative chronology is evident,

however, from maps of cross-cutting strike-slip and dip-slip faults (Fig. 3.10).
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Frg 3.10. Maps of stnke-shp faults at. mtersectrons W|th earher E-W stnkmg drp—slrp fault, at Kilve merset the

,shadrng represents shale beds (a) Intersection of a srmstral stnke—shp relay ramp and a reactrvated normal fau]t zone, ‘
The antithetic rrght-lateral fau Its within the relay ramp are truncated at the normal fault and the main segment has

propagated through but ends shortly after intersection in the Ki Ive Shales. (b) Rrght—laterai stnke—shp faults termrnate
at reverse faults and bend rnto the normal faults (c) The nght—lateral stnke-shp faults cross-cut an unreactlvated
normal fault zone. o L .-

Three distinct styles of fault intersections occur where rare examples of stnke-slrp faults cross—cut normal -
and reverse~reactrvated norma! faults (Frg 3 10) (1) In Frg 3.10 (a), the main Ieft lateral fault crosses
beyond the intersection point but termmates within a few metres of the drp—shp fault (Frg 3. 10a) Mmor

rrght-lateral faults abut both the mam Ieft-lateral fault and the reverse—reactrvated normai fault (2) Allh
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strike-slip faults terminate at reverse-reactrvated normal faults (Fig. 3 10b) (3) The stnke-slrp faults .
displace the normal faults wrthout any rnteractron (Fig. 3. (

An apparent termmatron of a strlke-sllp fau lt agalnst a reverse-reactlvated normal fault may be the result
of movement of the latter: after the strrke-slrp fath event (Frg 3 10a and b) However antrthetrc faults
form:after the establishment of a stnke-shp relay ramp between a pair of master faults (Peacock and
Sanderson, 1995), so the truncated antithetic stnke—slrp faults initiated after one of the faults that now .
offsets the. reverse—reactrvated normal fault (Fig. 3. 10a) Usmg Jomt interaction studies (Dyer, 1988) as an . .
analogy, the termination of one fault at another is attributed to. the propagatmg tip of the strrke—slrp fau lt 1

encountering the free surface of an open fault A free surface exists. along a reverse-reactrvated normal

fault that is jacked open by overpressured pore fluids (Slbson 1995), or during movement. The examples:“f“ _
shown in Fig. 3.10 (a) and (b) indicate that during strrkeslrp fault development the E- W faults wereable
to be reactivated, but in Fig. 3.10 (c) the normal faults were healed and not reactrvated These examples .

(Fig. 3.10) therefore indicate that the strike-slip faults developed erther durmg or prror to the reversal of
the normal faults, but not after (cf. Dart et al 1995)

The role of strrke-slrp faults in. basrn mversron has been reported by Chadwrc _ (1993) and Cloke etal. -
(1997), who recognised transfer faults between reverse-reactivated norm ;faults However, the strrke—slrpf, o
faults in Fig. 3.3(a) are not transfer faults (e. g Davison, 1994) but have mstead accommodated o |
shortening of the overlap zone between the two reverse-reactrvated normal faults The mtensrty

slip deformation decreases outwards from the centre of the overlap (i, e from a linked network to rsolated .

strike-slip faults).

Three sets of strike-slip faults in the overlap have been identified (Figs. 3.2 and 3.3a), and a relative -
chronology has been estabhshed whrch is srmrlar to that for strike-slip relay ramps (Peacock and
Sanderson, 1995): 5 .

(WA set of three sub-parallel NE-trending smrstral faults withac. 90 m spacmg, between the Quantock’ .
Head Fault and the Kilve Pill Fault that divide the overlap into blocks (block- boundmg faults) (at F, G and

H, Fig. 3.2). Block rotation between the strrke—slrp faults is evident from the clockwise rotatron of the
Kilve Pill Fault. ; ey o .. .
(2) Dextral strike-slip faults with NNW strikes often offset the block-boundmg sinistral faults indicati ng
that they are more recent. ; L e : = | ’
(3) Sinistral faults between the block-bounding faults which have more easterly strikes,:{anﬁdare,ge@erauy -
shorter and often offset the dextral faults. -

The last two sets are collectively termed intra-block faults in the following sections.

Antithetic faults that delimit rotati ng blocks commonly occur in overlaps between sub-parallel, synthetic

strike-slip faults, e.g. on the km-scale between the San Andreas and San Jacinto Faults (Nicholson et al.,
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1986), and on the mm-scale to the west of the Blue Ben Headland @tA, Frg 3. 2) (Kelly, 1996) The

location of the sinistral block-boundmg faults therefore suggests a component of dextral movement al ong‘

one, or both of the reverse-reactivated normal faults prro odevelopment of the rntra—block fau%ts ‘

Block-bounding faults with srnlstral drsplacements and. sub“horrzontal shckensrde lmeatrons could: not
have formed if either the Quantock’

s Head or Krlve Pill Faufts had a srmstral component m thrs focahty““" ,

immediately west of the Western 'block-boondingfault (F, Fig. 3.2) therearetw f / ] Its that strike
NW and are therefore oblique to the Quantock’s Head Fault, but sub—parallel ‘to the rotated Krlve Plll
Fault. These faults strike obquuely to the majority of the normal faults on the foreshore, which they
displace. The single set of slickenside lineations on the obhquely—orrented faults mdrcate reverse drp—shp
movement, and therefore new thrusts that formed during the contraction. The strike of these two reverse

faults and the acute dihedral angle bisector for the intra-block faults indicate that these faults formed wrth - -

a local NE-trending oy orientation. The formation of the sinistral block boundrng faults, and the . ‘
development of new obhque reverse faults can be combrned rnto a dextral transpressron model -
(Sanderson and Marchrm 1984); dextral movement is indicated by the block rotatrons, and contractron
by reverse-reactivation (Frg 3 11). In this model, the sinistral block—boundmg faults form and rotate the
Kilve Pill Fault. The shortenlng drrectron within the overlap is modified by the new orientation of the
Kilve Pill Fault,-and the curved trace of the Quantock’s Head Fault. Contraction of the overlap then k
dominates, and is accommodated by the formation of the conjugate rntra—block faults and reverse faults .

at the base of the western rotating block (Figs. 3.2 and 3.11). The transfer of movement between the
reverse-reactrvated normal faults, reverse faults and the strike-slip network is an example of systematrc

shifting from one structural style to another to accommodate the contraction through time (cf Lebel and . -

Mountjey;.1995)..

3.5. 2 Obquuely—orrented hrgh—angle reverse faults

In an underfap reglon between the western trp of the Quantock’s Head Fault and a north-drppmg reverse-
reactrvated normal fauft to the NE of the Blue Ben. Head!and (atE, Fig. 3 .2), there is an array of NE-

striking reverse faults wrth > 40° dips which occur on the rim of a syndline. The beds dip gently towards
the SE in the hanging-walls of the reverse faults, and are sub-horrzontal in the footwaHs (Flg 3.2). The
fault dips suggest that they originated as normal faults, but their strikes are inconsistent with N-S
extension. If the faults formed during the extensional phase of basin development, and were reverse-
reactivated during N-S shortening, there might be evidence of oblique-slip. The slickenside lineations‘
however indicate that these faults are predominantly dip-slip, and are therefore probably reverse faults
that developed during the contraction. ’
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Possible methods by which NE-striking r‘e\)ér‘s;e faults could have devéloped at this Iota‘lity include: (1) a
previously unrecognised phase of NW shortening, (2) sinistral transpression (Sanderson and Marchini ‘
1984), and (3) loading of the corner of the underlap zone. Reglonal NW dlrected shortemng is re;ected

through lack of evidence, but the stress system could have been modified Iocally by other fault .
movements to form these structures - o

Slickenside lineation orientations at the western end of the Quantock’s Head Fault (Fig. 3.2b)are
consistent with a component of sinistral strike-Slip‘movement although dip-slip dominates. The .

lnckensxde llneatuons on the northern fault indicate almost pure dip-slip movement, 50 sinistral
movement of the Quantock’s Head Fault would have been the dominant factor i in atranspression model.
The sinistral transpression model does not, however, account for the steepness of the reverse faults.

A third possibility is that the reverse faults formed during loading of the corner of the underlap zoneby
the hanging-wall of the Quantock’s Head Fault (Fig. 3.2). In this model, an anticline with a NE-SW
trending axis initially formed with a steeper SE limb, due to the appli‘ed*loa‘d (Fig. 3.12). The beds in the .
south of the fold hinge dip towards the loaded corner of the underlap zone to the ESE, whilst those in the
fo"otWaHdib WNW. Further shortening of the underlap, driven by sustained movement of the hanging-
wall of the Quantock’s Head Fault, caused the anticline to fail along the hinge, by means of NE SW
striking reverse faults.
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Fig. 3.12. Block diagram of the interpretation of the formation of the obliquely-oriented high-angle reverse faults east
of the Blue Ben Headland. A NE-SW trending anticline forms initially,-due to loading of the corner of the underlap
zone by the hanging-wall of the Quantock’s Head Fault. The beds in the south of the fold hinge dip towards the
loaded corner of the underlap zone to the ESE, whilst those in the footwall dip WNW. Continued shortening, driven
by the northwards movement of the Quantock’s Head Fault hanging-wall causes failure along the anticline hinge,

and new NE-striking reverse faults develop. Open arrows = local stress axes, closed arrows = ‘regional’ stress axes.

3.6 DEFORMATION MODEL

The geometries of the under- and overlap zones provide evidence to support a single progressive
deformation event, during which the method by which shortening was accommodated switched
between reverse-reactivation of normal faults, reverse faults and conjugate strike-slip faults. The sinistral
movement identified at the western end of the Quantock’s Head Fault (Fig. 3.2b), the dip-slip
displacement at the centre and the postulated dextral motion at its eastern end (Fig. 3.11) imply that the
footwall of the Quantock’s Head Fault was deformed around its hanging-wallvin map view. In addition,
approximately N-S contraction of the hanging-wall is evident from thrusts (Peacock and Sanderson, 1992)
and a hanging-wall buttress anticline (Dart et al., 1995).

It is commonly accepted that the contraction-related structures in the Wessex and Bristol Channel Basins
are an expression of Alpine tectonism (Van Hoorn, 1987; Brooks et al., 1988; Chadwick, 1993; Dart et
al., 1995; Nemcok et al., 1995), i.e. approximately N-S oriented shortening, and in the preceding
sections the role of the Quantock’s Head Fault has been analysed and discussed. For example, the -
obliquely-oriented reverse faults are unique to the underlap zone close to the termination of this fault (at
E, Fig. 3.2), and suggest that movement of the Quantock’s Head Fault was instrumental in their formation
(Fig. 3.12). The dip-slip faults to the NE of the curved trace of the Quantock’s Head Fault strike ESE,
while those to the NW strike ENE (Fig. 3.2). The faults could have rotated to their present-day strikes
during the contraction, if it is assumed that the orientations of the normal faults were originally similar
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Figure 3.13 rllustrates how the reverse—reactrvatlon of normal faults stnke—slrp fault development and the .

development of steep and oblique reverse faults can be mcorporated mto a srngle deformatron model
Deformatron is accommodated by: o - - .

Selective. reverse-reactrvatlon of the largest-dlsplacement faults, e g the Quantock’s Head Fault (Flg 3 2) - . f
~and other normal faults that stnke perpendrcular to the local o orrentatton . k

(@ Smrstral strikeslip faulting with clockwise block rotatlon durmg the reverse movement across the ‘ .
Quantock’s Head Fault (Flg 3.11). Shortening of the newly—formed blocks accommodated by the stnke-
“slip fault network; that suggests a NNE oil orlentatron (Fags 3.3a and 3. 11), and thrusts at the foot of the ‘ .
blocks. The strrke-slrp fau Its have the greatest displacements, and link to form a through-gomg network m} -
the central block, and are more isolated with smaller drsplacements outsrde of the: overlap to the east ‘
The offset of the Quantock's Head Fault by one of the sinistral block-boundmg faults (F, Fig.3.2)
accounts for the more intense strike-slip deformatron within the central block, i. e the hangmg—wall rs

o

pushed further north at thrs point than in the western block (b) 0'1 is locally pertur such that reverse .

faults oblique to exrstmg faults form to the west of the fault at an underlap wrth other reverse-‘reactrvated:‘, .
normal faults (Fig. 3. 12) ‘ -

3.7 CONCLUSIONS k t ; t t ,
1. Mapped examples of normal faults and reverse-reactivatednormal:faults suggest that all normal s

with > 22 m displacement were reactivated during basin contraction, Some faults withsmaller .

displacements were also reverse-reactivated, and new thrausts"propagated, some with displacements'of > .
lm, Reverse-reactivation of the ‘normal faults in Somersettappears to be independent of fault dip.
2. The field observations summarised in Fig 4(c)‘suggest that both fault dip and size ‘plav major roles in‘ .
selective reactivation. Possible reasons for the preferentral reverse—reactrvatron of larger normal faults
include: ; t t
(a) Decreased fault-plane friction due to smooth fault profiles and thrcker gouges
(b) Domino-style reverse-rotation. e -
() Contraction may have been driven from the basement affectmg only the basement-i nvolved larger -
| faults. Smaller faults within the cover sequence remamed unreactivated.
(d) Deformatron and fluid flow was concentrated onto a connected network of larger faults k _
3. Fault geometries at overlapping and underlapping zones are controlled by the selective reactivatlon of
normal faults, and in particular the width of the zone. Twostyles are‘recog‘n‘iSGd:‘ (a} A Slfikefslip network
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homogenous in'the shallower sequence. The fault orlentatnons suggest that the extensnon dlrectlon o

changed from NNW-SSE in the Upper Triassic, to NNE—SSW durmg the Lower Jurassnc and to N-S in the
Middle Jurassic,
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Fig. 4.1. Map of part of the south Dorset Coast to show the location of the Wytch Farm Qilfield and the extent of the
seismic data (see inset for location of main map in Great Britain). The inlines run from N-S, and the crosslines from E-

W in both 3D surveys.

4.2 INTRODUCTION
Recent interest in the linkage of normal faults has concentrated mainly on field studies of fault geometries

in map view and their displacement characteristics (e.g. Peacock and Sanderson, 1991; 1994a; Schlische,
1993; Anders and Schlische, 1994; Childs et al., 1995), although 3D numerical modelling has also been
used for similar purposes (Willemse et al., 1996; Willemse, 1997). Models of dip-linkage between
normal faults on seismic sections (Mansfield and Cartwright, 1996) and in cliff-sections (Muraoka and
Kamata, 1983; Peacock and Zhang, 1994; Childs et al., 1996) have been restricted to faults that were
active during a single deformation phase. Normal faults in the Wytch Farm Oilfield, Dorset (Fig. 4.1),
developed during polyphase extension that initiated in the Late Permian and culminated in the
Cretaceous (Chadwick, 1986). The aims of this study are, (1) to provide a detailed description of the
normal fault geometries in the Wytch Farm Oilfield, Dorset, UK, and (2) to propose a model for the
evolution of individual faults, and their interaction during pulsed extension. The description includes

analysis of the timing of movement of the faults, and interpretations of their linkage.

A description of the methods used is followed by analysis of the fault geometries in cross-section and
map view. Fault-strain analysis (Jamison, 1989) has been carried out on each cross-section, a model has
been developed to describe the evolution of individual faults in the study area, and the faults are

compared to the regional structure.

Chapter 4. Normal fault geometries, Wytch Farm Oilfield Page 51



4

4.2.1 Geological setting
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Fig. 4.2. (a) Map of the Wessex Basin to show the fault trends and the location of the main sub-basins (after Karner et
al., 1987). (b) Satellite photo of Dorset with the location of Wytch Farm and the Purbeck-Isle of Wight Disturbance
highlighted. © Dorset County Council, used with permission.
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Fig. 4.3. Synoptic cross-section of the Wytch Farm Oilfield horst. The sequence within the central horst consists of
Upper Triassic to Middle Jurassic sediments. Upper Jurassic sediments occur in the hanging-walls of the horst-

bounding faults. The Cretaceous lies unconformably above the Jurassic sequence.

The Jurassic accumulations were discovered at the end of 1973, and in 1977, oil was found in the
Triassic reservoir. The Sherwood Reservoir contained an estimated 450 x 10° barrels oil equivalent (Hogg
et al., in press), over half of which has been recovered (250 x 10° barrels, January 1998), whilst the two
Jurassic reservoirs contained an estimated 31 x 10° barrels and 4 x 10° barrels respectively (Hogg et al.,
in press). Production from the reservoirs was confined to the onshore area, within Poole Harbour (Fig.
4.1), until 1993 when the offshore part of the field (Bournemouth Bay) was exploited through a series of

extended reach drilling (ERD) wells drilled from onshore (Hogg et al., in press).

4.2.3 Seismic data

Acquisition of seismic data by BP at Wytch Farm began in 1974 and continued until 1995 (Fig. 4.1). A
range of 2D surveys was undertaken to cover both onshore and offshore areas of the Oilfield, between
1974 and 1985. A 3D seismic data set was acquired in 1994, that straddles the transition zone between
onshore Poole Harbour and offshore Bournemouth Bay (Fig. 4.1), and provided a consistent image of the
Top Sherwood reflector. The 3D seismic lines were spaced at 12.5 m, with N-S inlines and E-W cross-

lines.
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Fig. 4.4. Stratigraphy of the Wytch Farm Oilfield, based on A6SP well log. The reservoir units are shaded.
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4-3 MVETHODS‘;N '

4 3 1 Setsm:c mterpretatlon

honzons on every tenth ml

resolutlon is suffncrent for

fault and contact data, was xmported mto a progra

sectlon and map mterpretat;ons fault plane me s, d fault dataw(ZD

Horlzon ; _f _]'.Colopr, | Description

,Base Chalk . Orange - Shallowest most consistent peak

mainly unfaulted and horizonta
. " above t| lted beds in HW of Wytch Farm and Northern Fauilts
Cornbrash - LrghtGreen Immedrately above first strong peak below Base Chalk only m the .
‘ ' HW of Wytch Farm and Northern Faults o

FromeClay | LlightBlue | Twocycles down from Cornbr‘a‘sh‘pick

TopBridport =~ [ Magenta = | Two cyeles‘downsfromsFro;megClayfpick

Intra Lias Peak . . 1Darl<” Green *Frrst strong. peak below (c 120 ms) Top Bndport top of a set of three

: _,::equrdrstant contmuous peaks o

'Top Wl\it‘el l.i‘a,sd k Gold : . : ~'Bottom peak of the set of three strongest and most consrstent peak in f , 

‘ the sectrons " -

| Zone Danhydiite © [Red” = | Noxt Continunus strong pesk, 680 ms down hom FABWL

Top Sherwood Yellow Occaslonally consistent peak, ¢.160 ms from PABWL

Table 4.1. Description of the horizons used in the interpretation. A comparison of well and ~$ei$‘mic data indicates‘ 3
that the IntraLras pick represents the Middle Lias/Upper Lias boundary, located atthe base of the: Junctron Bed (e.g.
‘ House, 1993). ' ‘ ‘ .
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432 Drsplacement-drstance analys:s

Willemse et al., 1996) (
approximately symmetrical d-
Walsh and Watterson,‘

(Peacock and Sanderson 1991), i. e the maxmum drsplacement usuaHy occurs on the central‘ segment g
’(W|Hemse 1997). Dlp-lrnkage occurs when a fau!t propagatmg up-dlp encounters and hnks thh anotherf \,
propagating down-drp, and is recognlsable from a drsplacement minimum on avertrcal d-x profrle .
(Mansfield and Cartwrrght 1996) “ ‘

’4 3 3 Tlmlng of movement

To constrain the ages for the Wytch Farm Northern and Arne Faults the ratro of hangmg—wall thlckn 55 .
to footwall thickness (HW:FW) has been obtained for each stratlgraphrc mterval (Frg 4.5); syn- .
sedi lmentary faultrng was indicated when HW:FW > 1 (Flg 4. 5). The ratlos were plotted onto dragrams .

that represent maps of the fault planes, wnth a grey-scale t ‘rndacate ratio size (Fi

rn the basm were analysed using the same procedure and the range of ages along the entrre length of the: .
faults has been plotted (Fig. 4.7); The ratro does not take into account the affect of drfferentral

compaction of the hanging-wall and footwall (c.f. Mansfreld and Cartwrrght 1996) The method

therefore underestimates the extent and magmtude of growth faultmg rf dueto deeper burial, the .
hanging-wall compacted further. However a comparison of mdrvrdual umt thicknesses i is vahd as there rs k

no reason to suspect heterogeneous compactron wrthrn the st dy
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Fig. 4.5. Interpretation of inline 9350 with shading to denote the thickened hanging-wall sedimentary sequences

adjacent to the Wytch Farm, Northern and Arne Faults. The hanging-wall and footwall sequence thicknesses were

measured parallel to the fault planes.

