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SUMMARY

This research project used 3D seismic data located in the Levant Basin, eastern
Mediterranean and in the Espirito Santo Basin, offshore Brazil, in order to investigate
the early propagation of small normal faults and develop criteria to reconstruct fault
kinematics. Detailed interpretation of the 3D geometry of faults, extensive mapping of
the throw distribution and investigation of the ductile deformation in the volume
surrounding the fault planes provided new insights into the propagation and early
growth of normal faults.

The Levant survey was used to investigate a unique array of small blind normal
faults that were then compared to neighbouring small growth faults in order to better
understand their early growth history. Criteria for the recognition of blind faults were
defined. Unrestricted blind faults were compared to those that underwent a subsequent
mechanical interaction with a major lithological boundary or another structure. The
results show that such restrictions affect the throw distribution on most of the fault
plane and is not only limited to the proximal zone of interaction.

An analysis of growth faults that have recently made the transition from a blind
stage to a syn-sedimentary stage suggests that most of the fault surface area formed
during the blind propagation phase. A large proportion of the displacement was added
during the syn-sedimentary phase as a result of interaction with the free surface. This
led to a change in the position of the point of maximum displacement, as well as a shift
of the entire vertical throw distribution. These results suggest that the dimensions of the
faults were established early in the growth history and that displacement on and
surrounding fault planes was added for a near constant dimension.

Crestal extensional faults that grew by blind propagation before reaching the
surface were investigated from the Espirito-Santo survey. These faults were reactivated
by blind propagation after a significant period of quiescence. A reconstruction of the
3D geometry of the fault network and detailed analysis of the throw distribution
provided new insights into the kinematics of reactivation. Two distinct modes of
reactivation are recognised: a typical reactivation by upward propagation and a
reactivation by dip linkage. These are selective processes and factors controlling
preferential reactivation are discussed.

All these results have wide implications for fault growth models and are

applicable to many petroleum systems.
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(a) Schematic section across a normal fault offsetting a layered sedimentary
succession. (b) Vertical throw distribution plot (T-z plot) obtained for this fault.
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Schematic representation of an ideal blind fault (after Barnett et al. 1987). (a) Cross-
sectional view of the fault plane. Negative and positive signs indicate the dilatation
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Alternative model for the growth of faults (Walsh et al., 2002). (a) Pre-existing
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Location map of the 3D seismic survey (rectangle) offshore Israel. The dashed line
represents the margin of the Messinian evaporites
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(a) Structural map of the Levant survey based on a Pleistocene horizon. (b) Dip
map showing the El Arish fault array and location of wells Gaza-marine 1 and 2
(GM1 and GM2).
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Seismic section showing Gamma Ray (GR) and Velocity (V) profiles from well
Gaza-Marine 1 in the proximity of Fault 16. Star symbol marks the uphole limit of
velocity data. The T-z plots for Fault 16 in time and in depth exhibit very few
differences.
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Regional seismic section across the Levant Basin continental margin showing the
main stratigraphic units including Yafo Marls Member (YMM) and Yafo Sand
Member (YSM). Horizons M and N respectively indicate top and base of the
Messinian evaporites. The marginal extensional faults located on the shelf break are
controlled by the pinch-out of the Messinian evaporites.
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(a) Seismic section across Fault 17 shows the position of upper and lower tips and
small magnitude of displacement over the fault height. Key horizons are labelled A-
F. (b) Close-up showing the significant upper tip folding. (¢) Close-up showing the
faulted lower tip dying out just above the YSM. (d) Very small amplitude or
negligible reverse drag folding.
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2.6

Throw contour plot for Fault 17 using 410 measurements taken along the length of
the fault. Interval between crosslines is c. 50 m. Throw contours are spaced every 2
ms TWT. Dark colours indicate high throw values (T max = 12 ms TWT).
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2.7

Vertical throw distribution graph for Fault 17 showing T-z plots every 4 crosslines
(c. 50 m). Each T-z plot represents the throw value (T) up to 20 ms TWT plotted
against z in ms TWT.The blank area represents the tip folding surrounding the part
of the fault plane that exhibits clear stratigraphic offset (shaded area). Key horizons
are labelled B-F.
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2.8

(a) Seismic section across Fault 19 at crossline 2856 illustrating no drag folding in
the upper half of the fault and large wavelength reverse drag folding in the lower
half (b) Lower tip at crossline 2836 dies out above the YMM and the Messinian
evaporites (c) Lower tip at crossline 2892 dies out within the YMM (d) Seismic
section across Fault 19 at crossline 2836 showing no drag folding.
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Throw contour plot for Fault 19 showing lines of equal throw value every 5 ms
TWT. 809 throw values were measured on 14 seismic sections equally spaced at
125 m. Higher throw values (>20 ms TWT) are expressed as dark colours.
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2.10

T-z plots for Fault 19 illustrating the vertical throw distribution every 10 crosslines
(c. 125 m). Blank area represents the tip folding surrounding the fault. Reverse drag
folding (RD) is observed in the part of the fault that accumulated the most
displacement. B, Ba, C, D, E and F are mapped Plio-Pleistocene horizons. M and E
are respectively the top of the Yafo Marls Member and the top of the Messinian
evaporites.
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Seismic cross section showing locations and geometries of Faults 16 and 21.
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2.12

Throw contour plot for Faults 15 and 16. Throw contours are spaced every 2 ms
TWT. Crosses indicate the 446 measurements presented every 20 crosslines (c. 250
m).
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2.13

Vertical throw distribution plots for Faults 15 and 16. Shaded area is faulted and
blank area is upper tip folding. T-z plots represent the throw values (T) up to 30 ms
TWT plotted against time (z) every 20 crosslines (c¢. 250 m). RD indicates reverse
drag folding associated to this part of the fault.
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Throw contour plot for Fault 21 based on 234 measurements and presented every 20
crosslines (c. 250 m). Throw contours spaced every 2 ms TWT.