4.3.4 Extension analysis

The % extension has been determined for the horizons listed in Table 4.1, with the exception of the
Corallian, the IntraSherwood and the unfaulted Base Chalk. The Corallian is only exposed in the
hanging-walls of the horst-bounding faults. Consequently, displacements are unresolvable and would
anyway be a misrepresentation of the strain, due to a lack of information regarding faults within the
horst. The IntraSherwood horizon has not been included in the analysis, as it was not possible to identify

confidently the surface on all of the inlines.

The fault-strain (Jamison, 1989) was computed for each inline by summing the heaves for all faults (2h),

and the length of the interpreted portion of the inline (/) within 2D/3D (Equation 3.1):

%Extension = _Zzh Equation 3.1
#—Zh

To investigate the contribution of a range of displacement magnitudes to the overall extension, strain was
calculated separately for faults with heaves > cut-offs of 100, 10 and 1 m for each horizon. The strain was
also calculated for the faults divided into groups based on the identification of growth faulting. All faults
with > 5 m displacement (i.e. seismic resolution) were included in the analysis, and heaves were

accurate to + 5 m. The method assumes that the horizons are horizontal.
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(a) Wytch Farm Fault Inlines

Combamshia 9':;0 9200 | 9250 | 9300 | 9350 | 9400 | 9450 9500 | 9550 | 9600 9659 9700 | 9750
" Frome Clay - | ND | ND
ND
Bridport Sands ;
IntraLias e .
Top White Lias = - _ ND
: ND
Zone D Anhydrite
Top Sherwood
(b) Northern Fault Inlines
9150 | 92
Cornbrash 5 00 | 9250 | 9300 9350 9400 | 9450 | 9500 | 9550 | 9600 | 9650 | 9700 | 9750

Frome Clay -

Bridport Sands- [

IntraLias= o ' VA
Top White Lias—
Zone D Anhydrite -
Top Sherwood~-
(c) Arne Fault Inlines
9150 | 9200 | 9250 | 9300 | 9350 | 9400 | 9450 | 9500 | 9550 | 9600 | 9650
Cornbrash : HW:FW
Frome Clay — >1.4
1:3
Bridport Sands - 1
14

IntraLias -
Top White Lias

Zone D Anhydrite

Top Sherwood

Fig. 4.6. The timing of growth faulting derived from the ratio of the hanging-wall unit thickness to the footwall unit
thickness measured parallel and adjacent to the fault plane. A value of > 1 indicates a thicker hanging-wall
sequence. An overestimation of the hanging-wall thickness would result from a vertical measure of rotated beds and
hence overstate the extent of growth faulting. The interval thicknesses were calculated for only the interpreted
horizons and not individual reflectors (inline interval = 50). A grey scale is used to indicate the size of the ratio. ND

= No Data. (cf. Figs. 4.9 and 5.2 for fault locations).
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; Bndport Sands ‘
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Top Sherwood

‘(b) Orientation ,

ABEFGHQRTUVWAJ‘k~

Bridport Sands |
Top White Lias

po Sherwood

/“\«»<4—> -— \ TN NOl‘thk\

Fig. 4.7(a) Summary of fault timing data from |dentif|catlon of growth sequences The results shl w the range of

‘activity across the entire faults, so not every part of the fault moved at the same tlme o Approx:mate "onentatlons of

the faults at the listed horizons (c.f. Fig. 4.14). (cf. Figs. 4.9 and 5.2 for fault locations). |
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4.4 FAULT GEOMETRIES

4.4.1 Cross-section: mterpretatlons ,

A series of cross-sectlons mterpreted from s,‘ fsmrc reflectrc ndata (Flg 4.8, 2D s rvey and Frg 4.9 3D ‘

survey) show how the structure vanes from'west to east across the combined surveys I

,kthe far west of
the 2D survey, the deformatron is dommated by parallel sauth drppmg faults (Flg 4.8), the largest of

which are spaced at 1~ 2 km In the second section (line 80-270r, Fig. 4.8), a central con)ugate structure ~

is developed but the section is still dominated by south-d:ppmg faults that cut the entire sequence inthe

two eastern 2D sections, a horst between the Wytch Farm Fault and a north-dlpping fault to the north has
been established with conjugate faults at its centre. Cross-sectron BP85 04 (Fig. 4.8)¢ rslocated adrarel tto
the western boundary of the 3D survey area. Vertical d-x profiles of each of the faults in the seismic
mterpretatlons show that the greatest combmed throws occurin the shallower hoerzons (Flg 4.10).
Differential seismic velocmes between less compacted, shallower units, and deeper units that have

compacted further may art|f|c1ally alter the throws.

The 3D cross-section intérpretatlonsillfustrate the“*‘lmﬁportance of conjugate faults (Fig. 4.9). The Northern
Fault is antithetic to the Arne Fault in the west of the 3D survey, and then to Fault A in the east. The
nature of the interaction between the Northern Fault and other faults varies from west to east. In the far
west (rnllne 9150), the Northern Fault isa relatrvely minor antlthetlc fault to the more dommant Armne
Fault, but increases in helght and drsplacement eastwards at the ¢ expense of the Arne Fault (inlines 9250
to 9400). Although segmented the two faults have similar helghts and displacement magnitudes in the
centre of the survey (mlmes 9450 to 9550), and intersect wrth a geometry complicated by oversteps ’ k‘
(inline 9500, Fig. 4. 9). The fault geometnes are srmplest when one of the pair dominates the other (e.g.
inline 9350, Fig. 4.9). The Northern Fault continues eastwards with a similar height and displacement,
but the Arne Fault is restricted to the Triassic (inline 9600). In the final sections (inlines 9650‘to 9750,
‘Frg '4.9) the Northern Fault is antithetic to Fault A, which domlnates the conjugate set, and i |s inturn
antithetic to Fault E (mlmes 9700 to 9750, Fig. 4.9). There is, therefore a shift northwards of a central

pair of conjugate faults from west to east.

Fig. 4.8. (overleaf) Seismic cross-sections taken from the 2D survey area. The horizontal scale refers to the National -

Grid; and the vertlcal depth is in TWTT (ms) The sections (top to bo tom = west to east) show how the fault system

changes from one dominated by parallel, south-drppmg faults to one dominated by a central conjugate fault

_structure. The numbers i m the top left corners refer to the name of the seismic line. The seismic lines are Jocated onto

-a combined 2D and 3D area map. of the Top Whrte Lias faults.

Chapter 4. Normal fault geometries, Wytch Farm Oilfield : ' Lo Page 61



400 Cross-sections
BP85-16
600 North
L =
r 800
2 km
= ! i
1000 3
&,
1200 =
| Base Chalk
== =
— Corallian
83000
—4 Cornbrash
400 —{ Frome Clay
— Bridport Sands
600
— IntraLias Peak
—{ PABWL
e % — Zone D Anhydrite
1000 'g Top Sherwood
1200
83000
— 400
BP85-02 ’
600
800 %
_‘
1000 3
L)
- 1200
L
83000 85000 87000 89000 91000
— 400
BP85-04 T
600
800 2
3
'/ I‘ 1000 3
s
1200
[wre]
83000 85000

Extert of 3D

ssiemic gata

392000 384000 396000 398000 400000 402000 404000 406000 408000 410000




— 400
- - =] Base chaik 400 400
I Coralllan B L
- 600
- - 600 I
] famgs, ] 600
|| Bridport Sands
- 800 v -
1 IntraLlas Peak - 800 - 800 3
|— Zone D Anhydrite L 1000 | SRS " TS [ T
Top Sherwood 1000 e | =/~ f10003
L 1200 > 7/ A -
- 1200 'I/A L 1200
9150 | 9400
t t T T T T T T t t - + B m 9650 1
4000 4100 4200 4300 4400 4500 4600 4000 4100 4200 4300 4400 4500 4600 4000 4100 4200 4300 4400 4500 4600
400 400
- 600 - 600
[ 800 - 800
- 1000 - 1000
r 1200 - 1200
9200 |
4000 4100 4200 4300 4400 4500 4600 4000 4600 4000 4100 4200 4300 4400 4500 4600
400 400 400
- N-\\. 5 -
- 600 - 600 - 600
I -
- 800 - 800 F800 I
—
F 1000 1000 1000 3
- 1200 / Y, A \\‘ \ L 1200 - 1200
9250 | P 9500 | o] 9750 |
4000 4100 4200 4300 4400 4500 4600 4000 4100 4200 4300 4400 4500 4600 4000 4100 4200 4300 ' 44:00 4500 4600
400 400 _
i Cross-sections
I~ -
- 800 - 800 g Inline numbers
I [ 3 [~ S (=) S o =) S Fig. 4.9. Cross-sections through the
- 1000 1000 2 S 8§ 8 § 3 s 8 8 8 8
L (=Y (=) (-3 o -3 (=3 () =3 3D survey, and map of the Top
|
L - 1200 SETR White Lias. Th b in th
9300 1200 o ite Lias e numbers in the
. ; t ; ' . ; - - - - : | 89000 + ; bottom right corners represent the
00 410 4600 S
0 4200 4300 4400 4500 4600 4000 850001 _ I 4400 seismic inline numbers (see map
400 400 ‘ < x for location), the horizontal scale
: & 87000 {| ~——p ! =
£ et I 4300 = numbers are cross-line numbers,
L 600 - 600 -{:__, Ay g
| 5 5 S 86000 - g and the vertical depth is in TWTT
: = a .
L 800 - 800 § 85000 _<\/W 4200 (ms). The cross-sections are
I A £l ‘ regularly spaced every 625 metres
i T - 1000 a 5 . g North - 4100 8 Y sp y S
4 ! o ﬁ == (50 inlines) and show how the
- 1200 '/ - 1200 83000 : T T R 4000 structure changes from west to east
9350 | I - 402000 404000 406000 408000 410000 oo

4000 4100 4200 = 4300 = 4400 4500 4600 4000 4100 4200 4300 4400 4500 4600 Eastings



Throw (ms) Throw (ms) - ——"Total |
0 100 200 300 0 100 200 300 —¥— WFF
600 4 t + 600 — + B— Ame
—O— FaultB
—&— Fault C
700 700 +a, —+— FaultS
—4&— FaultY
—8— FaultZ
—0— Fault AA
. 800 ~. 800 T
g g —o— Fault AH
;:: = —— Fault Al
a a o  Other
[a] [=]
900 - 900 t
1000 1000 + "
1100 1100 -
BP85-16 80-270r
Throw (ms) ' Throw (ms)
0 100 200 300 0 100 200 300
600 - t } 600 } !
e
700 T , 700 +
. 800t .. 800+
2] (/]
E E
=4 L
B -1
a a
900 --T 900 -
A3
1000 ¥ 1000
1100 fa BP85.02 1100 BP85-04

Fig. 4.10. Vertical d-x profiles for the 2D seismic interpretations itlustrated in Fig. 4.8. The throw minima for the Top
White Lias and the IntraLias are an interpretation artefact, as these horizons were not identifiable in every section.

Additionally, survey resolution decreases with depth, so there is less confidence in the results for the Triassic units.
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Vertical d-x profiles have been used to illustrate the variation in fault throw across the survey area (Fig.
4.11); fault throws are often lowest at the Zone D Anhydrite and Intralias units. Zig-zag d-x profiles are
symptomatic of interpretation errors, or faults within sediments that have experienced differential
compaction, particularly post-deposition of syn-rift sequences (Wang, 1995). Fault planes shallow during
compaction (Dayispn, 1987), so faults in the most compacted layers, that pre-date the compaction,
would have the shalrlowest dips (Wang, 1995). Faults in this study‘kakrekr’nain!y sub-planar, and the
dlsplacement mmlma do not occur at obvious bends (Fig. 4.9). Enther the faults must post-date the

compactson or the sediments compacted umformly to form sub—p|anar faults.

There is little variation in total throw from the Cornbrash to the TopSherwood for the inlines 9150 to
9450 (WIth the exception of 9350) but throws increase dramatlcally up-section for inlines 9500 to 9750.
Although some of the throw increase may be attributed to the mclus:on of Fault E, other faults do have

mcreased dqsplacements in the_shallower units, e.g. Fault A, the Northem Fault and the Wytch Farm
Fault (Fig. 4.11). .

4.4.2 Fault ihterpretations o

The d:splacement characterlstlcs of three principal faults (Wytch Farm Northern and Arne Faults) have
been analysed in detall with fault throw diagrams to illustrate footwall ‘and hanging-wall intersections
“with the fault surface (Allan, 1989) The Wytch Farm and Northern Faults were chosen because they are
kthe main reservo:r boundary faults; the Arne Fault has reservoir rocks in both its hangmg—wall and
footwall. The fau!t throw maps are shown with fault heave dlagrams (: e fault/horizon intersections) to
compare vertxcal and honzontal fault geometries (Fig. 4.12), and throw dlstrlbutlon contour maps (Fig.
4.13). A s:mple elhptlcal fault trace with a central throw maximum (Wthh approximates to the
nucleatlon site, Ellis and Dunlap, 1988), as described by Barnett et al. (1987) for a single, isolated normal
fault, is not evident on any of the maps (Fig. 4.13). That model is not reahstlc for the faults at Wytch
Farm, as the multiple throw maxima and minima suggest that the faults formed through the segment

amalgamatlon (Fsg 4 13).

Fig. 4.12. (following three pages) Heave and throw d‘iagrams for (a) the Wytch Farm Fault, (b) the Northern Fault and
(c) the Arne Fault. The hanging-wall and footwall cut-offs are shown for each of the horizons illustrated in the cross-
sections (Fig. 4.8 and 4.9), with the exception of the Corallian, due to insufficient data, and the Chalk, which is

mostly unfaulted.
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The Wytch Farm Fault throw contours (Flg 4.13a) are hi

hly variable, but a general decrease in

; fisplacement over
::igradient occurs
3,é). The throw.is

. Mansfield and
tal bands of low
zone of decreased throw in

that forms a short (c.

nucleatioh sites (Elhs and Dunlap, 1988) then three originally isolated segments propagated towards
intersection to amalgamate at relay ramps (Peacock and Sanderson, 1991), and dlp-hnkage sites
(Mansﬁeld and Cartwnght 199’6) The hnkage of the deepest segment in the west of the map, to the
o L ‘k‘o fault development
(Fig. 4.130). kAfSImi‘lfakr:pk ttern is form 'f ig. 4.13b), butthere
are two discontki,nkuodéfh nts r throws at ¢ ) Anhydrite) and c. 850 ms

| thfee“diagrams indicates that the

stratigraphy has not sng k'k';ﬁk a uenced fault geometnes f Flg

of 20 ms was chosen for-the Wytch Farm Fault, and 10
reﬂects the mapped extent of the fault plane itself, and
ses on the maps indicate the location of an

as found’ by calculating the fault throw (in ms) for

! ! h kCornbrash from every tenth inline in the
3D survey (9100 to 9800) The contour maps cover only the 3D‘ area due to vanab!e quality of the 2D seismic data,

its poorer resolution and greater spacing::.
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4.4.3 Branches, intersections and o versteps

The influence of intersections with antithetic faults has been determined by plottixy‘jﬁg the intersection
locations onto the contour maps (Fig. 4.13). Only one fault, above the seismic resolution, links into the
Wytch Farm Fault, but the intersection of antithetic faults with the Northern Fault and the Arne Fanlt‘,‘and
their mutual intersection, occurs regularly throughout the survey (c.f. Fig. 4.9). Fault intersections (and
terminations at other faults) influence the, throw distribution of the Northern Fault (Fig. 4.1135). On the
Northern Fault, zones of maximum throw are sited either side of interSection points thatare‘characterised
by throw minima (Fig. 4.13b). The decreased throw between inlines 9400 and 9550 (Fig. 4.12b)
coincides with an increase in complexity of the conjugate geometry. of the Northern Fault and the Arne
Fault (Flg 4.9). The Wytch Farm Fault throw increases immediately to the south of the conjugate ; .
mtersectron zone at the Top White Lias and Bridport Sands levels. Fault geometries can be modified
through the influence of intersecting antithetic faults (Nicol etal, 1995) and relay.-ramps (Larsen, 1988;
Peacock and Sanderson, 1991; 1994a). Paralklel, adjacent fault planes in cross-section often form
branches that are connected in map view e.g. kFig 4.14a). The displacement is shared between the

branches, and the summed displacement approximates to that of a single fault plane (Barnett etal.,

1987). Fault throws were summed in the cases of fault branches and should not therefore produce major
perturbations in the contour pattern (Barnett et-al., 1987), aIthough displacement minima occur at fault

oversteps (Peacock and Sanderson, 1991; 1994a; Mansfield and Cartwright, 1996).

4.4.4 Fault orientations

Several of the undulations in throw can be attributed to orientation. For example, a change in overal,l}
orientation from E-W to ENE-WSW of the Wytch Farm Fault (Fig. 4. 12a) is accompanied by a decrease in
throw (Fig. 4.13a). The largest throws and sub-concentric contours in the Middle Jurassic units (A, Fig.

4.13a) are found at the E-W fault segment. Farther west, the fault has a general ENE-WSW strike and,
particularly in the Triassic, is composed of two echelon segments that strike further NE. The throw

distribution for this part of the fault is inconsistent with that of a simple fault, or even a set of

overstepping fau!ts (Barnett et al., 1987; Mansfield and Cartwright, 1996). Throw minima at the Top
Sherwood are associated with ENE-WSW orientated segments (A and B, Fig. 4.12a; C and D, Fig. 4.1 3a),
and maxima with E-W segments (C, Fig. 4.12a). The Wytch Farm Fault heave diagram (Fig. 4.12a) shows
that complexities in the strike of the fault at the Top Sherwood are less pronounced in the Jurassic fault

fraces..

Fig. 4.14. (following three pages) Structural interpretations for (a) Top Sherwood, (b} the Top White Lias, and (c) the
Bridport Sands. The reactivated faults are unfilled; Jurassic and Triassic faults are filled. The arrows indicate fault dip

direction, and displacements (in italics) are in ms.
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Only at the Top Sherwood is the Northern Faulta contmuous trace and is segmented to varying degrees
at different horizons. At the Top Sherwood, two E-W striking fault segments are linked by an ENE-WSW
section to form a continuous fault trace (Fig. 4. 12b); throw maxrma occur on the E-W segments (Fig. :
4.12b and 4. 13b). The fault in the Jurassic units consists of one E-W (4.5 km) segment and three shorter .
(c. 1.1 km) left-stepping segments that strike between E-w and ENE-WSW (Frg 4.12b). The central
segment intersects the Arne Fault (Fig. 4.9). The zone is complicated by an overstep between the Ame |

Fault and another south-dipping fault, and an overstep at either end of the Northern Fault.

The Arne Fault trace is significantly different in the Triassic and Jurassic units (Fig. 4.12c). The fault is a |
single plane in’the Triassic units, although the orientation varies from ENE-WSW to ESE-WNW to E-W
from west to east. At the Top Sherwood, the throw is maximum in the ESE-WNW segment and decreases
eastwards into the E-W segment, where the fault is in close proximity to the Wytch Farm Fault (Fig. 4.13¢
and 4.14a). Throw minima occur at bends in the fault trace map, which indicates that they are segment
linkage zones (Ellis and Dunlap, 1988). In the Jurassic, the Arne Fault is composed of 2 - 3 short (< 1.5
km) E-W-segments, and one E-W ‘segment that iSéontinuous throughout the 2D survey (Fig. 4.12c). The
fault throw generally decreases up- and doanard into the Zone D Anhydrite. In the 3D survey area, the
upper parts of the fault are formed by segments that are isolated in plan view’ and overstep with the lower
segments. The central E-W segment that occurs at the Top Sherwood (Fig. 4.12¢) does not link with the

two oblique segments at the Top White Lias level, but instead occurs as a separate segment to the north.

The Penarth Group (Fig. 4.4) is the uppermost Tnassnc unrt and rncludes the Whlte Lras (House 1993).
For the purposes of this study, the Top White Lias approxmates to the Jurassrc/T riassic boundary. Fault
maps of the Top Sherwood Sandstone, the Top White Lias, and the Bridport Sands show subtle -
differences (Fig. 4.14). The fault maps for the Zone D Anhydrite and the Top White Lias are
geometrically similar, and maps of the Brldport Sands, Frome Clay and Cornbrash are srmllar!y
comparable. Reactlvated faults dommate the deformatlon at all Ievels (Flg 4, 14). TheJurassrc faults and
those of an unknown age have a random spatlal drstnbutron and are much shorter (trace Iengths < 1km)

with displacements much less than reactivated faults.

in general, there is a decrease up-section in the range of fautt stnkes (th 4 15). Obhque trends at the
Top Sherwood level between E-W segments of the Northern Fault are not present at the Brrdport Sands.
Instead, an array of oversteppmg EW striking segments performs a similar role. The Northern Fault
example indicates that E-W faults were more suscept:ble fo Jurassm normal reactrvatron the obquue
section of the Northern Fault was not reactrvated and the central segment in the Bndport Sands is
actually a jurassic fault (Fig. 4. 13b and 4. 14c) The faults at the Top thte Llas have a broader strike
range than the Bridport Sands, but less than the Top Sherwood (Frg 4, 15) There is an increase in fault
density from the Top Sherwood (Frg 4. 14a) through the Top White Lias (Flg 4.14b) to the Bridport

Sands (Fig. 4.140), although this may be an artefact of a depth-dependent seismic resolution decrease.
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(a) Top Sherwood .. (b) Top White Lias
n=218 o ‘ ; n=263

(c) Bridport Sands
n =269

Fig. 4.15:Rose diagrams of fault strike for the (a) Top Sherwood, (b) Top White Lias and (c) Bridport Sands. The fault
strike was 'measured in the interval between every tenth:inline. The faults in.the Top-Sherwood have the greatest::

range of strikes, and those in the Bridport Sands have a tighter distribution centred on E-W,

%

4.4.5 Timing of movement

The present day forms of the faults are the result of displacement on several segments at various ages,
and there was faulting in both the Triassic andthe Jurassic (Fig: 4.6:and 4.7a). The:Wytch Farm-Fault
plane has the a complex throw contour geometry (Fig. 4.13a), and a complicated history (Fig. 4.6a). The
concentration of growth faulting between inlines 9400 and 9650, that crosses the jurassic=Triassic
boundary, coincides with the central: E-W segment of the Wytch.Farm Fault (Fig. 4.12a). The horizontal::
zone of minimum throw (B; Fig.:4.13a) occurs at the top of the growth sequence and, by definition,
maximum displacements occur at the base of thickened hanging-wall sequences with minimum
displacements at the top. There is a contrast between the timing of faulting from east to west. In the west
(inlines 9400 - 9750) there are two separate periods of growth; the main period occurred in the upper .
zones of the Mercia Mudstone and the Lower Lias (Fig. 4.6a). In the east (inlines 9150 - 9350), the age of
2 - 3 periods of growth faulting are less consistent. The decrease eastwards of the HW:FW coincides with
lower throws (Fig. 4.13a and 4.6a), and with the ENE-WSW strike of the Wytch Farm Fault (Fig. 4.12a).

Three phases of growth faulting are evident on the Northern Fault, with a constant occurrence in the Top

Sherwood-Zone D Anhydrite interval (Fig. 4.6b). In the Middle Jurassic, the latest movements in the east
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post-date those of the western E-W striking segment in two eplsodes of rifting (Fig. 4.12a). In the east,

growth occurred in.the Frome Clay—Combrash interval, whilst an earlier Top White Llas—lntraLlas phase
was significant in the west (Fig. 4.6b). A decrease in the magnltude of HW:FW occurs at abend in the
Top Sherwood fault trace (inline 9500, Fig. 4.6b and 4.12b). On the Arne Fault, perlods of growth above
the Top Sherwood are related to orientation’ (Fig. 4.6¢). No thickened hangmg—wall sequences occur
adjacent to the E-W segments (inlines 9250 - 9300 and 9550- 9650, Fig.4.12c), butare consistently
adjacent to oblique segments (inlines 9350 - 9500). Activity above the Zone D Anhydrite is less uniform
on the Arne Fault than on the Wytch Farm and Northern Faults (Fig. 4.6¢). The eastern fault segment
post-dates Middle Jurassic sedimentation, as does the far western end of the fault. The middle segment

{Fig. 4.12¢) grew during the IntraLias-Bridport Sands and Frome Clay-Cornbrash intervals (Fig. 4.6¢).

There are no faults with growth sequences solely within the Intralias-Bridport Sands and Top Sherwood-
Zone D Anhydrite intervals (Fig. 4.7a); the only active faulting was confined fo faults with the longest
histories, and whose throws dominate the deformation (Fig. 4.9, 4.11 andk4.14).‘ The Intralias-Bridport
Sands interval experienced the least amount of activity, in terms of extent and HW:FW magnitude across
the study area as a whole (Fig. 4.6 and 4.7a). No clear re!at:onshlp is apparent between orientation and
timing for the faults summarised in Fig. 4.7b. e

4.5 NORMAL REACTIVATION
The normal faults in the Wytch Farm Oilfield developed during episodic extension (Fig. 4.6, 4.7a and

4.13a). The faults that occur throughout the entire séquence (i.e. the Wytch Farm, Northern, Arne Faults,
Faults A, E, F and G) dominate the totaf displacement (Fig. 4.11), with polyphase movement implied by
multiple growth sequences (Fig. 4.6 and 4.7a). The greatest strains in the Sherwood Sandstone (Table
4.2) suggest normal fault reactivation in the Triassic units, if uniform extension occurred throughout the
sequence. The extension values for the Sherwood Sandstone represent the strains accumulated from both
the initial rifting and the subsequent reactivation of the Triassic faults. The Bridport Sands extended the
most in the Jurassic, and there is an overall decrease in strain either side of the Bridport Sands. However,
fault timing (Fig. 4.6 and 4.7a) and throw distribution data (Fig. 4.13) support neither a system:of
contemporaneous segment interaction, nor uncomplicated growth of normally-reactivated Triassic faults

into the Jurassic units (Fig. 4.16a).
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(d)

Fig. 4.16, Idealised throw contours on a fault plane for four scenarios (dashed lines represent former txp-hnes) (@)
‘Normal reactivation of an existing single, isolated fault. (b) Normal reactlvatlon of the Iower segment and interaction
with the upper segment. (c) Overprinting of the lower fault by a Ia‘rger upper fault. () Upper and lower faults abut,
with or without reactivation of the lower fault. The elliptical contours in each diagram are based on radial

propagation of a fault where D oc.L?(Walsh-and Wetterson, 1988; D = c-iispl,acement and:L = fq@ltlength).

Three distinct interaction geometries occur between lower and upper fault segments: contractional

k oversteps; extensional oversteps and no overstep (l e. single planes at the seismic resolutuon) An
example is the Arne Fault. At the western edge of the 3D survey, and into the 2D area, the interaction of
its‘lowerand upper segments is vaned For instance, an extensional overstep was mterpreted on Line-80-
270r (Fig. 4.8), but the fault occurs asa smgle plane on others (e.g. Lme BP85-04 Fig. 4. 8) Throw
maxima depths on the upper and lower segments are approx;mately constant from one section to
another when the fault is formed of é singlep!ane, and when there is a contractional overstep. However,
when the faults overstep with an extensional geometry, the throw maxima depths are displaced from the
near-constant depth, and are adjacent to the overstep. In addition, there is considerable overlap between
the segments at extensional oversteps, but only minimal’ overlap at a contractional overstep zo‘ne
Willemse et al. (1 996) observed that the maximum slip on overlappmg faults is also dssplaced towards :
the overlap zone from the fault centre. This demonstrates that the style of interaction was |mportant to

the growth of the deeper fau!t segment. It is conceivable that the tip-lines of the deeper segments were -
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not modified dunng the Jurassic event, and that throw minima on merg; egments represent tip-lines of .

overpr|ntmg UPper segments However normal reactuvatlon is lmphed by the dependence of throw

(Fig. 4.16d). These three models are equally pos bl‘ ‘ht of available data (Flg 4.13), but

reactivation of the lower fault is favoured due to fault in ractlon geometries (Fig. 4.16b).

Cutoff: 100 Top Zone D Top White Intralias Bridport ~ Frome Cornbrash
Sherwood Anhydrite Lias Sands “Clay
Jurassic Mean 0 0 0 0 L0 0 0
: ..} sb | 0 0 0 0 0 0 0
Triassic Mean 0 0 0
Reactivated | Mean B3 3460 0 3:61 3.03 3.43 2.93 2.48
’ SD 2.58 258 201 1.86 1.75 1.83 2.26
All Mean 5.31 3.45 3.68 3.06. 34 2.89 2:48
SD | 258 2.58 1.97 183 180 186 226
Cutoff: 10 ; Top Zone D Top White IntraLlas Bridport - Frome = Cornbrash
R ‘|Sherwood Anhydrite Lias ~ ~  Sands = Clay o
Jurassic Mean 0 005 010 015 016 018 023
| s ‘0 014 020 032 025 033 040
Triassic: oo Mean |+ 0 =0 a0y :
o sD | o D 0 e -
Reactivated Mean | 691 455 472 432 475 430 383 |
: sD {231 253 173 18 138 205 238 |
All . | Mean| 707 464 493 453 494 = 454 4% |
SD | 231 256 1.74 191 144 216 2.67
Cutoff::1 ot 1 Top Zone D Top White Intralias Bridport ~ Frome  Cornbrash|.
Sherwood Anhydrite Lias R : Sand; _ Clg_’y‘
Jurassic Mean::|+0.01 =« 0.05 . 011 G070 08 0200024 0
sD | 0.04 014 021 031 024 035 040
Triassic "1 Mean 0 o 0 S TR :
Reactivated. .. | -Mean 6.94 .. 4.58 4.79 437 . 483 - 436 . 389
sD 2.33 254 172 1.78 137 2.05 237
All Mean 7.10 4.68 5.04 4.61 5.06 4.65 4.23
SD 2.32 2.56 1.75 1.88 1.43 217 2.68

Table 4.2. % Extension for the horizons in Table 4.1, with the exception of the Base Chalk, the Corallian -and the
lntreSherwood (due to a lack of meaningful data). The faults have been analysed at heave cut-offs of 100,10, and 1
m. The greatest amount of extension occurred in the Top Sherwood, and the lower extensions are related to the
Zone D Anhydrite and Intralias horizons. Triassic faults are defined as those entirely within the Trias; Jurassic faults
are with growth in the Jurassic, and may or may not extend into the Trias. The reactivated faults have growth in the

Triassic units, but extend upwards into the jurassic.
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(b) (c)

Depth

Throw

Fig. 4.17. (a) Normal fault with pre-, syn- and post-rift sediments. (b) Reactivation of the fault and upward expansion
into newly deposited segments and (c) idealised vertical d-x of the reactivated fault that suggests that a displacement

minimum occurs at the top of the original syn-rift unit. The largest displacements are associated with the deepest

parts of the fault, under a simple model of reactivation.

4.5.1 Mechanics of individual faults

Reactivation alone does not explain adequately why new faults that apparently initiated in the Jurassic
are co-planar to Triassic faults, or why throws on reactivated faults are greatest in the shallower units.
Coincidental linkage of all of the largest faults would be highly unlikely without the influence of
reactivated Triassic faults. In addition, the deepest parts of the fault should have the largest post-
reactivation throws (Fig. 4.17). A mechanism is needed whereby Triassic faults were able to propagate
into the Jurassic sediments, and also acquire greater throws at shallow depths (Fig. 4.11). The greater
throws in the upper units may be explained by the presence of an antithetic fault (Fig. 4.18a). The
downthrow across the entire fault zone is accommodated by two faults on the upper section, and an
identical amount of throw is localised onto one fault at depth (Fig. 4.18a). Although the diagram in (Fig.
4.18a) illustrates that an individual fault can acquire a larger throw on its upper section, it does not
explain why greater extension would occur at depth (compare Bridport Sands and Top Sherwood, Table
4.2). The heave of the lower section could be increased, however, if the fault dip decreased with depth
and a constant throw (Fig. 4.18b). This model may be applicable to the conjugate faults, such as the Arne

and Northern Faults, and Faults E and F (Fig. 4.9), but not for the isolated Wytch Farm Fault.
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(a)

N
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Fig. 4.18. (a) Idealised fault geometry to illustrate that an individual fault can have a smaller throw at depth, and a
constant downthrow across the whole fault zone. The heave at depth is half of the combined heave of the upper two
faults in this example. (b) Modification of the fault plane geometry so the heave is constant. The throw on the lower
section is the same as in (a), but the heave is doubled. Any decrease in the fault dip at depth would lead to an

increase in the heave, assuming that the throw remains constant. h = heave, t= throw and the numbers represent

the number of units of each.

The Wytch Farm Fault is relatively free from the influence of branches and antithetic faults (Fig. 4.9), and
so makes an ideal subject for a study of the mechanics of an individual fault. A comparison of fault
heaves and fault throws for the Wytch Farm Fault illustrates that the greater throws in the shallow units
are not always associated with greater heaves (Fig. 4.19a and b). The decreasing-upwards heaves are
consistent with a reactivation model, i.e. the cumulative extension from two events is recorded in the
Triassic units (Table 4.2), but space problems are created by increasing-upwards throws on sub-planar
faults (Fig. 4.9). Depth-converted fault plane profiles (Fig. 4.19¢) illustrate that the fault is steeper in the
upper sections, which may explain the lesser heaves (c.f. Fig. 4.18b), but not the throw discrepancies
(e.g. Fig. 4.13a). Two deformation models (Fig. 4.20) would explain the faﬁlt geometries: (1) the lower
parts of the faults were subsequently reverse-reactivated during inversion of the Wessex Basin, (2) the
upper part of the section became detached from the lower section and deformed independently (i.e. thin-
skinned extension). Both methods require normal reactivation of the Triassic fault and upward
propagation into the overlying Jurassic sequence to form a single fault plane (Fig. 4.16), prior to

modification.
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Fig. 4.19. Three synoptic vertical profiles of (a) fault heave and (b) fault throw, and (c) the fault plane of the Wytch
Farm Fault. The data have been converted to depths from TWTT, with interval velocities calculated from mapped

horizons depths in an exploration well (98/6-7) and the 3D seismic data. The fault has a shallower dip at depth in all

three examples.
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4.5.1a Reverse reactivation

Although other normal faults in the Wessex Basm were reverse—reactrvated during Alpme—related basin
inversion (Lake and Karner, 1987; Chadwick, ere

‘the Wytch Farm Fault, or other faults m

, ‘ rect evidence for reverse-reactivation of
’ ly area. Such evidence could include faults with finite
reverse displacements, reverse drag, hang‘ g—wal! anticlines (Dart et al 1995) and hanging-wall thrusts

(Peacock and Sanderson, 1992) Evidence for reverse-reactivation of normal faults may not be obvious on

a sersmrc section, if the amount of contraction was less than the preceding extensron (F|g 4 20) Reverse—
reactivation of the deeper faults implies that the extension values calculated for the Sherwood Sandstone
are an underestimation of the original extension (Table 4.2), and that syn-rrft sequences may have been

thmned to become undetectable (Flg 4.20). The basement—mvolved rev,

thht Fault (Chadwrck 1993) hes dlrectly to the south of the Wytch Farm Orlfre!d (Frg 4.2); andr
have accommodated all of the shortenlng in the area. In a ﬁeld—based stud of reverse—reactrvated normal

faults, Kelly etal. (in’ revrew Chapter 3) similarly found that the ,ar T6!

ment faults were
preferentral ly reverse—reactrvated

4.5.1b Extensional detachment

House (1993)-noted that evaporite units in the Mercia Mudstone provided slrp surfaces for listric faults in
Dorset. Bedding-plane slip with thin-skinned extension in the Jurassic is a methodby‘whrch the upper:

section cou!d deform mdependently and to a greater extent. The Triassic Zone D Anhyd

Jurassic IntraLras horrzons frequently have decreased throws relatrve to umts bove and below (F|g-.~

4.13), and represent boundarres that could serve as. detachments There are drfﬁcultres, however in the

mechamcs of fault development and reactlvatron related to the detachment If k'pksurface was

established at the Zone D Anhydrite, and the Tnassnc and J urassrc sectrons behaved mdependently, theni

why would the major faults extend through the entire sectron?

One explanation would be for ~newb faults to initiate and grow in the Jurassic at the same time as normal-
reactivation of Triassic faults (Fig. 4.20). There are several examples on the seismic cross-sections of
Jurassic faults that terminate at the Zone D Anhydrite (Fig. 4.9). Reactivation of the Triassic fault causes
down-warping of the beds above the hanging-wall and eventually faulting of the slip'surface, thereby k
allowing sustamed ‘reactivation‘and propagation up-section of the reactivated fault (Fig. 4.20). Fault
segments above the detachment are able to attain larger throws than those below by further beddmg- o
parallel slip. These processes provrde the means for fault reactrvatlon and upward propagatlon and

explam the greater dlsplacements at shallow depths

In the absence of evidence for reverse-reactivation of any of the normal faults in the study area, the -
modified detachment model provides the most rigorous explanation for the fault geometries in an
extensional regime. A consideration, however, is that the cross-sections do not balance as the excess

bed-lengths in the upper units are beyond the section boundaries.
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(a) Rgver.se- (b) Detachment
reactivation horizon

Stage 2

Stage 3

Fig. 4.20. Two methods to explain the fault geometries: (a) modification of the normally-reactivated fault plane by
reverse-reactivation of the deeper parts of the fault, and (b) fault development with the presence of a detachment
horizon. Stage 1 is identical for both models, and simply illustrates the presence of an early fault (c.f. Fig. 4.17a). In
the reverse-reactivation model, the Triassic fault is initially normally-reactivated and propagates up-section (Stage 2).
The lower parts of the fault are reverse-reactivated, and the upper parts remain unaffected (Stage 3). Shortening in-
between is accommodated by ductile compaction of the Mercia Mudstone. In the detachment model, the Triassic
fault reactivation and Jurassic fault initiation above a detachment horizon (Zone D Anhydrite) are contemporaneous
(Stage 2). Continued expansion of the deeper fault into the upper sections occurs after faulting of the detachment

layer. The upper fault acquires a larger displacement through thin-skinned extension above the detachment.
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4.5.2 Preferential normal reactivation

Only parts of the Northern Fault and Arne’Fault were reactlvated in com ansonto the‘Wthh Farm Fault

through time. The two E-W segments of the Northern Fault elther side of the EN E-WSW segment atthe

Top Sherwood, t’jorm unconne ter‘ segments in the shallower honzons (Fug 4 12b) "The western segment
was reactivated before the eastern segment (Flg 4 6b)

Whilst there are E-W segments of the Arne Fault |n the Jurassm above more obllquely onentated faults in
the Triassic, the only part of the fault th

i contmuous through-out the mapped sequence is the E-W
segment that straddles the boundary between the 3D and 2D surveys (Flg 4 12c) The ESE-WNW
segments at'the Top Sherwood contmue |nto the Llas but they do not occur in the shallow units as part

of the same fault. Reactivation of’the Arne Fault appears,therefore, to-have been restricted to the E-W

segments. It is noteworthy that there is little evidence of growth faulting for this orientation in the Triassic

mtervals suggestlng that active faultmg occurred in older unmapped umts or that the E W faults post—
date deposrtlon (Fig. 4 12b and 4.6b). ‘

4.6 DEFORMATION HISTORY e ey S
Normal reactivation of the Triassic faults durmg the later extensronal ep:sodes has created problems in-

the interpretation of the deformation history. For example, it.is not possible to state confidently which
faults in the Triassic were optimally orientated for movement at each stage, as original fault
displacements were probably overprinted. However, conclusions can be drawn from the fault timing
data (Fig. 4.6 and 4.7a). A range of orientations were active in the Upper Triassic, from E-W (and slightly
south of E) to. ENE-WSW on the Wytch Farm, Northern and Arne Faults (Fig. 4.6 and 4.14a), suggesting .
either alteration of the stress regime, or the influence of deeper features (Chadwick, 1986). The exception :
is the ESE-WNW. segment of the Arne Fault (Fig. 4.14), but this is actually an amalgamation of EW. . ‘
striking segments. The thickest growthkssequences of the Northern Fault are adjacent to the E-W segments
(Fig. 4.6b and 4.12b). In the Lias, the growth faulting is confined to the EW and ESE-W’NWssegments on
the Wytch Farm Fault and to E-W segments on the Northern Fault. Faulting during the Middle Jurassic
was restricted to the E-W segments of the three principal faults, although there is:variation on.minor
faults (Fig. 4.7a).
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Fig. 4.21. Block diagram to illustrate the changes in active fault orientation and the alteration in the principal stress

axes orientation through time.

The active fault orientations evolved temporally from a Triassic system where E-W to ENE-WSW
orientations were active, through a Lower Jurassic regime of E-W and ESE-WNW faults, to a Middle
Jurassic system of predominantly E-W fault activity. The largest throws on all faults at all horizons are
generally associated with the E-W striking segments, suggesting that the E-W faults had the most
favourable orientations for normal reactivation, and Triassic throws were overprinted by later
deformation events (Fig. 4.13 and 4.14). The active faults imply a change of extension orientation with
time, if pure dip-slip deformation is assumed. In the Middle Jurassic, extension perpendicular to the fault
strikes indicates that the contractional axis was vertical, with N-S extension. The stress axes during the
earlier events are more difficult to assign due to a wider range of active fault orientations. If it is assumed
that the E-W orientated faults reflect the deeper fault geometries (Chadwick, 1986; Karner et al., 1987;
Lake and Karner, 1987; Hawkes et al., 1998), and the other orientations reflect contemporary stress axes
orientations, then the Triassic rocks were deformed under NNW-SSE to NW-SE orientated effective

tension, and the Lower Jurassic units extended in a NNE-SSW direction (Fig. 4.21).

4.6.1 Comparison with the regional structure of the Wessex Basin

The development of the Wessex Basin began in the Late Permian which continued to the Early
Cretaceous (Chadwick, 1986; Lake and Karner, 1987; Hibsch et al., 1993) and was succeeded by a
contractional phase during the Tertiary (Karner et al., 1987; Lake and Karner, 1987; Chadwick, 1993).

Fault related subsidence occurred in two major stages: (1) Late Permian to Early Triassic and (2) mid-Late
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Jurassic to Early Cretaceous (Stoneley, 1982; Chadwick, 1986; Hibsch et al., 1993). The first phase
involved normal reactivation of basement NW-SE and E-W Vaﬁscan faults (Karner et al., 1987) during
NNW-SSE extension (Hibsch et al., 1993) to form mainly south-dipping (Chadwick, 1986) E-W trending
(Hawkes et al., 1998) normal faults. Basement faults (some previousklyaunreactivated) and Permo-Triassic
faults were also reactivated (Chadwick, 1986), with the formation of E-W trending normal faults |
(Chadwick, 1986; Hawkes et al., 1998) under N-S extension (Hibsch et al., 19935 intermittently in the
Jurassic to Cretaceous (Lake and Karner, 1987). Jenkyns and Senior (1991), from a field study, separated
the Jurassic events into two discrete phases of extension: (1) the Hettangian to Bajocian (i.e. Top White
Lias to Bridport Sands) and (2) the Late Oxfordian to Portlandian (Corallian-and above). The diversity. of
fault ages determined for the Wytch Farm Fault, Northern Fault and the Arne Fault (Fig. 4.6) are,
therefore, in general agreement with the published accounts for the units below the Frome Clay.
However, growth faulting between the Bri}dport Sands and the Cornbrash (Fig. 4.6) is at odds with
Middle Jurassic tectonic quiescence (Chadwick, 1986; Jenkyns and Senior, 1991). An-earlier.period of

relative tectonic inactivity is evident, priorto the Bajocian, where existing faults were active in

preference to new fault development (Fig. 4.7a).

The overall E-W trend mapped from the seismic data (Fig. 4.12 and 4.14) conforms to the regional E-W
structure (Stoneley, 1982; Chadwick, 1986; Lake and Karner, 1987). In detail, the ENE-WSW to ESE-
WNW orientations of faults in the Wytch Farm Oilfield are also apparent in‘the regional faults (Fig. 4.2).
For example, the strike range from ESE-WNW to ENE-WSW of the Arne Fault at the Top Sherwood (Fig.
4.14) is recognisable in the orientations of the Cranbourne Fault and the basement-involved, reverse-
reactivated Purbeck - Isle of Wight Fault (Fig. 4.2b). | :

4.7 CONCLUSIONS
1. Faults orientations in the Triassic units range from ENE-WSW to WNW-ESE. Jurassic faults have a

more general E-W strike.

2. Normal faults in the Wytch Farm Oilfield have a movement history which, at 'a minimum, extends
from the Sherwood Sandstone to the Corallian.

3. Active faulting occurred during two major phases, one in the Upper Triassic and the other in the
Lower - Middle Jurassic. The Intralias-Bridport Sands and the Top Sherwood-Zone D Anhydrite
intervals were periods of relative tectonic quiescence; thickened hanging-wall sequences indicate that
only the faults that cut through the entire section were active.

4. Normal reactivation of the Triassic faults occurred during the Jurassic, and dominates the deformation
at all levels. The E-W faults were most optimally orientated for normal reactivation, as they have the
largest displacements in all units.

5. Although throws are generally greater in the shallower units, the strain is less due to steeper fault
geometries.

6. A thin-skinned extension model is appropriate to explain how sub-planar faults have larger throws in

the uppermost units. Triassic faults were normally-reactivated during the Jurassic and propagated
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through a detachment horlzon The Jura551c unlts were ab!e to deform mdependently above the slip -
surface. ‘ - o
7. Faultsin the Tnassm formed during NNW-SSE to NW-SE extension. The stress regime was s modified
during the subsequent rifting events, such that the effectlve tension axis was orientated NNE-SSW in
the Mlddle Jurassic, and N-S in the Lower Jurassic, The deformat!on hlstory in the Wytch Farm
Oulfneld conforms to published accounts of the Wessex Basm hlstory o S

Chapter 4. Normal fault geometries, Wytch Farm Oilfield Page 89



5. New mterpretatlons of the strﬂcture f theﬂh‘ : "w‘oo
Ollfleld Dorset UK - .

51SUMMARY ‘ ~ .
The understand_ ‘g of the structure of th‘e :Wytch Far

ield is based on the interpretation and

a sets (B 2D“ BP 3D, EEC 3D). Uncertamty w1th the

JHan e ! ,,wlthlh the 2D seismic data, and because of a gap between ~
the two 3 Ds . 7d,atafset$5 - = :

ing Wytch Farrn‘ Fault and the north-dippin:g

Sherwood mtersectxons and mdtcate conS|derab|e variation in reserves est:matlon and d:sruption to -

planned target locations.

Anew exploration target is found in a horst that occurs in the EEC 3D data. A previous interpretation of
the top reservoir horizon does not match completely either the well date or correlate with the existing
interpretation of the BP 3D seismic data. A re-interpretation of the horizons and structureé within the EEC
data set has yielded an interpretation that provides a tighter correlation to all the available data. A new
south- dlppmg fault has been identified that is located such that the Wytch Farm Fault may contmue

eastwards to overstep or Jom with the new fault.
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Fig. 5.1. Map of part of the south Dorset Coast to show the extent of the seismic data. The inlines run N-S, and the
crosslines E-W in both 3D surveys.

5.2 INTRODUCTION
The analysis of a 2D seismic data with a line spacing of up to 2 km is potentially open to many

interpretations, as faults cannot always be confidently interpolated between adjacent lines. An additional
complication at Wytch Farm is provided by a gap between the two 3D seismic surveys. The objective of
this study is to reassess problematic areas in the structural interpretation of the main reservoir unit in the
Wytch Farm Qilfield, that are important to exploration development, using fault plane analysis methods.
An introduction to the basin geology is followed by a description of the problem, the methods used, and

a discussion of new interpretations of the data.

5.2.1 Geological setting

The Wytch Farm Oilfield (Fig. 5.1) is situated on the Dorset Coast, within the Wessex Basin (Kent, 1949).
It is in the footwall of the south-dipping Purbeck-Isle of Wight Fault (Colter and Havard, 1981; Lake and
Karner, 1987), within onshore licence blocks PLO89 and PL259, and offshore block P534 (Hogg, et al.,

in press).

The basement to the Wessex Basin comprises Cambrian-Carboniferous sediments that were deformed
during the Variscan Orogeny (Chadwick, 1986) by N to NW directed thrusts and accompanying NW-SE
lateral ramps (Lake and Karner, 1987).
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A period of NNW-SSE Permo-Triassic extension (Hibsch et al., 1993), possibly associated with an early
attempt to form the North Atlantic (Stoneley, 1982), may have caused normal reactivation of the -
basement thrusts (Chadwick, 1986; Lake and Karner, 1987), and strike-slip movément along the NW-SE
transfer faults (Karner et al., 1987). The reactivation of the basement thrusts led to the formation of
mainly down-to-the-south half-graben with a spatial distribution that may reﬂect the geometry of the
Variscan thrusts (Chadwick, 1986). The Triassic basin fill includes the Sherwood Sandstone unit which
forms the major reservoir in the field, and lies unconformably upon Permian mudrocks (Fig. 4.4) (Hogg
et al., in press). The Sherwood Reservoir is divided into 10 distinct vertical zones based on lithofacies
that range from floodplain to fluvial channel-fill deposits (McKie et al., 1998: Hogg et al., in press). The
Upper Triassic Mercia Mudstone {(Colter and Havard, 1981) forms the caprock to the Sherwood reservoir
(Hogg et al., in press), and contains several evaporite horizons (Warrington and Sérivener, 1980; House,
1993) that were deposited in the central area (Hawkes et al., 1998). The overlying Penarth Group
consists of the White Lias Limestone and anhydritic greylgréeh'mud4 and siltstones (Colter and Havard,
jos1)’ e ‘

Pulsed growth faulting during Jurassic-Early Cretaceous extension above reactivated basement thrusts
(Stoneley, 1982; Chadwick et al., 1983; Karner, et al., 1987; Lake and Karner, 1987) took place ‘bet\’Neen
two periods of tectonic quiescence in the Late Triassic and mid-Late Cretaceous (Chadwick, 1986).
Permo-Triassic normal faults and Variscan basement thrusts were reacti\)ated, in‘CIudin‘g the Portland-
Wight Fault (Chadwick, 1986), during the Jurassic rifting events. The thickest sedimentary sequences are
related to the normal reactivation of the basement thrusts (Chadwick et al., 1983; Karner et al., 1987).
The jurassic-Cretaceous basin fill consists of a\seqUénc:e of mudstones, sandstones and limestones, and
includes the more minor reservoirs at Wytch Farm (Hogg et al., in press): the Bridport Sands and the
limestone member of the Frome Clay. The Bridport Sands are composed of coarse siltstones to fine
sandstones that are bioturbated and moderately well-sorted (Colter and Havard, 1981). The limestone
member in the Frome Clay formed from a shell accumulation V(Hogg ‘et al,, in press) within a Middle
Jurassic shallowing upward sequence that post-dates clays deposited during a mild ‘deepk‘en'ing event
(House, 1993). B o : |

Reverse-reactivation of some of the normal faults and dextral reactivation of NW-SE faults occurred
during Late Cretaceous-Tertiary basin inversion (Stoneley, 1982; Lake and Karner, 1987; Chadwick,
1993: Hibsch et al., 1993) that was related to the Alpine“Orogeny (Chadwick, 1993). The Variscan
basement faults may have reactivated once again as reverse faults (Lake and Karner, 1987; Chadwick,
1993), an example of which is the Purbeck Fault Zone, expressed at the surface as the Purbeck
Disturbance (Colter and Havard, 1981). The Portland-Wight Fault experienced the greatest amount of
reverse-reactivation (Chadwick, 1993), and basin inversion may have resulted in re-mobilisation and loss

of hydrocarbons adjacent to the larger reverse-reactivated faults (Lake and Karner, 1987).
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The overall present-day structural configuration is a horst that contains the Sherwood Sandstone

reservoir, bounded to the south by the south-dipping Wytch Farm Fault and the north-dipping Northern
Fault to the north. Beds dip off to the east and west to form a shallow anticline (Fig. 5.2) (Hogg et al., in
press). The Arne Fault divides the horst into a north and a south block.

5.2.2 Structural uncertainties

The structural interpretation of the Triassic Sherwood Sandstone Reservoir in the Wytch Fa‘rm QOilfield

(Fig. 5.2) is based on well data and the interpretation of three s’e‘ismic data sets (Fig. 5.1):

1. 2D seismic data, acquired between 1974 and 1985, form a grid that provides an east-west line :
spacing of 0.2 - 1km, and a north-south spacing of up to 2km. .

2. BP 3D data (1994) that overlaps partially with the 2D data in the immediate vncmnty of Poole
Harbour, and extends offshore into Poole Bay (seismic grid: 12.5 x 12.5 m). '

3. FEC 3D data (1992). There is no overlap between this and the two BP surveys (seismic grid: 12.5 x
12.5 m).

Uncertainty with the structural interpretation exists for two main reasons. Firstly, the Top Sherwood
Sandstone reflector is not clearly identifiable on the earlier 2D seismic data, so any interpretation is
based on identification bf the Top White Lias (c.f. Fig. 4.4), that forms a more prominent reflector. A
better image of the top reservoir reflector was, however, obtained by the most recent (1985) 2D data. As
a consequence of the 2D data quality, there is low confidence in the structural map of the Top Sherwood -
beyond the boundaries of the 3D data set. The second source of uncertainty occurs as a result of poor
horizon correlation across a gap between the two 3D surveys. The problematic correlation is
exacerbated by poor imaging of the Top Sherwood and Top White Lias in the EEC data. A good
correlation is found between the two surveys to the north of the Wytch Farm Fault, but this deterlorates
southwards with the increasing width of the gap (Ellis, 1998). The continuation of structures from the BP
survey into the EEC survey was not fully resolved by the previous interpretation (Ellis, 1998). For
example, the Wytch Farm Fault does not appear to continue into the EEC area, and as a consequence the

Top Sherwood interpretation is too shallow, based on recent well data.

It is important to resolve the discrepancies, as a horst in the north of the EEC data area forms a potential
exploration target, and Extended Reach Development (ERD) wells drilled from the onshore area would
traverse the gap. Reduction of the uncertainty regarding the location and geometry of the Arne Fault (Fig.
5.2) is vital to the continued development of the oilfield as it divides the reservoir. Production data 'k
suggests that the fault acts as a permeability barrier in some parts of the field, but allows fluid flow in
others (Channon, 1996). A recent study of the Arne Fault in the BP 3D area (Ellis, 1997) has revealed that

it is formed of several segments.
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Fig. 5.2 (overleaf) Existing structural interpretation of the Sherwood Sandstone reservoir (mapped by Giles Watts, BP
Exploration and Production, Wytch Farm), and location of the Arne Fault picks used in this study on the 2D seismic
lines (black diamonds) within Poole Harbour. The map is based on the interpretation of 2D and 3D seismic data,

and the horizon depths are calibrated to available well data.
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5.3 METHODS s ~ :
The approach used to address the uncertamtles mvolved (1) re-lnterpretatlon of the Arne Fault on the 2D
data, and a re—mterpretatxon of the Trlassrc hOl"lZOﬂS and faults in the EEC 3D setsmlc data; (2) calibration

of seismic and well data (3) assessment of ttmmg of movement; {4) application of dtsplacement—dlstance
and drsplacement—length models to they faults

g Peacock and Sanderson, 1991; Dawers et al., 1993;
Cartwrrght et aI 1995) and (5) unders ndlyng : the pre-Sherwood Sandstone structural configuration of
the area (e g Chadwnck 1986 Lake and Karner 1987 Hibsch et al.; 1993).

5.3.1 Horizon interpretation .

A re-interpretation of the 1974-1985 2D and EEC 3D seismic surveys, using Schlumberger GeoQuest
IESX Unix-based software, was undertaken to re-evaluate the structure of the Top Sherwood. The
interpretation of the Arne Fault was concentrated in the area to the west of the previous study of the BP
3D area (Fig:-5.1)(EHis; 1997) and. was ldentrfled ‘on the sections from comparison with the existing: Top :
Sherwood depth map (Flg 5. 2). Table 51 !S a list of the horlzons used for the re—mterpretatron in the
interpretation of both the ZD and the EEC 3D data, the Top. Whlte l_tas was |dent|fled from comparisons .
with well data (and existing seismic mterpretatlons) and the Top Sherwood horlzon was located c. 1.6
ms deeper. The interpretation of the EEC 3D data began with interpretation of the E-W cross—lmes and

the cross—referenced points were used to posmon the horlzons on the N-S mhnes

5.3.2 Calibration of the seismic da ta

Slxteen wells intersect the Arne Fault (Table 5. 2) but elsewhere there is no check on the seismicdata
and there are uncertainties in both the throw and position of the fault (Flg 5. 3) (Martin et al., 1993). The
depth to the Top Sherwood uncertalnty used in this study is + 15 ms. Martin et al. (1993) found a

>

maXImum depth uncertamty of £30 ms.over the whole of the reglon but generally less than +15.ms.
similar error (15 ms) is applied to the fault throw as thls is calculated from the drfferentlal depth k

between the hanging-wall and the footwall (Fig. 5 3). Martm et al. (1 993) state that the posmonal

uncertamty is related to the fault throw, but a standard value of + 200 m was chosen for this project to
aliow maxnmum flexnbrllty within the llmltS of the errors apphed to the throw (Flg 5. 3) Fault posmons
are accurate to + 200 m on the pre—1 985 2D seismic lines (Martin et al., 1993), and + 50 mon the 3D

survey (Hogg etal., in press).
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Throw
uncertainty Fig. 5.3. lllustration of the extent of fault throw and

position uncertainties (after Martin et al. 1993). The
throw uncertainty was set at + 15 ms, and the fault
positions are accurate to + 200 m to reflect the 2D

seismic data resolution.

Positional
uncertainty
Horizon Colour Description
Base Chalk Orange | Shallowest, most consistent reflector, mainly unfaulted and
horizontal, above tilted beds in HW of Wytch Farm and
Northern Faults
Cornbrash Green Immediately above first strong reflector below Base Chalk, only
in the HW of Wytch Farm and Northern Faults
Frome Clay Blue Two cycles down from Cornbrash pick
Bridport Sands Magenta | Two cycles down from Frome Clay pick
IntralLias Black First strong event below (c.120 ms) Bridport Sands, top of a set of
three equidistant continuous reflectors
Top White Lias Grey Bottom reflector of the set of three, strongest and most consistent
reflector
Zone D Anhydrite | Red Next continuous strong reflector, ¢.80 ms down from PABWL
Top Sherwood Yellow | Occasionally consistent reflector, c.160 ms from PABWL

Table 5.1. List of the horizons used for this study (c.f. Fig. 5.6). Existing BP picks within the 3D survey area (mapped
by Giles Watts and Peter Ellis, BP Exploration and Production) were extrapolated west to the 2D survey lines and

east to the EEC study area. In the 2D data, all horizons below the Base White Lias are low-confidence picks, due to

poor data quality.
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Well Stratigraphic unit ~ Depth | Geographical location . Fault throw
(mTVDSS) E&sting Northing | mTVD ’ TWT ms
1A-065P Mercia Unit F 14821 | 398577 | 86471 20 | 210
1A-11S1 | Sherwood 80-100 | 1554;* 399104 | 86244 35 18.4
28-0751 | Sherwood 80-100 | 1707.9 | 397940.4 | 86183.6 | 6065 | 315
280851 | Sherwood 80-100 | 17123 | 3983202 | 861239 | 6065 | 31.5
1F175P | Sherwood 100 | 1704.6 | 402484 | 86262.6 | 2225 | 108
1F-18SP ~ Mercia 14398 | 403792 | 86541 | 225 | 11.8
1F-195P . Mercia 14835 | 404521.9 | 86368.6 | 37.2 | 195
1F20P |  MerciaUnitD | 13257 |403319.67 | 86596.08 | 132 | 7.8
1F-21SP Mercia Unit G 1275.7 | 403583.7 | 86586.45 | 17.3 | 102
1K-06SP | L;gssic Group‘ ;_“11"44.67 400775.33 | &6806.93 40 | 174
1KO07SP |  MerciaUnitF | 1435 | 399730.1 | 8673908 | 21 | 94
1K-075P |  LowerWhite Lias | 1209.7 | 400066 | 86809.8 | 22 | 11.0
1L-075P | Frome/ForestMarble | 8313 | 4019273 | 867266 | 7 guasiads
IMO1SP |  Mercia Unit F/G | 1254.3 | 402647.8 | 86760.82 | 17.8 | 10.5
IM-035P | Mercia UnitF 1409.1 | 405136.9 | 862524 | 37 | 194
1M-05SP Down Cliff Clay 1010.9 -403385.~~17‘ 86657.85 | 40 | 23.6
1M-08SP | Mercia UnitB&C | 1298.3 | 402184.3 8642369 | 15 | 89

Table 5.2. Details of the wells that are reported as having intersected the Arne Fault (from BP Well Completion
Reports, and Knight, 1994). '

The well data for the Are Fault intersections, and the EEC survey area (Fig. 5.4) show how the unit

thicknesses and the horizon depths vary in each well. A repeated (i.e. thickened) sequence occurs when

a gently inclined well trajectory crosses a fault with a similar azimuth, and a cut-out (thinned) unit is

found when either a vertical well or a well with an opposing azimuth intersects a fault. The new

interpretations of both sets of seismic data all honour the well data.

A line spacing of up to 2 km is provided by the 2D seismic lines (Fig. 5.5), compared to the 12.5 x

12.5m grid of the 3D surveys. Any extrapolation of fault traces between picks from one 2D line to the

next is therefore potentially open to many different interpretations.
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Fig. 5.4. Graphs of (a) unit thickness and (b) depth to the units taken from the wells that intersect the Arne Fault and
the exploration wells in the EEC area, arranged in geographical order from west to east. The unit thickness graph is
centred on the Mercia Mudstone/Sherwood Sandstone boundary to illustrate the thickness change in the Sherwood
Sandstone. A curved line at the column bases indicates those wells which terminated above the base of the
Sherwood Sandstone. A hanging-wall (HW) or footwall (FW) position for the well in the Sherwood Sandstone is

indicated in (a), and the intersection of the Arne Fault with the well is represented by a cross on (b).
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Fig. 5.5. Detail of the 2D seismic data area to show the position of the seismic lines within Poole Harbour (c.f. Fig.

5.1). The seismic lines that fall within the grey box were used in the reinterpretation of the Arne Fault.

5.3.3 Timing of movement

The timing of movement on the fault system was constrained through the identification of growth
faulting, i.e. thickening of sedimentary units in the downthrown block towards the fault (Fig. 5.6). Faults
entirely above the Base White Lias could also be positively identified as having developed during post-
Triassic extension. Similarly, faults with identified growth in the Triassic, which do not extend above the
Base White Lias are identified as Triassic structures. Estimates of the orientations associated with the
maximum throws for the Arne Fault in the BP 3D area, at the Top Sherwood, were obtained from

interpretation of synthetic seismic lines orientated N-S, NE-SW, E-W and SE-NW and centred on the fault.
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Fig. 5.6. Line drawing of the interpretation of seismic line BP85-02 (Fig. 5.5) with two phases of identified growth
faulting: (1) above the Cornbrash pick and (2) in the Mercia Mudstone, below the Zone D Anhydrite.

5.3.4 Displacement-distance and displacement-length analysis

The initial examination of fault geometries was carried out from plots of fault displacement (throw)
against distance along the faults (dx profiles) for each picked horizon. The data were actually plotted as
hanging-wall and footwall intersections with the fault planes plotted onto a fault plane map (Allan, 1989)
to visualise the fault plane shape. Displacement-distance methods are used to interpret the structural
history of fault zones (Muraoka and Kamata, 1983; Williams and Chapman, 1983; Peacock and
Sanderson, 1991). For example, displacement minima occur at relay ramps (Peacock and Sanderson,
1991), fault bends and linkage points (Ellis and Dunlap, 1988) (Fig. 5.7), and displacement maxima
approximate fault nucleation points (Barnett et al., 1987; Ellis and Dunlap, 1988). The recognition of
displacement lows may be important to reservoir juxtapositions and communication analyses. A single,
isolated planar fault (Fig. 5.7i) has a smooth, symmetrical displacement-distance profile with a maximum
displacement in the centre and zero at each end, both in cross-section and map view (Muraoka and

Kamata, 1983; Peacock and Sanderson, 1991).

Fig. 5.7. (overleaf) Relationships between (a) horizontal displacement-distance graphs, (b) fault plane geometry in
map view and (c) cross-section, (d) vertical displacement-distance graphs and (e) fault throw diagrams, for (i) simple

planar faults, (i) conjugate faults and (iii) relay ramps.
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In the conjugate model (Flg 5.7ii), dnsplacement is shared between the two faults in the zone where they
overlap, and all the dlsplaceme ;

: om’modated on the larger fault to the left of the diagram. In cross-
section, both faults have zero dxsplacement at the intérsection point (Nicol et aI 1995), as further
movement IS initially prevented (e g Kelly etal., in press) In the fault throw dlagram for the con;ugate
faults the central honzon has a lower dlsplacement indicating that the strain may be accommodated
elsewhere (not shown) (Watterson et aI 1998). The throw :llagram for conjugate faults would also apply

for two overlapplng faults wrth the same dip direction. In the relay ramp model (Fig. 5 Ziii), dlsplacement
rapidly drmmlshesff /

here the faults lnteract buta cumulatlve displacement magnitude is ‘maintained,

and shared between the faults (Peacock and Sanderson 1991) Drawbacks of d-x analysrs of sexsmxcally

mterpreted faults are: (1) it only gives information about the finite fault movement and not mcremental

stages that are xmportant m interpretation of regions W|th complex structural histories; (2)- movement out
of the plane of the sect|on |s not accounted for and (3) obllque sectxons through faults do not show true
displacements. ThIS study is only concerned with finite fault geometnes 50 mcrernental movement is:not

relevant. For:the analysis:of 2D. lmes mainly: perpendlcular to the E-W basin trend out—of—plane .

movement was not quanttflable 50 measured dlsplacements were approxnmated totrue dxsplacements

To Judge whlch fault ptcks on the 2D selsmlc Imes are related to the same fault (or fault segment) as
neighbouring picks, pubhshed dlsplacement-length (D-L) models ‘were used (Walsh and Watterson,
1988; Marrett and Allmendinger, 1991: Cowie and Scholz, 1992; Dawers et al., 1993; Cartwrightet al.,
1995). The models are all based on the field observations, and provide a means of estimating fault length
from’its maximum’ throw:(and viceve‘réa); To determine the D-L relationship for the Sherwood Sandstone
faults in the BP 3D data set, the total trace length has been plotted against the maximum displacement
for the 14 faults that occur in the reservoir (Fig. 5.8). The 3D data set has been used, as fault dimensions
are better constrained. D-L data for individual fault segments, where identified, have been plotted in |
addition to the total fault length. There,ls no clear linear relationship between maximum displacement:
and fault length, and the data does not cover a sufficient range to predict confidently a particular D-L
scaling model (c.f. Peacock, 1991; Cartwright et al., 1995). It is clear, however, that faults formed of
several segments can acquire lengths that greatly‘exceed'thelengths attained by single segment faults (by
up to an order of magnitude), even through displacements are similar (Fig. 5.8). T hese results imply that

faults acquired their lengths through more than one mechanism. -

The D-L relationship has been interpreted as linear by Cowie and Scholz (1992) and:Dawers et al. (1993)
(the latter measured average displacement), Walsh and Watterson (1988) found D & L2, and Marrett and
Allmendinger (1991) argued for D L. Significantly, Cartwright et al. (1995) observed that variations in
the D-L relationship of a single fault population are related to the mode of fault growth. An isolated fault
that each grew solely through radial propagation would have a greater dlsplacement relative to length,
than a fault that grew through segment linkage (Cartwright et al., 1995). In the formulation of the new
interpretations of the reservoir faults the D-1L scaling laws are applied to the throws at each of the fault
picks. If the map distance between two adjacent fault picks was less than the length determined from D-L

analysis, the two picks were assumed to relate to the same fault (if the orientation was suitable).
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Fig. 5.8. (a) Graph of total trace length against maximum displacement for 14 faults in the Sherwood reservoir (filled
squares), and segment trace length against displacement for those faults which have segmented profiles (open
squares). Every tenth seismic line was included, equalling a spacing of 125m, so trace length error bars are shown
when the symbol width < 250 m. Lines with slopes of 1 and 2 have been drawﬁ on for reference only, as there is
no clear linear relationship for this restricted data set. (b) and (c) Throw contours on fault planes of two methods of

fault growth, to illustrate how D-L relationships vary with the mode of fault growth (Cartwright et al., 1995).

5.3.5 Pre-Triassic structural geometry

A further consideration in the interpretation of the 2D data is the basement structure and its influence on
the orientations of younger faults. Fault orientations within the 3D data areas are more tightly
constrained, so the Top Sherwood fault map derived from the 3D data (Fig. 5.2) was used as a guide to
the range of possible orientations in the 2D area. Fault trace orientation, and therefore the correlation of
fault picks, can be constrained with knowledge of the extension direction associated with the faulting
(often perpendicular to fault strike), and the influence of underlying structures (Fig. 5.9). Chadwick
(1986) and Lake and Karner (1987) noted that Variscan basement structures were orientated
approximately E-W (thrusts) and NW-SE (transfer faults). When there is influence of existing structural
trends the faults may not be oriented perpendicular to the extension direction but instead reflect the pre-
existing trends. In the case of influence of an inherent structure, a new fault would nucleate within a
zone defined by the existing faults (Chadwick, 1986). There is evidence from seismic data that selective
normal reactivation of the basement structures may have occurred during the Triassic (Chadwick, 1986;
Lake and Karner, 1987) under a NW-SE extension direction (Chadwick, 1986; Lake and Karner, 1987).
Hibsch et al. (1993) determined a similar extension direction from field analysis of microstructures. A
range of structural orientations is therefore possible for the faults in the Sherwood reservoir that reflect

the reactivation or influence of the basement faults (Fig. 5.9) (c.f. Chadwick, 1986).
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(a) Influence of all segments (b) Reactivation of one orientation

(d) Influence of one orientation (c) Reactivation of all segments

Fig. 5.9. lllustration of possible fault orientations associated with NW-SE extension over basement structures oriented
E-W and NW-SE, based on Chadwick (1986). (a) The underlying structure influenced the position of the faults but
not their orientation. The new faults have an en echelon arrangement that is oriented NW-SE. (b) The EEW
orientation was reactivated during extension and continued to grow upwards. Further displacement was
accommodated by a relay ramp or a new NE-SW fault segment, that is a reflection of the extension direction. (c) All
of the pre-existing faults were reactivated and propagated upward into the Top Sherwood. (d) This example shows

how an E-W oriented en echelon zone of NE-SW faults might develop above an E-W fault (Chadwick, 1986).

5.3.6 Arne Fault map construction

The new interpretations of the Arne Fault were drawn by hand onto the previous interpretation of the
fault (Fig. 5.2), and the contours were manually adjusted. Contours were deleted if they represented
areas that had changed from a hanging-wall to a footwall location, and vice versa, and replaced by
continuation of the contour trend in that part of the field. All of the new interpretations agree with well
data (Fig. 5.4), so there was no change in the contour pattern in close proximity to the wells. The new

fault and contour interpretations were then digitised. The map of the Top Sherwood (Fig. 5.2) is based on
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seismic data that is calibrated with well data usmg the Zmap Plus mappmg software (Landmark Graphtcs
Corporatlon) A-grid is created ata chosen spacmg, and each grid node is. assngned a depth value derived
from interpolation of avat|able data To construct the new depth maps, an area of 7 x 4 km (Eastings:

395000 to 402000, Northmgs 84000 to 88000 Flg 5.2) centred on the Arne Fault in the 2D area was |

bianked i.e. the grid nodes were given null values A new gr:d was generated fo each of the new
mterpretattons from the' k ‘

tgmsed contours and faults, al

53 of the Top-
Sherwoodfsurface.s |

5.4 INTERPRETATION OF THE ARNE FAULT

5.4.1 Fault plane m “‘p‘

The fault plane map(Flg 5 10) IS |n effect adlsplacement-drstance graph in both the honzontal and
vertlcal planes and shows the hangmg—wall and footwall separations along the fault plane Prehmmary
mterpretatlon of the seismic: hnes (e g an 5 6) and formatlon of the fault plane map (Fig. 5.10) show that
the fault system may be divided mto several vertical and horizontal zones on the basis of hangmg—wall
(downthrown) and footwall (upthrown) separations (i.e. fault throws). In the vertical section, fault throws
are often ata minimum in the Zone D A’nhydrite‘level and increased on either side of this honzon (Fig.
5.6 and 5.10), contrary to the exp‘ected,f‘a‘u,ylt‘ﬂ,’dyisplacernent profile for a single faolt (Fig. 5'.:7) (Barnett et
al., 1987). Deeper horizons werenot imaged at all by the 2D surveys, so it is not known if the
dlsplacement decreases or increases below the Top Sherwood Sandstone The Upper Arne Faulthas
throw maxima in the Mid-Jurassic. sedlments and dtsplacement decreases down towards the Zone D
Anhydrite. Throw also decreases upwards mto the Cornbrash indicating a vertacal fault proﬂle 5|m||ar to
the single fault plane model (Fig. 5.7). The fau!t system has therefore been subdtwded into two vertical
segments: the Lower Arne Fault and the Upper Arne Fault. The Lower Arne Fault:is defined as the fault:
segment with maximum throw close to the Top Sherwood (Fig. 5.10). The Lower Arne Fault does not
penetrate above the IntraLias at any point within both the 3D and 2D survey areas. In the 2D area the
fault is confined mostly to the units below the Zone D Anhydrite, with only a few occurrences above the
Top White Lias. The majority of the seismic sections show that the two vertical segments have merged

and appear to be a single fault plane, but in'some the two segments overstep (e.g: Fig. 5.6).

The horizontal zonation of the fault plane within the 3D area has been described by Ellis (1997), whose
results are included (Table 5:3), so the description here concentrates on the 2D survey area (west of 402
000 eastings, Fig.'5.2) for the Lower Arne Fault. It is not clear if the increase in fault plane complexity
from the 2D to the 3D survey at the Top Sherwood reflects a more diverse structural history of the
onshore area, or due to the difficulties in identifying the fault at greater depths. The fact that the fault also

has a complicated profile in the upper, better-imaged horizons suggests a more complicated history.
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Fig. 5.10. Fault throw diagram incorporating the existing interpretation of the 3D survey area (Ellis 1997), showing
the hanging-wall (downthrown) and footwall (upthrown) separations and depths for the Arme Fault system for each of
the horizons in Table 5.1. The fault plane has been divided into several vertical and horizontal zones on the basis of
fault segmentation (see text for explanation). The Lower Arne Fault has maximum throws close to the Top Sherwood
level. The Upper Arne Fault terminates at the unconformity below the Base Chalk, whilst retaining some throw. This
indicates that the upper tip-line of the fault propagated further up through the stratigraphy, but was eroded away
prior to Chalk deposition. The irregular profiles of the footwalls and hanging-walls within the 2D area may be a

function of the lower quality of seismic data on the older surveys.

All of the zone boundaries represent sites of probable segment boundaries and therefore potential relay
ramps (Larsen, 1988), where the fault segments may or may not be linked to form a through-going fault
plane. The fault zones illustrated in Fig. 5.11 are examples of deformation at fault oversteps, and
illustrate two different modes of displacement accommodation and transfer. The relay ramps develop
from initially independent fault segments that may eventually link via obliquely oriented faults (Peacock
and Sanderson, 1991).
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Fig. 5.11. Two maps to illustrate how displacement is transferred from one normal fault to another at an overstep. In

both examples it would be possible to follow a route through the relay ramp that does not intersect a fault and,

therefore, never encounter a fault-imposed permeability barrier. (a) Map of a relay ramp in the Lower Permian of East

Greenland, after Larsen (1988). Displacement is transferred between the fault segments via a zone of rotated

bedding. The NW-SE oriented fault in the north of the map may represent a linking fault that has breached a relay

ramp. (b) Map of an antithetic relay ramp from Kilve, Somerset (mapped by D.J. Sanderson). Oblique (WNW-ESE)

antithetic faults formed to accommodate displacement in the overstep between two E-W trending normal faults. At

an antithetic/ synthetic fault intersection point, the dip direction of the bounding fault changes polarity, and the strike

of the new fault is similar to that of the original bounding fault. The displacement from the bounding faults is taken

up by several en echelon antithetic faults.
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Zone 1 Fault displacement lowest in Lias and ZDA, and higher in the Sherwood and Bridport Sands.

The low throw values in the middle of the fault suggest that the final profile is an

amalgamation of two faults propagating into_eachkother.

Zone 2 ’ Sectlon at a bend in Sherwood fault trace Elther mversnon at the Base Whlte Lias, or

occurrence of an antlthetlc fault. Mam fault in Bndport is not coincident with the main fault

in the Sherwood. This section of the Arne Fault could be interpreted as a breached relay.

Zone 3 Long straight section. Fault cuts at all levels are part ofa smgle fault The fault throw

decreases gradually upwards and tlps out in the Llas

Zone 4 | Bend in the Top Sherwood fault trace. Possible inversion with a small (faulted?) anticline at
Base White Lias. This section of the fault could be interpreted as a breached relay at
Sherwood level.

Zone 5 | Fault cuts all structural levels as part of a single fault. The fault throw decreases upwards

tipping out-at-the Top White Lias.

Table 5.3. Summary of the zonation applied by Ellis (1997) to the Arne Fault in the BP 3D survey area.

The zones are described in terms of fault throw varlatlon and not thelr onentation WhICh is not fully

understood due to the low seismic lme density.

5.4.1aZone A

Only part of this fault segment is included in the diagram (Fig. 5. 10) but dlsplacement decreases
eastwards from a maximum of 34 ms towards a minimum of 8 ms, that corresponds with the start of
Zone B. The maximum dlsplacement for the segment wnthm thls zone is actually at the Zone D
Anhydrite level with throw decreasing both up- and down-dlp This |mplnes that the fault nucleated

above the Top Sherwood, at a shallower dep’th than the other segments.

5.4.1b Zone B

The fault segment within Zone B continueé eastwards for approximately 3 km. in general the fault has a
maximum displacement in the centre that decreases both east- and westwards in common with asingle
fault plane model (c.f. Fig. 5.7), although there are minor deviations. Variations from a smooth fault
profile in this zone may represent oversteps between fault segments that were breached during the early

stages of deformation.
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5.4.1cZone C

A .1 km long fault segment has a maximum throw in the centre of the segmént that decreases into the

zone boundaries either side. The throw at the céntre of the faults of 48 ms is actually part of the Upper

Arne Fault that has propagated down to the Top Sherwood level either in a gap between two Lower Arne
Fault segments, or has overprinted the displacement of the lower fault.

5.4.1dZone D

The final segment is the western extension of Zones 1 and 2 of the previous study (Ellis, 1997). The.
sudden change in displacement at the western segment/zone boundary is indicative of the presence of a

relay ramp (c.f. Fig. 5.7) (Larsen, 1988), which is supported further by the evidence from Zone C. To the
east, the throw increases smoothly towards the centre of the segment. e

5.4.2 Seismic calibration with well data

With the exception of M5SP, the wells listed in Table 5.2 indicate fault throws in good agreement with
the seismic data. M5SP intersected the fault in the Liassic beds with a throw equivalent to c23.6 ms.: The
seismic data at this point suggests a fault throw of < 5 ms, close to the end of one fault segment. Either
the well data provide an over-estimation of the fauit thkrow,‘or the well intersected several faults with
throws below the survey resolution with a combined throw of 18.5 ms. SeVeraI small faults commonly
accommodate a relatively large amount of displacemeht at the termination of two féult segments in a

relay ramp (Fig. 5.11b).

5.4.3.Timing of movement

In the seismic interpretation shown in Fig. 5.6, growth faulting has been identified below: the Zone D
Anhydrite within the Mercia Mudstone, indicating that the Lower Arne Fauit was active during the mid-
Upper Triassic. A summary of the timing of syn-sedimentary faulting shows considerable variation, but-is
| apparently related to orientation as the NW-SE orientations in the 3D area suggest the oldest movements
(Table 5.4). A NE-SW.oriented segment (BP 3D inline: 9250) shows no evidence of growth'faulting and
must therefore have formed either before or after synsedimentary faulting (Table 5.4). The direction of
maximum displacement on the NE-SW oriented fault segment is NW-SE, whilst the E-W fault segments

have N-S maximum throw orientations (Fig. 5.12)...
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~Segment |

Seismic | “Synift Postrift
Line orientation .
74{)9 | "~ Sherwood
78'—2]6;\ : , . - ;
78-217r ZDA to BWL  BWL
74-05 Top Sherwood to ZDA Zone D
85-16 - Top Sherwoodto ZDA | ZoneD |
7411 1 ZDA to BWL BWL
79-237 2Sherwood
74-04. e = _ @
78-223 | TopSherwoodtoZDA | ZoneD |
80-270r | TopSherwoodto ZDA |  Zone D
76-84r . .
74-03 . ~ Bridport
782251 s
85-02 . BaseMerciatoZDA |  BWL
80-263: . BaseMerci\athDA_ | ZoneD
85:03 SR . Base Mercia to ZDA  Chalk
81-2005r INW-SE Intra-Sherwood to ZDA | ’Zone D
8504 |  INWSSE | Shewood | BWL
9150 E-W below Intra-Sherwood Base Mercia to ZDA Intra-Lias
9200 | EW/NE-SW - Sherwood | BaseMerciatoZDA | ZomeD |
9250 | E-W/NE-SW : None -
93000 | EW | below Top Sherwood | Base Merciato Intra-Lias | Fuller's Earth |
9350  NW-SE/E-W | below Top Sherwood 'Ba’ske Merciato ZDA Bridport b
9400 ‘NW-SE/E-W. | below Top Sherwood BaseMerciato ZDA | - Bridport |
9450 - CEW below Top Sherwood |  Base Merciato ZDA Intralias |
9500 EW. below Top Sherwood |  Base Merciato ZDA | Intra-lias |
9550 EWe below Top Sherwood | Base Mercia to ZDA | Intra-Lias
9600 EwW below Top Sherwood Sherwood Intra-Lias -
9650 NW-SE == =4 below Intra—SherWood,‘ o lntra'-Sherwood*~to ZDA Intra-lias - ‘
9700 NWSE | below Top Sherwood |~ Sherwood - BWL

Table 5. 4 Detalls of the segment onentatlon, and pre-, syn- and post-nft sequences where |denttfled for the Arne ;
Fault. The post—nft deposits identified here relate to the first para!lel reﬂectors above the syn-nft sednments In some:

cases the post-rift is also faulted, and forms the pre-nft to shallower package of syn-rift sediments. The blanks in'the

table represent unidentifiable sedimentary sequences; but do not imply their presence/absence
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Fig. 5.12. Map of the Arne Fault within the BP 3D area with arrows superimposed to represent the direction of
maximum throw for each location.

The growth faulting identified within the Sherwood Sandstone indicates that the first movements on the
NW-SE segments occurred prior to deposition of these sediments. The fault continued to grow into the
mid-Jurassic, as evidenced in the vertical extent of the fault tip-line. The maximum displacements on the
E-W fault segments within the 3D area show that these orientations experienced the final movements,
and represent reactivation or continued movement of the Lower Arne Fault during the formation of the
upper fault. There are thickened sedimentary sequences adjacent to the Upper Arne Fault in the units
above the Cornbrash horizon and below the Cretaceous unconformity (Fig. 5.6). These important
observations confirm the hypothesis of at least two separate extensional events (c.f. Stoneley, 1982;

Chadwick, 1986; Karner et al., 1987; Lake and Karner, 1987).

5.4.4 New maps

Four new maps of the Lower Arne Fault (Fig. 5.13) have been prepared that honour the well data (Fig.
5.4), but reflect the uncertainties inherent in the interpretation and correlation of sparse seismic data (Fig.
5.3). There are actually 18 possible combinations, if orientation, position and throw are altered (length
interpretation is dependent on throw), but four representative maps have been drawn. The four maps
were designed primarily to illustrate the range of fault system geometries that could be interpreted from
the fault throws (Fig. 5.10), fault locations (Fig. 5.2), orientations of underlying structures (Fig. 5.7) and
uncertainty analysis (Fig. 5.3). The secondary aim was to demonstrate how the newly-interpreted fault

systems could be located within the scope of the geographical uncertainty (Fig. 5.3).

The maps show combinations of positional, throw, orientation and geometrical variation within the limits
imposed by the fault picks (Fig. 5.2) and uncertainties (Fig. 5.3), that together represent highest, medium
and lowest cases of probability. The criteria used for each of the models is summarised in Table 5.5. The
D-L models discussed above have been applied to each fault pick to set the fault length associated with
that particular throw, and to assess if adjacent fault picks belong to the same fault. In Map 2 (Fig. 5.13b),
for example, the throws have been set at 15 ms below the measured throw (Table 5.5), and all D-L
relationships predict that the lowest displacement faults are also the shortest (Walsh and Watterson,
1988; Marrett and Allmendinger, 1991; Cowie and Scholz, 1992; Dawers et al., 1993; Cartwright et al.,

1995). It is appropriate, therefore, to assume that the shortest faults grew without segment interaction
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(above the resolutlon scale) and that a radial growth model (D a L2 Walsh and Watterson 1988) mlght
be appllcable The Op 051! ~ o
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5.4.4a Map 1

The map repr oduced in Fig. 5.13(a) was constructed by asksumi‘ng.thékt‘ éll of the fault picks relate to a
single fault system, and that the fault throws Were;underestimakted by 15 ms (c,,f.,Fki;kg. S.3).,Lkong‘ faults are
more likely than shorter ones to encounter other faults during their propagation, so it was assumed that
the faults in this interpretation grew through segmeht; linkage. The application of é:slihea[,D;—L,kreilatiohship
(D ac 1) to the maximum POSSi‘ble&throwsﬁ;~resultéd in fault length ‘,estim‘a“tions between 4.5 and 10.4 km,
which, therefore, must relate to the entire fault system rather than to individual segm‘ents The choice of
an appropriate D-L' model to estimate segment lengths was decuded empirically, by usmg the onentatlons :
of the Wytch Farm Fault in the 2D area as a guide (Fig. 5.2). The Arne Fault plcks can be interpreted:to. |
represent approximately: ENE-WSW linear fault segments (Fig. 5.2), which are similar to the Wytch Farm
Fauit-in the 2D area. A fault system dommated by ENE-WSW segments is a realistic mterpretahon ifall
of-the faults are part of asingle system. However fault lengths predlcted using either D« L'? (Marrett
and Allmendinger, 1991) or D « ? (Walshand Watterson, 1988) are not great enough to allow such an
interpretation, and these models are unsuited to faults that grew from segmént linkage (Cartwright etal.,
1995). The application of a standard D oc L to the finite fault throws predicts lengths that providea
tangible fit to the geometrical interpretation (Fig. 5.13a), and is based on the premise that growth through
segment linkage was followed by radial propagation of the merged faults (Cartwright et al., 1995). The
final shape of the fault zone would have evolved during more than one phase of movemkent, with the |
NW-SE oriented fault segments reactivated as transfér, or ‘short-cut’, faults between the ENE-WSW faults
(. Kamer et al., 1987), . ER N e e Sl G

The infill well target sizes and locations based on the preViOUSfinfe\rpretatiOn (Fig. 5‘.2)“r’émain"la‘rgely
unaffected by Map 1, but the new well tfajédory plahned'from K4SP will now cross a fault segment. A
drawback of this map is that reservoir communication data (Channon, 1996) suggests that flow occurs
from well A11S! to well A6SP (Fig. 5 13a). The Arne Fault has a throw in the region of 35matits
intersection with A11SI, and juxtaposition analysis indicates only minor sand/sand contacts (Knipe et al
1994). Similarly, fault seal analysis would suggest poor ‘communication between the upthrown and |
downthrown side of the fault (Knipe et alk.', 1994). One possibility, however, is that fluids are channelled

along the NW-SE fault between the two wells.

5.4.4b Map.2

The second interpretation (Fig. 5.13b) is based on the presumption that fault throws were overesnmated
by 15 ms, i.e. are assigned to the lower end of the error range. The fault system has been moved 200 m
to the north of the interpreted locations (Fig. 5.2), to assess the impact on reserves estimation. An initial
attempt to estimate the faults lengths’ from a radial growth model (D & L2, Walsh and Watterson, 1988)
was unsuccessful, as the faults would all be < 100 m in length. Moreover, the depth difference between
the north and south reservoirs could not be accommodated without the speculative mterpretatlon of

multiple faults. To produce a less con;ectured and problematic interpretation, the fault lengths were
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calculated by using the same D-L relationship for the individual segment lengths inMap 1 (D cL"?. The
shorter fault lengths reflect the minimum thrpws used in this model (Fig. 5.13b). The model assumes that
the faults grew through segment linkage below the seismic resolution, to acquire lengths énd throws
above the resolution. The depth difference between the two parts of the reservoir is still accommodated
by several isolated (in plan) faults, but there is overlap between them (Fig. 5. 13b). Relay ramps, are found
between overstepping fault segments. A,possibleexplé\naﬂon for the geometry of this fault zone is that

the low displacement E-W fault segments are part of a deeper fault, close to its ;tyipl;in,e.ﬁ :

The size of the northern part of the reservoir is greatly reduced, but the extent of the s,o;uthérn, deeper
part is increased. Well A6SP is located to the north of a fault that separates it from A11Sl, ~~bu‘t,k adjacent to
a low displacement zone where reservoir communication may be largely unaffected. The necessity of
drilling an infill well from K4SP may have to be re-assessed, as both the proposed well and the wells
already drilled from K6SP are on the same side of the fault zone. In this model there is not a fault that

fully compartmentalises the infill well target drilled from K7SP.

On the basis of the approach taken to determine the D-L relationships for the interpretations discussed

above, and to maintain consistency, D e L' has also been applied to formulate the final two models.

5.4.4cMap3

The map illustrated in Fig. 5.13(c) was produced to show a similar style of fault segmentation to Map 2
(Fig. 5.13b), but with-an orientation more in common with Map 1 (Fig. 5.13a). The major geom,etricél
difference between Map 3 (Fig. 5.13¢) and Map 1 _(Fig. 5.13a).is t‘hefl‘ackk of a through-going structure:
The fault-locations in between the ENE-WSW faults that were interpreted as NW-SE short-cut faults on
Map 1, have been assigned to EN EQWSW faults on Map 3. All of the faults in this model have a common
ENE-WSW orientation with significant overlap between the faQIts, The measured throws were used in
this interpretation, but the faults were moved south by 200 m to investigaté the effect on the estim‘ated
hydrocarbon volumes. The effect was to increase greatly the northern part of the reservoir at;the:eastern

end of the map, but not affect significantly the western end.

For the most part, there are no through-going faults that interfere with the communication of the two
sides of the reservoir, particularly at the eastern end of the map. An advantage of this model is that it
provides a simple one-event. mechanism of fault development that has a similar orientation to the Wytch
Farm Fault. However, if the Lower Arne Fault and the E-W striking Upper Arne Fault form a single fault
zone, there ought to be more overstepping fault segments, and more complex g'eometyries‘,i,kn the vertical

section than currently detected.
There is some disruption to the planned infill well trajectories, as the eastern target from K1SP is greatly

reduced, and the new well from: K4SP now terminates in between two faults. The sizes of the target from

K7SP and the western target from K1 SP is enlarged and not affected by any major faults.
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544dMap4

The final '“tefpretatron of the Arne Fault (Flg 5 13d) was produced to combine the lmkage style of Map
1 (Fig. 5. 13a) within an mterpretatron dommated by E-W onented faults: The fault throws and lengths are
based on the measured values, and so the faults in this model have similar drmen‘srons to those in Map 3

(Fig. 5.130). Map 4 was formulated to correspond closely wrth both tk ka and fault orientations .

within the 3D area (Frg 5. 2), and also the measured fault locatrons A model for he formation of the
faults'is srmrlar to the evolutlon of Ma Frg 5. 13a) with the initial developmentkof NW-SE fault
segments with a sinistral strrke-slrp component following one of the basemen nds The E-W faults
opened durmg a later extensional phase, with the NW-SE faults reactivated as predommantly drp—slrp
linking faults. The fault orrentatlons rllustrated in Fig. 5.13(d) do not, however conform to the

orientations of other faults in the 2D area, which suggests that this interpretation is the least probable

AG6SP and A11S! occupy similar poSitions relative to faults in this model as in Map 1 (Fig. 5.13a), and so
a similar argument concerning their communication may be applied. In this“model,"hOWever,' there is an
alternative fault-free route that in\rolves flow up the dip of a proposed relay ramp between two of the E-
W fault segments {Fig. 5. 13d) The proposed new well trajectory from K4SP will also cross a part of the

Arne Fault in this model. :

5.4.5 Volumetrics ‘

The new maps (Fig. 5.13) show that there is considerable variation in the possible shape of the Top
Sherwood depth contours, indicating changes in reserves distribution: Alteration of the position or
geometry of the Arne Fault may impact on the estimated hydrocarbon volumes in both its hanging-wall
and footwall. Calculations of the STOOIP (Stock Tank Oil Originally In Place) were carried our for each
of the four new mterpretatrons (Flg 5. 13a—d) and the equuvalent 7 x 4 km area on the existing map (Fig.
5.2), using a macro in Zmap Plus The STOOlP is derrved from the product of the area (bounded north
by the Northern Fault and south by the Wytch Farm Fault) orl column herght porosrty, hydrocarbon k’ |
saturation and the recovery factor drwded by a. formatron volume factor. The STOOlP was estrmated |
mdrvrdually for the 10 vertical zones that form the Sherwood Reservorr (McKre et al 1998 Hogg et al.,
in press) The graphs in Fig. 5.14 show changes in the amount of STOOIP for each of the four models;

most of the changes are concentrated in Zones 70 and 80 of the Sherwood Reservoir.

The results indicate that the geometry ol the fault does not significantly affect the hydrocarbons volumes .
(Fig. 5.14), as similar values are indicated by the two fault systems that occupy the measured fault
locations (Map1, Fig. 5.13a and Map 4, Fig. 5.1 3d). The greatest reduction in reserves is predicted for
Map 2, which has increased the size of the southern reservoir at the expense of the northern part (Fig. -
5.13b), although there is only minimal linkage between the faults. There is a predicted difference of . 27
mb between the two models where the fault system has been placed at the extremes of the positional

uncertainty (Map2, Fig. 5.13b, and Map 3, Fig. 5.13¢c).
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Fig. 5.14. (a) Graph to illustrate the STOOIP (Stock Tank Qil Originally In Place) for each of the four new fault
geometries (Fig. 5.13). Most of the changes are confined to the lower zones. The difference between the two

extremes is approximately 27 mb. (b) Graph to show the amount of change from the original interpretation (Fig. 5.2)
in total volume for each of the models.

5.5 EEC 3D SURVEY AREA RESULTS
The aim of this part of the study is to provide a new interpretation that ties in with available well data

and provides a good correlation with the well-constrained BP survey area.

5.5.1 Interpretation based on TWL pick

An initial interpretation based on the depth to the persistent Top White Lias reflector on the cross-lines
and in well 98/7-2 (Fig. 5.15) provided a successful correlation north of the Wytch Farm Fault, but
proved unsatisfactory in the vicinity of well 98-11/1. The Top Sherwood horizon was too shallow to
match both the depths recorded in the well log and those for the BP seismic data to the west (Fig. 5.16).
Additionally, this interpretation accounts for neither the thicker Mercia Mudstone sequence, nor the

deeper Top Sherwood in well 98/11-1 compared to well 98/11-3 (Fig. 5.4).
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Fig. 5.1{'8. A re-interpretation of seismic lrne 300 (Frg 5. 15) to show the new. pick for the Top Sherwood south of the
new southern fault (Fault D), based on the data from well 98/11-1. The reflector formally consndered to represent the
Top White Lias south_oﬁf the fault must in‘factrelate toa b aundary hrgher in the Lrassrc stratrgraphy, such as the Blue:
Lias (cf. Fig. 44). - - ' ‘

Four fault—bo’unded domains are apparent fro‘m theiew structural map (F g.5. 19) From north to south

1. A norther!y dovynth’rown block that ~forms the hanging-wall to the most northerly, and north-drppmg, :
fault zone (Fault ©). L L - kr
2. A horst block between Fault C and a south—drppmg fault system (Faults A,B and E). The horst blo‘ck k
contains the exploration target in thrs area, and also weIl 98/7—2 Twc mdrvrdual structural crests are

truncated north and south by the horst—boundrng faults, and east and west by drp ctosures

3. A central block that is the downthrown block of the horst—boundrng t-au!ts A, B and E. The Top

Sherwood pick is deeper to the north and shallower to the south, and resembles a rotated domino

fault block. The southern extent of thrs fault block is truncated by the newly rdentrfred south-drppmg ,

fau|t (Fault D). :
4. A southern block that is the downthrown block to Fault D, and contains well 98/1 1= 1

5.5.2a Fault geometries k k
Fault zones A, B and E form the southern boundary of the exploratron target in the horst, and the
northern boundary is constrained by Fault zone C. The geometnes of the block-bounding fault zones are
extremely varied and often composed of several segments (Frg 5.19). An array of normal fault segments
is formed by Fault B, and parts of Faults C and E, and traverses the map with an ENE-WSW orientation.
The fault segments to the north of theB-C‘-Ef array have a similar geometry. Echelon patterns are often
indicative of the influence of underlyingkfaults, and can form in the cover sequence when the extension

direction is not perpendicular to the strike of the basement faults (e.g. Fig. 5.9) (Chadwick, 1986).
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I map vrew the faults wrthm the array'

re segmented and are only rarely hnked (at the seismically
resolvable Ievel) Fault D i is

much less segmented than the other faults within the EEC survey area, and
maintains a fairly constant throw ofc. 1

00" s across the survey area Two segments are, however,
identifiable and are linked by a WNW. SE stnkmg fault at approxrmately 411500m (Fig. 5. 19). The
'WNW-ESE segment has a lesser faul thi w than the two E-W segments A bend in the fault close to the

eastern survey boundary occurs where the fault is drvrded into two separate planes (Frg 5. 19)

5.5.3 Continuation of the W,
At the eastern extreme of th
continuation is not immediate

98/11-1 has a similar displac

be a continuation of the Wy

Farm Fault, with or ~wi‘thout a Imkmg fault wrth the transfer of dlsplacement from one fault to the other.

Two possrble fault geometnes based on the geometrr '

of oversteppmg normal faults (e.g. Peacock and ’
Sanderson, 1994), are illustrated i in Flg 5. 20 In the ﬁrst (Frg 5. 20a), the Wytch Farm Fault connects to

the new southern fault (Fault D) in the EE survey via a NW- SE segment that mimics the strike of the

‘Wytch Farm Fault close to the BP survey boundary, 'and the overa!l geometry of Fault D. The

drsplacement of the Wytch Farm Fault i taken up by Fault D and _through the development of a branch,

Fault E. The second mterpretatlon (Fig. 5"20b) shows an unlinked fault system where all okfsthe faults have

an approxrmatety E-W strike. There is support for an E-W stnkmg fault system in the broad structural

geometry of the comblned survey areas.

Fig. 5.20. (Following two pages) Interpretations of the fault geometnes lr the gap between the two 3D surveys (Fig.
5.1). In the three suggestrons, the drsplacement of the Wytch Farm Fault'drrninishes eastwards, and the throw is

accommodated by several faults wrth lesser drsplacements (@) The continuation of the Wytch Farm Fault with a NW-

SE stnke that links wrth Fault D.(c.f. Fig. 5.19). The western end of Fault E continues beyond the EEC survey

boundary and connects to a fault to the |mmedrate north of the Wytch Farm Fault. (b) Interpretation of the faults

based on E-W onentatlons, without any hnkage between the faults.
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5.6 CONCLUSIONS
5.6.1 Arne Fault

The development of the Arne Fault initiated, probably in the Lower Triassic, with identified growth in the
Sherwood Sandstone and Mercia Mudstone (Table 5.4). A fault throw map (Fig. 5.10) shows that several
displacement minima and maxima occur along thefaulfc’s length, and that a dlsplacementf minimum at ;
the Zone D Anhydrlte horizon separates one hi‘akimu}n in the Sherwood‘SlaﬁdkStOhe“ and 'anothé'r inthe
Jurassic sequence. The complex geometry has been interpreted to indicate a fault formed of several
amalgamated segments that developed during two dlstmct nftmg phases. The degree of lmkage between

the segments is not fully resolvable from the analy5|s of ZD seismic lines.

Four new interpretations of the fault system demonstrate the uncertainty of faull ih‘fow~)~ position, length
and orientation inherent in 2D seismic data interpretation (Fig. 5.13). Application of ka standardlsed D-L
model for every interpretation has enabled the production of realistic maps. The most likely geometncal
interpretation is a hybrid of Maps 1and 3 (Flg 5.13a and c), as the orlentatlons are 5|m|lar to the Wytch
Farm Fault in the 2D area. The mvolvement of any underlymg structures is not fully resolved but the
proposed E-W fault systems (Maps 2 and 4) are not supported by adjacent fault orlentatlons The new
interpretations affect the reserves estimates by up to 27 mb, and therefore the viability of potential
exploration targets. Fault geometrles do notk significantly affect hydrocarbon volumes, and the fault
system location is the dominant factor. Conclusions related to the position and throws of the fault system

are beyond the scope of this:study.

5.6.2 EEC survey area

An initial interpretation of the Top Sherwood in the EEC survey area, based on an isopach down from the
Top White Lias horizon, does not métch the data from well-98/11-1 (Fig. 5.16), or the adjacent BP- 3D
interpretation. A re-assessment of the EEC seismic data, calibrated to exploratlonkwell data, has provided
a well-constrained interpretation that also corresponds closely to the BP 3D area. As a consequence, a
previously unidentified south-dipping fault, with a throw of c. 100 ms, has been interpreted that places
well 98/11-1 in the downthrown block, and well 98/11-2 in the upthrown block (Fig. 5:17).°A structural
high can be traced ENE to WSW and forms:a Horst between éisouth-dlpping fault zone to the south and a
north-dipping fault zone to the north (Fig. 5.19). The horst-bounding fault zones are formed of several
echelon fault segments, that are themselves segmented in both the horizontal and vertical planes (Fig.
5.19). Two interpretations of the extension of the new southern fault show that it could be either an
eastern continuation of the Wytch Farm Fault, or a separate fault that oversteps with the Wytch Farm

Fault to produce a relay ramp in the gap between the two surveys (Fig. 5.20).
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6:1 SUMMARY
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comparisc
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at Kllve are compar;

n is based on ma ; have
ometries in bot| They overstep at relay ramps m map vnew and
r extensi in cross-sectlon Conjugate normal faults are also

strike-slip

The:value

faults in Wytch Farm, although such contractlonal faults occur at K|lve

of the structures at Kilve as a field-based analogue is demonstrated by examples from the

Wytch Farm interpretation. In addition, a model for conjugate normal fa"ult‘vzone'fdeVélo;ﬁmentf~derived

fromthe selsmlc mterpretatlon is S|m|lar to the development model for con)ugate stnke-sllp faults at

Kllve e

Chapter 6. Comparison of structures.at Kilve and Wytch Farm : Page 130



Bristol Channel

50 km

Oilfield

English Channel

Fig. 6.1. Map of SW Great Britain (after Lake and Karner, 1987) to show the location of the Wytch Farm Qilfield,
Dorset, and Kilve, Somerset, in the Wessex Basin. The Wytch Farm Oilfield lies to the immediate north of the
Channel Basin (Karner et al., 1987), and the Lower Lias at Kilve is the onshore exposure of the Bristol Channel Basin,
both sub-basins of the Wessex Basin. Both the Wytch Farm Qilfield and Kilve are adjacent to the eastern side of
dextral NW-SE strike-slip faults that traverse SW England.

6.2 INTRODUCTION
The objectives of this study are to provide a comparative study of the structures in two localities in

southern Britain (Fig. 6.1). The study of two areas has provided the opportunity to compare fault
geometries in the field and on seismic sections, and also to consider how the deformation in the two

areas is related.

The onshore Wessex Basin (Fig. 6.1) extends from west Kent to the Dorset coast (Kent, 1949), and
includes the Wytch Farm Oilfield. The exposures at Kilve, north Somerset, are related to the Bristol
Channel Basin development (e.g. Peacock and Sanderson, 1991), and is on the north-western flank of the
Wessex Basin in a trough between the Mendips and Exmoor. The south-west of England is traversed by
several NW-SE strike-slip faults (Fig. 6.1), that have a protracted history (Karner et al., 1987) which
extends back to the Permian and culminated in dextral movements during the Late Crefaceous - Tertiary
Alpine Orogeny (Lake and Karner, 1987). The Wytch Farm QOilfield and the exposure at Kilve are both to
the immediate west of major NW-SE strike-slip faults (Fig. 6.1). Movement of the NW-SE faults of SW
England is responsible for offsets of the E-W basins in the Wessex Basin (Lake and Karner, 1987), and
also for the opening and closing of pull-apart basins at oversteps between strike-slip fault segments, such

as the Bovey Basin (Bristow and Hughes, 1971).
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of the other exposed normal faults

6.2.1 Map constructlon
| constructed (Flg 6.3
and 6.4). The structure maps of Wytch Farm are time-slices at depths of 90"‘ ) and 925 ms. (Frg 6.3), which .
approximates to a depth dlfference of 45 m, chosen because they show the Iargest areas of the Blue Lias
mterbedded limestones and shales unit. The Blue Li as dommates the entral horstkon the 900 ms trme—
slice, the area surroundmg the horst on the 925 ms map (Frg 6 3) andi’ the Kllve foreshore (Frg 64). The
map data was extracted from fault and horizon seismic mterpretatron data The faults were"detected by

locating the X and Y co-ordinates of fault mtersectlons ‘with each me—slrce The fault planes Were then

To enable a comparrson of the two sub basms maps and cross-sectrons have

mapped from the intersection data. The stratrgraphy at 50 m intervals on ach sersm‘rc line was found by

calculating the de pth dlfference between the closest mapped honzon above and below the trme Ime

The llthologrcal unit was resolved from a comparison of the drfferentnal depths wit f’well data of

unmapped units between those. honzons Fault drps could be sured as the‘datay'has effectlvely been -
depth-converted, although the method is based on the assumptton that the velocrty s constant_betweenk

each pair of mapped horizons. Cross—sectlon A-A’ was based onkthe m: apped fault p )sitions,"andthefault

geometnes were resolved trom the projectioncfk two adjaCent 2D sersrnrc l‘mes:. .The other two sections

are dnrect mterpretatrons of 3D seismic ines..

The Kilve tor’eshore (Fig. 6.4) was mapoed cnto a series of c. 1:500 aerral photogra hs. Stratigraphic

boundaries were determin ed from a log of every bed on the foresh ore,‘wﬁh ch were hen com pared wrth

l

rLiassic stratrgraphv (Whitta kéfr and Green 1983) . The

an extremely detailed account of the Low

o

resolutionk of the photographs was sufﬁci,en\t to image the majority of the gently-drpl: ing beds, which

allowed accurate placement of the stratigraphlc: boundaries.

The rationale for producmg a comp osite cross-section of Kilve Beach was to attempt to obtaina

representatlve section from the most southerly to the most nor-herly fault (Fig. 6. 4). A single traverse was

not possible owing to the general E-W strike of the normal faults and wrdth of the obquue coastlme S0

five individual sections were drawn. The section lines were pc sitioned to emulate as closely as possrble a

contrnuous sectron This was achleved by drawing the first sectlon (m the west), and then tracklng

eastwards along the most northerly fault, until it was the most southerl y fault on the foreshore. The next

sectlon was drawn and the process was repeated. The three sections taken from the eastern end of the

map are not as dlspersed,‘andthere is closer ag reement between unit depths at sect on bou,n'daries (Fig.

6.4).
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Enclosure 1. Two time-slice maps and cross-sections of the Wytch Farm Oilfield. The
timesslices are at 900 and 925 ms, which represents an approximate depth difference
of 45 m. The two levels were chasen as they contain the greatest areas of Blue Lias
sediments, and therefore allow a direct comparisan with the map of the foreshore at
Kilve (Fig. 6.4). The diagrams include data from the BP 2D and 3D seismic surveys,
that are calibrated with well data. The 3D survey extends sastwards from 401250,
and its greater resolution and tighter spacing is evident in the detail of the fault
geometries. The cross-section A-A' was produced from the projection of the two
closest 2D seismic lines onto the line of the section; B-B' and C-C" were directly

constructed from 3D lines,




Fig. 6.4. overleaf. (Reproduced at a larger scale as Enclosure 2). Map of the exposure at Kilve (mapped by P.G. Kelly
and D.). Sanderson, drawn by D.C.P. Peacock and P.G. Kelly), and a composite cross-section. The stratigraphic
divisions of Palmer (1972) are preferred for descriptive reasons. Normal and reverse-reactivated normal faults have
approximately E-W strikes, dextral strike-slip faults strike NNW-SSE and sinistral strike-slip faults have NE-SW strikes.

The cross-section construction is discussed in the text.
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100

: Frg 6 5. Graph,o '\'kault henght and
throw for 301 fault measurements in
_the Wytch Farm data set. The faults
were measured from seismic sections,
. and the throws and heights were :
k f'\":depth converted

Throw (m)
)

D =0.0428°%/
n=301

T T B
1 10 100 1000 10000
Fault height (m) ' : ‘

lnterpret,ation; of the fault geOMeiriQS:at debth,Was based on displacements at the surface. It is unrealistic
to assume t‘ha‘t‘th‘e maximum displacement ‘of,,each“‘fault is at the present day surface, but there was no
other option in the light of available data. A reasonable estimate of the height of each fault was obtained
from analysis of fault dimensions (Fig. 6.5) (Walsh and Watterson, 1988; Marrett and Allmendinger,

1991; Cowie and Scholz, 1992; Dawers et al., 1993; Cartwrrght et al;,'1995).in the Wytch Farm data
{(Equation 6.1).

D = 0.0428(%%4° ; e ; . Equationé.1

D = fault throw, L = fault height

Only faults with throws < 100 m were included in the D-L analysis , as larger faults intersect the :
boundaries, and their full length was not known. The throws for the mapped faults at Kilve were then
used to find the helghts On the rare occasion when two faults crossed at depth, the shorter fault was

terminated at mtersectlon with the longer fault.

6.3 FAULT GEOMETRIES ~ a
The similar development hrstones for the Krlve and Wytch Farm faults and therr hthologles prov:de an

ideal opportunity to compare field observatlons with a seismic mterpretatxon Conversely, the advantage

of using a seismic interpretation to aid understandmg of the 3D geometry of the faults on the north

Somerset coast has been illustrated in the previous section.
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(a) Normal fauits: n = 147 (b) Reverse and reverse—reactivated

normal faults n= ;35

(c) Sinistral strike-slip - e ‘ ‘ . (d) Dextral strike-slip
. faultscn=96 . . ~ faults:n=42

{

~

Fig. 6.6. Rose diagrams of fault orientations at Kilve. (a) Normal faults have approximately E-W strikes, whilst (b).-the:
reverse-reactivated fault strikes have a greater range. (c) Sinistral faults strike NE-SW, and (d) dextral faults have
strikes between NNE-SSW and NNW-SSE. ‘

6.3.1 Overview of the structures on the north Somersetk‘_coasat ;

6.3.1a Normal faults

The exposure of E-W stnkmg normal faults (Fug 6 6a) in the chff sectlons and on the wave—cut platform
has enabled insights into the 3D geometry of normal faults The fau!ts d:p erther towards the north or
south, with an average dip of 54° although the south-dlppmg faults are often steeper. Normal fault k
densities (number of faults per umt dlstance) are greatest in the hangmg—wa!ls of the faults > 40 m throw
e.g. the Blue Ben and Quantock’s Head Fau!ts (Flg 6. 4) vein densmes are also hlgher adjacent to faults
The overall structure from north to south is a series of horst and graben the south-drppmg graben-
bounding faults dominate the displacement (Fig. 6. 4), Peacock and Sanderson (1991) descnbed the
displacement. charactenstlcs of normal faults inmap view (Flg 6. 7), and illustrated how the displacement
decreases on each fault into the relay ramps. The m-scale relay ramps at Kilve provide useful analogues
for relay ramps between km-scale normal faults in the hydrocarbon basins of the North Sea, which may
have been important to fluid migration or entrapment (Peacock and Sanderson 1994a). Normal faults,
often segmented, occur in cliff sections either as single planes (Fig. 6.8a), in conjugate sets (Fig. 6.8b) or

as master faults with smaller antithetic faults (Fig. 6.8¢).
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' U‘Flg 6.7. Map of a relay ramp at Kilve (from

LI Peacock and Sanderson, 1995a) The
displacement on the two oversteppnng faults
decreases into the ramp, but the total

drsplacement is conserved. The contours mdlcate

beddmg is rotate rom the ‘regional’

‘ rrentatlon to be almost perpendlcular in the :

,ramp, and also steeper .

- Geoloale-l bnundary il

. Contours of. helght (in mm)

.- above an arbitary datum: s BN
Normal fault with tick on downthrnwn o

:;slde, and displacementin mm S

6.3. lb Reverse—reactrvated normal faults ’

The geometrles of reverse-reactlvated faults have been descrlbed from feld studles (Mcl.achlan 1986 ,
Dart et al., 1995; Nemcok et al 1995 SleOl’l 1995; Kelly et al., in revrew)“f‘ ;

seismic interpretations of the Brlstol Channel Basin (Van Hoorn 1987; Erooks et al. 1

8). ;,The‘re are

three categories:of reverse-reactlvated faults exposed in the cliffs: faults wrth fmrte normal dlsplacements

(Fig. 6.9a), finite reverse drsplacements (Frg 6.9b) and most commonly, complex fault zones composed

of sub-parallel reverse and normal faults (Flg 6.90). It is more difficult to ldentrfy reverse—reactrvated

normal faults on the wave-cut platform wrthout 3D control but thelr occurrence is suggest,

zones of folded, and occasronally sub-vertlcal beddlng and multlple sets of sllckensrde lmeatlons (Kelly |

etal., in review; Chapter 3). The reversereactlvated normal faults have a greater range of stnkes than the

normal faults (Flg 6.6), but there is no distinction between the strike range for kr "ctlvated faults wrth

finite normal and fmlte reverse drsplacements These data indicate that the more obhque normal faults

were preferentially reverse-reactivated and that, prior to the contraction the normal faults had a greater -

range of strikes (Fig. 6.6). There are.no normal faults at Kilve with finite normal throwe > 22 m that were kk

not reverse-reactivated, but normal faults with smaller displacements were reversed (Fig. 6.10). The \'
amount of reverse movement on the normal faults i is not quantifiable, so conclusions cannot be drawn
regarding the true nature of the relatlonshlp between throw magnitude and reactlvatlon Dlsplacement
transfer between reverse-reactlvated normal faults occurs between both under— and overlappmg faults
(Kelly et aI in rewew) The dlsplacement is accommodated by an array of obllquely orlentated reverse
faults in an underlappmg fault zone, and across a network of conjugate strike-slip faults between a pair
overlapping faults (Fig. 6.4) (Kelly et al., in review; Chapter 3). Relics of relay ramps (Peacock and

Sanderson, 1991; 1994a) occur adjacent to reverse-reactivated faults.
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Fig. 6.8. Line drawings, from photographs, of normal faults at Kilve. (a) Conjugate normal faults in the cliff to the
immediate west of the steps at East Quantock’s Head. The displacement is marked as > 11 m when it was not
possible to match the beds on either side of the fault planes (i.e. the displacement > cliff height). (b) Fault with
synthetic branches in the cliffs to the east of Kilve Pill. (¢) Line-drawing of a network of antithetic and synthetic

normal faults in the cliffs, 25 m east of (b). The faults are steeper in the limestone units, and shallower in the

interbedded shales.
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Fig. 6.9. Three types of reverse-reactivated normal faults exposed in the cliffs. (a) Quantock’s Head Fault. The fault
has a finite normal displacement c. 45 m, but the over-tightened roll-over in the hanging-wall contains thrusts
(Peacock and Sanderson, 1992). The hanging-wall exposure on the foreshore is characterised by highly disrupted
bedding and a complicated network of strike-slip, reverse and normal faults (Fig. 6.4). (b) Fault with 8 m finite
reverse throw in the Blue Ben Headland. The fault continues eastwards along the foreshore and oversteps with the
Quantock’s Head Fault (Fig. 6.4). (c) Fault zone in the cliffs to the east of Kilve Pill, with a net normal displacemeﬁt
of 5 m. The fault zone is composed of two sub-parallel faults, one of which has a finite reverse displacement, whilst

the other has normal displacement.

6.3.1c Strike-slip faults

Conjugate strike-slip fault zones with displacements from 1 mm to 6.4 m occur (Fig. 6.11a-c), mainly
between the Quantock’s Head and Kilve Pill Faults (Fig. 6.4). Dextral faults have NNW-SSE strikes and
sinistral faults generally strike NE-SW (Fig. 6.6), with displacements between 0.07 and 6.4 m (Fig. 6.10)
Deformation on the mm-scale (Fig. 6.11a) consists of an E-W pressure-solution cleavage, a dominant
dextral fault that intersects several sinistral faults, and rotated blocks. A deformation sequence is implied
by the fault zone geometry, in which the pressure solution was instrumental to the fault zone evolution
(c.f. Willemse et al., 1997). An E-W pressure solution cleavage developed adjacent to a stuck intersection
between conjugate faults. Volume loss through pressure-solution also occurs at the intersection of
conjugate normal faults (Odonne and Massonnat, 1992b). Individual blocks, bounded by the pressure-
solution cleavage, rotated anticlockwise during sinistral movement of the master fault (at A, Fig. 6.11a).
An irregular fault plane is developed from the coalescence of triangle-shaped openings at the corners of

rotating blocks (at B, Fig. 6.11a). The blocks furthest away from the conjugate intersection experienced

the greatest amounts of rotation.
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limestone units are linked by shallower faults through the mterbedded shales (Flg 6.11e).
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Fig. 6.11. (Above and next two pages) The geometry of strike-slip faults. (a) Map of a mm-scale fault zone to the
immediate west of the Blue Ben Headland (Fig. 6.4), The faults have highly irregular planes, and through-going faults
are not fully developed from pull-apart arrays (Kelly et al., in press). The acute conjugate angles are dominated by an
E-W pressure-solution cleavage adjacent to the intersections. Anti-clockwise rotated blocks are delimited by the
pressure-solution cleavage between two sub-parallel sinistral faults. (b) Map of a network of conjugate strike-slip
faults between two overlapping reverse-reactivated normal faults (Kelly et al., in press; in review). (c) Map of a m-
scale conjugate fault zone at East Quantoxhead (Kelly et al., in press). There are rare occurrences of pull-apart arrays
between master faults, and sheared pull-aparts adjacent to the master faults. The strike-slip faults often overstep and
displacement is transferred from one fault to another at (d) a strike=slip relay ramp (after Peacock and Sanderson,
1995a). (e) Strike-slip fault zone exposed in the cliff at East Quantoxhead. The strike-slip fault has a minor

component of normal displacement, and resembles a normal fault in cross-section. Fault plane dip and dip direction

are shown with lineation pitches in brackets.
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e NE, w to NW—SE

6.3.2 Structure yof the Wytch Farm Oilfield

The normal faults in the Liassic units (Flg 6. 3) have drsplacements upto 170 m (Fig. 6.10), and have a
strike between NE-SW and NW-SE (Fig. 6.12) with an average dip of 52°. The Wytch Farm Fault (Frg

6.3) dommates the drsplacement and forms the southern boundmg fault toa central ;yiorst The faults are

segmented m cross-sectron (Frg 6. 13) where they have erther extensronal (Frg 6 13a) or contractronal
geometrres (Frg 6. 13b) the amount of overlap is greatest when the overstep geometry is extensional (Fig. :

6.13a). The drsplacement on each of the individual overstepprng faults was not determined in the region

of the overstep, as the drsrupted reflectors between the faults were not always rdentrfrable The conjugate ‘
faults within the horst (Fig. 6. 130 have the most complex mtersectron geometrres when the two faults
have similar herghts and drsplacements The nature of the mtersectron between the conjugate Arne and
Northern faults is dependent on the relative sizes of the two faults. In the centre of the 3D survey the two
faults mtersect with a comphcated geometry The trmrng of fault movement is also rmportant to conjugate “
fault geometrres Trmmg data from Faults Eand F (Frg 6. 14) located in the north-east of the survey, .
between eastings 406875 and 4081 25 (Frg 6.3), were. used in conjunctron wrth cross-sections to analyse

the evolution of the conjugate faults. The geometrrcal and temporal evolution of the Fault zone from east

to west was not uniform. Triassic growth sequences are found ad)acent to jUSt Fault Ein the western and
central sections (Fig. 6.14a-b), but to both faults in the eastern section (Fig. 6.140). It i is not known if
Faults E and F intersect, as no deeper horizons were |nterpreted (Fig. 6.140). The development ofthe
fault zone continUed‘wrth Jurassic movements. All parts of Fault F were active at the same time, and
moved at a similar time to Fault E in the eastern and western sections (Fig. 6.14a and c). Fault E was
apparently inactive durrng the Lower Jurassrc movements (Fig. 6.14b). Only Fault E was active dunng the
third ’stage of evolutron (Flg 6. 14a-c) The three development stages can be summansed as: (1) |solated
fault development through Q) propagatron of both faults towards therr mutual lntersectron to (3) .
propagation of one fault that breaches the intersection. The mtersectlon geometnes also mdlcate that :

younger faults usually terminate at the older fault (F‘rg k 6.14b-c).
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Fig. 6.13. Normal fault geometries in the Wytch Farm Oiifield. The faults are segmented in cross-section, and
overlap at either extensional or contractional oversteps. The reflectors are often chaotic in oversteps, so it is not
always possible to interpret the displacements on the individual segments. The deformation style across the seismic

survey is dominated by conjugate normal faults.

The normal faults are also segmented in map view (Fig. 6.3). It'is not possible to draw any rigorous
conclusions about the fault segme’ntation in the 2D survey area, due to the low data coverage. However,
relay ramps were observed in the 3D survey area. They are recognisable from steeper bed dips between
overlapping faults, and localised change of the bed dip direction to be perpendicular to the fault strikes
(Peacock and Sanderson, 1991) (Fig. 6.3). A second type of displacement transfer zone occurs between
the Arne and Northern Faults. At the Top Sherwood level, the Northern Fault forms a continuous tface. In
the Liassic units the fault is composed of three individual segments. In map view, the displacement
between the two eastern segments is transferred via a south-dipping fault (Fig. 6.3). Many of the faults,
such as the Wytch Farm Fault, have irregular planes (Fig. 6.3). Points of minimum and maximum throw
along their lengths suggest that the faults were individual segments that subsequently merged (Ellis and
Dunlap, 1988; Peacock and Sanderson, 1991; 1994a).

6.3.2b Strike-slip and reverse-reactiv ated normal faults

No evidence for strike-slip faults, or reverse-reactivation of the normal faults was found during the
extensive examination of the Wytch Farm seismic data sets. Strike-slip faults are more difficult to detect
on individual seismic séctions, unless they also have a dip-slip component, as faults were inte}preted at
reflector offsets and terminations. Strike-slip faults might be interpreted from abnormal juxtaposition of
lithologies on time-slice maps constructed from the combined sections. Although the distribution of
lithologies on the two time-slice maps is whblly consistent with normal faults and a gentle dip to the east
and west (Fig. 6.3), the faults would need strike-slip displacements > 50 m to be visible on the maps (the

Iargest strike-slip fault displacement at Kilve is 6.4 m).
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Fig. 6. 14 Three cross-sections through the conjugate Faults E and F. The sections are truncated seismic inline
rnterpretatrons whose numbers are mdlcated in the bottom left corners, and arranged from west to east (left to right).
The circled numbers represent the relative trmmg of the faults on each section (1 = oldest movements, 3 = most
recent). Growth sequences in the hangmg—walls were used to identify fault actrvrty. Fault E expenenced the most

recent movements, in all three cases. A breakdown of fault ‘z’o‘n‘e evolution is detailed in the text.

The occurrence of reverse—reactivated normal fa‘u‘lts cannot be discouhted by the date interpretation,
although structures such as hangrng—wa!! antlclrnes and thrusts were not apparent. Several of the
examples from Krlve are fault zones that retained frmte normal drsplacements (Fig. 6.9a), or reactrvated
and unreactivated faults in the same fault zone with a net normal drsplacement (Fig. 6.9¢). The reverse-
reactlvated fault in the latter case would not be detected if the reverse drsplacement was below seismic
resolution, or if the faults were not separated sufficiently to be mterpreted as individual faults zones. Any

reversal of the normal faults was not suffrcrent to drsp!ace the Base Chalk horizon on any of the sections.

6.4 APPLICABILITY OF FIELD STUDY TO SEISMIC INTERPRETATION
The preceding descriptions have demonstrated the similarities between normal fault geometries at both

locations (Fig: 6.3, 6.4, 6.8 and 6.13). The similar geometries of the normal faults in both cross-section
(Fig. 6.8and 6.13) and map view (Fig. 6.3 and 6.4) in the two sub-basins of the Wessex Basin, and the
common development history, confirm the suitability of the Kilve exposure as a field-based analogue. An
ideal illustration occurred when a well intersected an ESE-WNW section of the Arne Fault between two
E-W segments. The estimated throw from the seismic interpretation was 23.6 ms, but the well intersected
the fault with a throw < 5 ms equivalent. A bend in a fault trace would be mapped if faults that overstep
at a relay ramp were incorrectly interpreted as a single fault. Field examples (e.g. Fig. 6.7) show that
throw minima occur at breached relay ramps, and it is possible to pass from the footwall to the hanging-

wall of an unbreached relay ramp, and not encounter a fault (Peacock and Sanderson, 1991).
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Analysis of conjugate normal fault zone evolution at Wytch Farm (Fig. 6.14), has shown that their
development has much in common with the proposed model for conjugate strike-slip fault development
(Kelly et al., in press). In both of these models, isolated nucleation of faults, and their propagation
towards intersections occurs. The faults become stuck at their intersection, until it is breached by one
fault. The final fault geometries of strike-slip and normal faults, with respect to their relative extension
and contraction axes, are also comparable (Fig. 6.11b and 6.14a). The similar model and geometries for
both strike-slip and normal faults endorses the use of conjugate strike-slip faults as field-based analogues
for conjugate normal faults'in cross-section. Far more information regarding fault network geometries and
intersections can be acquired from the study of the better-exposed conjugate strike-slip faults (Fig. 6.110),

than the conjugate normal faults in the cliff at Kilve (Fig. 6.8a).

The common development history does not extend beyond the extensional phases, even though both
areas form part of the Wessex Basin. This observation is particularly important to the assessment of
hydrocarbon traps, in the light of the faults that formed during the contractional phase at Kilve. The
Wytch Farm reservoirs are contained within the central horst (Fig. 6.3), and are thought to have been
charged during the reverse-reactivation of the Purbeck-Isle of Wight Fault (Colter and Havard, 1981). The
strike-slip faults at Kilve are interpreted to be associated with reverse-reactivation (Kelly et al., in review),
and are concentrated in a horst (Fig. 6.4). Escape of hydrocarbons may have occurred if either of the
horst-bounding faults were reverse-reactivated, or if a linked network of strike-slip faults developed in the
horst. All of the strike-slip offsets at Kilve are below the seismic resolution, even though the network
covers a significant area (Fig. 6.8¢). Selley and Stoneley (1982) postulated that significant hydrocarbon

accumulations elsewhere in the Wessex Basin may have been lost during basin inversion.

The lack of reverse-reactivation of the normal faults at Wytch Farm implies that not all aspects of the
model proposed for the contraction at Kilve (Kelly et al., in review; Chapter 3) can be universally
applied. There are, however, similarities between the two sub-basins, when the faults beyond the seismic
data set are considered. The south-dipping Purbeck-Isle of Wight fault lies to the immediate south of the
oilfield, and was reverse-reactivated during Late Cretaceous — Tertiary basin inversion (Stoneley, 1982;
Lake and Karner, 1987; Chadwick, 1993). Interpretation of a cross-section through the Purbeck-Isle of
Wight fault (Stoneley, 1982) shows a finite normal displacement > 1 km, even though the fault
experienced the greatest amount of reverse-reactivation in the basin (Lake and Karner, 1987; Chadwick,
1993). Karner et al. (1987) concluded that only the basement-involved faults were reversed during basin
inversion. The reversal of the largest faults in the region is similar to the selective reverse-reactivation of

the Quantock’s Head and Kilve Pill Faults.
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6.5 CONCLUSIONS

Normal faults have similar geometries at both locations. This takes the form of segmentation in cross-
section where the faults overstep with either extensional or contractional geometries. Conjugate normal
faults were observed in the cliffs at Kilve and on the seismic sections from the Wytch Farm Oilfield. The
normal faults at Kilve often-overstep at relay ramps, and relics of relay ramps are common adjacent to the
largest faults in the field. Relay ramps are also recognised from ‘steeper beds between overstepping faults
on the time-slice maps of the Triassic — Jurassic succession at Wytch Farm. Bends in fault traces have
lower displacements-than estimated from seismic interpretation, and therefore are likely to be relay
ramps. The normal faults at Kilve therefore provide a useful-analogue for the deformation at' Wytch Farm.
Formation of a development model for the conjugate normal faults at Wytch Farm has revealed that they
evolved in a‘similarto way to conjugate strike-slip faults. The strike-slip fault network at Kilve is more

accessible to'study than the limited examples‘of cross-sections of conjugate normal faults:

There is no evidence for contraction at Wytch Férm, which caused reversal of normal faults and strike-
slip fault formation at Kilve. However, reverse-reactivation affected the largest faults (the Quantock’s
Head and Kilve Pill Faults), whilst many lesser displacement faults were unaffected. Reverse-reactivation
of the Purbeck ~ Isle of Wight Fault to the south of the oilfield may have performed a similar role to the

largest displacementfaults at Kilve.
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7. Conclusions

There were two objectives for the study in the preceding chapters. Firstly, to propose models that
describe the development of segmented faults in both extensional and compressional settings and,
secyondly, to apply fault analysis methods to problematic areas in the seismic interpretation of normal
faults in the Wessex Basin. Segmented normal faults have been described from the Wessex Basin in ‘
Chapter 4, and the interaction between faults that developed during polyphase extension has been
discussed. The conclusions drawn from the study of the normal faults have been applied to the
inferpretation of seismic data elsewhere in the basin. Conjugate strike-slip fault‘developrknkent, and
subsequent network development, has been addressed in Chapter 2. The degree of fault interaction, in
contractionaklksetktings, of strike-slip faults and reverse-reactivated normal faults was analysed in Chapter
3, which also included descriptions of the geometries. of displacement transfer zones between selectively
reverse-reactivated normal faults. The field study in Somerset, and the seismic study in Dorset provided
the opportunity to compare fault geometries from two sub-basins of the Wessex Basin (Chapter 6). The

following sections summarise the conclusions from each chapter.

7.1 EXTENSIONAL DEFORMATION
The geometnes of normal faults that formed during the development of the Wessex Basin have been

described in Chapters 4 and 5. The dynamics of basin formation haskbeenkwell-documented (e.g.
Stoneley, 1982; Chadwick et al., 1983; Chadwick, 1986; Karner et al., 1987), yb_ut the kinematics of

individual normal faults has not been addressed prior to this study.

Recent studies of normal fault geometries elsewhere have shown that faults are eften highly segmented,
and overstep at relay ramps in map view (Larsen, 1988; Peecock and Sanderson, 1991; 1994a), and also
overlap in cross-section (Peacock and Sanderson -1994b; Mansfield and Cartwnght 1995). The normal
faults in the Wessex Basin are similarly segmented in map view and cross-section, and their displacement
profiles have been used to further understanding of the deformation style in the basin. The largest faults,

such as the Arne Fault, are composed of several segments, both vertically and horizontally.

Previous studies qfk overstepping faults (Peacock and Sanderson, 1991; Peacock and Zhang, 1994;
Mansfield and Cartwright, 1995) have concentrated on fault segments that developed during a single
extensional or contractional phese. Polyphase extension has been identified from growth sequences in
the hangmg—walls of the largest faults in the Wessex Basin, and linkage between faults of different ages
has been identified. Willemse et al. (1 996) identified a shift from the centre, towards an overlap zone, of
the maximum dcsplacements on individual segments. Similarly, the depths to maximum displacement of
both fault segments at verti\cal oversteps suggest that both eegments were active, and hence the lower

segment was reactivated during the later extension phase.

The resolution of the 3D seismic data sets was sufficient to analyse in detail the distribution of extension,

which reveals that the normal reactivation of the normal faults was the dominant process. The
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identification of growth sequences also showed that contemporaneous fault reactivation and new fault
development occurred. However, only reactivated faults were active during two periods of relative
tectonic quiescence, which suggests that the existing faults were easier to displace. Strain localisation is
apparent from the reactivated faults, as they dominate the displacement at all levels, and is most
pronounced in the Triassic units. There is a more homogenous spatial-distribution, and higher density, of
faults in the Jurassic, although finite strains are less than in the Trias. Multiple growth sequences indicate
reactivation, but the faults often have a displacement minimum at the Triassic/jurassic boundary. Such
displacement profiles indicate that the reactivated faults could not have simply propagated upwards from
the Triassic. To explam the geometnes thin-skinned extensron above a detachment has been proposed
Either an anhydrite unit in the Mercia Mudstone (House, 1993), or a Liassic clay umt may have provrded

a shp surface durmg the younger phases of extensron

The fault orientations and dates of actrvrty conform to pubhshed accounts of the Wessex Basin structures
(e.g. Stoneley, 1982; Chadwrck et al 1983; Chadwrck 1986; Karner et al., 1987; Lake and Karner
1987).

7.2 CONTRACTIONAL DEFORMATION
A deformation model! for the strike-slip faults on the north Somerset coast, and at Beadnell, Northumbria,

has been discussed (Chapter 2). Through-going faults:develop from initiation, dilation and interaction of
veins and vein arrays. The faults meet at conjugate intersection points, which are breached by the
dominant fault of the pair. A combination of the model in Chapter 2, and the strike-slip relay ramp model
(Peacock and Sanderson, 1995a) can be used to describe the formation of strike-slip fault networks from
isolated fault development to interacting faults at relay ramps and conjugate intersections. The role of the
strike- shp faults in north Somerset has been put into the context of the contractional phase of basin
development (Chapter 3) The strike-slip faults have been previously dated as post reverse-reactivation
(Dartetal., 1995) but the interaction geometries of the strike-slip and normal faults indicate that the

stnke-sllp faults formed at a similar time to the reverse-reactivation (Chapter 3).

Selective reverse-reactivation of normal faults has been rdentrfled from the onshore exposure of structures
related to the Brrstol Channel Basm (Chapter 3). Fault drp and fault size are both rmportant to their
reverse-reactlvatron. Although the geometnes of oversteppmg normal faults (Larsen, 1988; Peacock and
Sanderson, 1991; 1994a; Mansﬁeld and Cartwright, 1995), thrusts (Dahlstrom, 1969; Boyer and Elliot,
1982) and strrke—shp faults (Peacock and Sanderson 1995a; Willemse et al., 1997) have been previously
described, overstep zones between reverse-reactwated faults have remained largely unstudied. The
nature of under- and overlapping zones is of economic importance, as reverse-reactivation is a common
feature of normal faults in the h’ydrocarbon basins around the UK (e.g. Southern North Sea, Badley et al.,
1989; East Shetland Basin? Thomaa and Coward, 1995; Wessex Basin, Stoneley, 1982; Lake and Karner,
1987; Chadwick, 1993). Two distinct styles have been described from the north Somerset exposures

(Chapter 3): (1) obliquely-oriented reverse faults in an underlap zone, and (2) a network of conjugate
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strike-slip faults (c.f. Chapter 2). Both examples occur between faults with opposing dip directions, and
indicate that new fault development accompanied reactivation of existing structures. Regional analysis of
reverse-reactivated faults through-out the Wessex Basin was beyond the scope of this study, but none of
the normal faults at Wytch Farm show evidence of reverse-reactivation. However, the Purbeck-Isle of
Wight Fault lies to the south of Wytch Farm and was reverse-reactivated (Stoneley,1982), which therefore

conforms to a selective reverse-reactivation model.

7.3 STRAIN DISTRIBUTION
The common feature of the described normal, reverse-reactivated and strike-slip fault networks is the

localisation of strain onto a set of master faults, In the strike-slip fault zones, the master faults develop
from coalescence of several segments, which are able to accommodate greater strains than unlinked
faults. In an extensional setting, the deformation is dominated by the repeated reactivation of a series of
faults, and reverse-reactivation similarly affected only selected faults. Although the reactivated faults
dominate the deformation, the formation of new faults is contemporaneous in both extensional and
contractional settings. The analysis of the strike-slip fault zones has shown that the rock deforms at
different rates, where continued propagation of one fault occurs at the same time as the development of
new faults and veins (Chapter 2). The geometries of the under- and overlapping zones between reverse-
reactivated faults indicate that new faults (both reverse and strike-slip) déveloped, at a similar time to the
reactivation, to accommodate the contraction (Chapter 3). Existing normal faults at Wytch Farm were
reactivated, and propagated upwards from the Triassic, at the same time as new normal faults were

~formed in the Jurassic (Chapter 4).

7.4 RECOMMENDATIONS FOR FURTHER WORK

1. A study of strike-slip faults in different lithologies to the limestones is needed to test the generality of
the deformation model.

2. The study of reverse-reactivated fault data from inverted basins around the UK is necessary to
identify the style of displacement transfer between over- and underlapping reverse-reactivated faults
zones. A wider analysis of the normal faults in the Wessex Basin, and other basins, should be
undertaken to test the applicability of the models for their selective reactivation. Seismic studies
would provide 3D control of the geometries, which could then be compared with the north

- Somerset faults.

3. Interpretation of several reflectors between the chosen horizons in the Wytch Farm data sets is
needed to constrain more tightly the vertical displacement-distance profiles. Analysis of the
remaining inlines in the 3D data will also be helpful to the study.

4. The understanding of the Arne Fault system, and other faults in the 2D data area, would be improved

from the acquisition and interpretation of 3D seismic data.
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Appendix 1 - Field Photographs

A1. 1. Photograph of the intersection between the conjugate strike-slip faults illustrated in Fig. 2.6.

A1. 2. Photographs of examples of strike-slip faults exposed in the dliff to the east of Quantock’s Head (Fig. 2.9).
A1. 3. Photograph ofé conjggate strike-slip fault zone with associated puH-apgrt arrays (Fig. ‘2.3 and Fig. 6.11).
A1~V.’ 4.~Ph6tograph of re\;erse-reactivated norfnal faults e)k(po‘sedk ‘n tﬁe ‘Cliffs ~at‘K"i‘lv‘e (Fki‘gf 6-'9)",

AL 5. Photogréph of an intersection zone between ‘st‘r:kike-élip‘famt‘s ahd fhe‘reyerSé-reactivated Kilve Pill Fault Zone
(Fig. 3.10). ‘ : - : -
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A1.1. Intersection between conjugate strike-slip faults illustrated in Fig. 2.6
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A1.2. Strike-slip faults exposed in the cliff to the east of Quantock'’s Head (Fig. 2.9).




A1.3. Conjugate strike-slip fault zone, with
associated pull-apart arrays (Fig. 2.3 and Fig. 6,11).



Al.4. Reversereactivated normal fault zone
exposed in the cliffs east of Kilve Pill (Fig. 6.9)



A1.5. Intersection zone between strike-slip faults and the reverse-reactivated
Kilve Pill Fault Zone (Fig. 3.10)




Appendix 2 - Field maps
A2. 1. Map of the strikeslip fault zone in Fig. 2.6(a)
A2. 2. Map of the strike-slip fault zone in Fig. 2.6(b)

A2. 3. Map of the strike-slip fault zone in Fig. 2.11(b}

A2. 4. Map with colour-coded fault traces to show the variation in fault dip for the normal and reverse-reactivated

normal faults on the Kilve foreshore. There is no unambiguous relationship between dip direction and dip amount.
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Enclosure 1. Two time-slice maps and cross-sections of the Wytch Farm Oilfield. The
time-slices are at 900 and 925 ms, which represents an approximate depth difference
of 45 m. The two levels were chosen as they contain the greatest areas of Blue Lias
sediments, and therefore allow a direct comparison with the map of the foreshore at
Kilve (Fig. 6.4). The diagrams include data from the BP 2D and 3D seismic surveys,
that are calibrated with well data. The 3D survey extends eastwards from 401250,
and its greater resolution and tighter spacing is evident in the detail of the fault
geometries. The cross-section A-A' was produced from the projection of the two
closest 2D seismic lines onto the line of the section; B-B' and C-C' were directly
constructed from 3D lines,




Enclosure 2. Map of the exposure at Kilve (mapped by P.G. Kelly and
D.). Sanderson, drawn by D.C.P. Peacock and P.G. Kelly), and a
composite cross-section. Normal and reverse-reactivated normal faults
have approximately E-W strikes, dextral strike-slip faults strike NNW-

SSE and sinistral strike-slip faults have NE-SW strikes.

Location map'

Bristol Channel

English Channel

Blue Ben
Headland

Depth {(m)
N
(%]

50

Map key

EbEES

Reverse-reactivated
normal faults. Symbols
on downthrow side.

Reverse fault. Symbol
on downthrown side.

Normal fault. Symbol
on downthrown side.

Strike-slip fault. Arrows
indicate displacement sense.

Dip direction, indicated by arrow,
dip amount in normal text, and
displacement in italics.

Stratigraphic boundary

North
100 m

LOWER JURASSIC

Stratigraphy

Quantock's
Beds

Kilve
Blue
Lias

St. Audries
Shales

Penarth
Group

Mercia
Mudstone

TRIASSIC

Shales

Cross-sections

& d
\ X
Normal fault Reverse fault

with dip direction and amount

North
|:>
50 m

Hornizontal:Vertical = 1:1 Kilve Pill
Fault

Section scale:Map scale = 3.5:1

Bristol Channel

: ~ Quantock's
i B Head Fault

312000

312500

(w) ydeq

313000

313500

314000

314500

144500

145000

143500



21

A

v s

wen - —> _ I W Ty




TEPONELL , NOATHAMEERLANY MAP |, SHEET| 5. ENY OF MALKER HOLE ( (EAPIVELL SO v _ i (, 2 MOE 1, sHeen 2
STAVRE - SUP AT 200 Cmay (4 gl Nu 238289 (03 1:500003HEET T15) > S - Dlel ; SHET & {

wr




WAOIVELL, NoTHUMSNLAND MAP 1, SHEET 3 : BERPNELL, NORIUNbALAY ' : [l kit ALI6 !




EAPNELL, BULTHWANIALANY
. c-Suf 3 Z0NE
TAikgsut U «

1

MAr £ onsoy »

l6 AuousT 19%,

HIER (ovaNg) (I YpAlents

ISLAIN L, NORIHAMBECLAVY VIHE £ SHOT1L UMY UF Stryiva GEAUT ( NALATR TOLE ) N L am :
STUIKE - 5UP FAULT TonE ¥ MAY 19% GO NU 2332494 (05 I:s0000 SHET ) KT '

N
A
My 4

g A




TETFIETIT

ey

i

FREYA T

e

15 AUty

A G, Ree &




oA

Map key
Reverse-reactivated
=&=o.  normal faults. Symbols
N - on downthrow side. i | 1 0
Reverse fault. Symbol
on downthrown side.
~ Normal fault. Symbol Fault plane coloured
on downthrown side. for fault dip amount
Dip direction, indicated by arrow, <30°
84 sm dip amount in normal text, and —20-39°
displacement in Halics. — 40-49°
—— 50-59°
North §0-68°
100 m Sl Kilve Plil
L) Fault t/
/
A
|
1 - - = 145000

e
,/\"'// ‘
e .;
/' HLatm Z4m 2T e |
P .
7 I f— é.&‘ S/\/
- |

Blue Ben Fault |

312000 312500 313000 313500 314000 314500