2-26

T-z plots for Fault 21. T is the throw values in ms TWT and up to 30. B, Ba, C, D,
E, F and Yafo Sand Member (YSM) are mapped horizons. RD is reverse drag
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folding, the brackets indicating small amplitude.

2.16

Maximum throw (T max) versus maximum length (L max) plot for the 30 faults
selected from the El Arish array. Detailed throw analyses are presented in this paper
for Faults 17, 15/16, 19 and 21. Linear regression line (y = 0.0113x) and exponential
regression line (y = 8.9974¢”%**) are respectively shown in solid and dashed lines.
Arrows underline the scatter that characterises the data.
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3.1

Location map of the 3D seismic survey (shaded square) situated offshore Israel.
Dashed line represents the margin of the Messinian evaporites.
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32

Structural map of the Levant survey based on a Pleistocene Horizon.
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33

Seismic regional section across the Levant Basin continental margin showing the
main stratigraphic units. The Messinian evaporites are recognisable by the strong
basal (N) and top (M) reflections. The growth faults, located on the shelf break, and
the Kefira graben system (composed of Faults G1 and G2) are controlled by the
pinch-out of the Messinian evaporites.
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34

Structural map of the area and Geoviz visualisation of the Kefira graben and the
coast parallel faults based on Pleistocene Horizon Ba. (a) Two-way-time map
showing contours spaced at 25 ms TWT with low values in red and high values in
blue colour. Dashed line represents the edge of the Messinian evaporites. Arrows
indicate syncline and anticline. (b) Dip map showing the traces of the main Faults
Gl, G2 and G3. (¢) Geoviz image of Pleistocene Horizon Ba (d) Geoviz
visualisation of the 3D geometry of Faults G1, 2 and 3 related to the top Miocene.

Seismic section through Faults G2 and G3 showing the stratigraphy and key
Pleistocene horizons (A, B, Ba, C, D and E). P-P marks the Pliocene-Pleistocene
boundary. Stratigraphic thickening is expressed under the form of growth packages
(GP) in the hanging wall of Fault G3 between Horizon B and the seabed. White
doted line marks the base of syn-kinematic sequence.
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3.6

Throw contour plot for one of the blind faults (B2) located between Faults G2 and
G3. Lines of equal throw values spaced at 2 ms TWT show elliptical contours
ranging from O to 11.
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(a) Seismic cross-section showing the stratigraphic thickening in the hanging wall
within the syn-kinematic sequence. X indicates the onset of growth packages. (b)
Seismic section showing a growth package in the hanging wall of Fault G3 in the
syn-kinematic sequence. (c) Coherency slice at 1416 ms TWT showing a channel
cross-cut by Fault G3 within the pre-kinematic sequence. The size, direction and
geometry of the channel are unchanged. (d) Coherency slice at 528 ms TWT
showing the change of direction of a channel being cross-cut by Fault G3.

3-17

3.8

(a) Dip map of Pleistocene Horizon D showing the trace of Fault G3. (b) Schematic
representation of the fault trace and names of different segments. (¢) Throw contour
plot for Fault G3 showing lines of equal throw values spaced every 10 ms TWT. V-
v’ to z-z' indicate the branch lines. A total of 1753 throw measurements were taken
along the main fault trace (represented by a thick line on figure 3.6b). (d) Cartoon
showing lateral segment linkage that formed Fault G3.
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39

(Top) 3D geometry of Fault G3 with respect to its segmentation (A, B and C),
interaction with other fault segments or bifurcation of the fault plane. Arrows
showing decreasing throw values indicate the direction of propagation of the fault
segments. (Bottom) Throw contour plots showing lines of equal throw values (a)
The throw values for Segment T range from 0 to 110 ms TWT (represented by dark
colour) and are represented spaced every 10 ms TWT. (b) Throw contour plot for
Segment A2 exhibit throw values ranging from 0 to 16 ms TWT decreasing away
from the branch line. The spacing of the contours is 2 ms TWT. (¢) Throw
distribution on the hanging wall branch of the relay zone shows throw values
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ranging from 0 to 30 ms TWT and spaced at 5 ms TWT. (d) Throw contours plot for
Segment C2 showing throw values ranging from 0 to 45 ms TWT and spaced at 5
ms TWT decreasing away from the branch line.

3.10 (a) Schematic fault trace of Fault G3 based on the Pleistocene Horizon D with | 3-24
location of the 15 T-z plots. (b) Vertical throw distribution plots for 15
representative sections of Fault G3. Each T-z plot shows the throw values (T)
horizontally, up to 140 ms TWT, plotted against the time (Z) in ms TWT.
Horizontal lines represent the base of growth packages across the fault plane and the
dashed lines represent the stratigraphic interval in which G2 became inactive.

3.11 Frequency histogram and curve of the basal tip gradients along Fault G3. The plot | 3-25
represents throw gradients between 0 and 0.4 that have been grouped in intervals of
0.05. The data are characterised by a well defined peak corresponding to throw
gradient values between 0.15 and 0.2. Mean value, median and mode are indicated
in the top right corner of the plot. For ungrouped data points, mean is 0.17, median
is 0.18 and mode is 0.13.

3.12 | (a) Throw contour plot for Fault G2 showing lines of equal throw values spaced at | 3-26
20 ms TWT. (b) Example of a typical vertical throw distribution plot for Fault G2
showing throw values increasing systematically from the upper tip to Horizon D.

3.13 | Graphic synthesising the timing of kinematics for Fault G1, G2, B2 and G3. 3-28

3.14 | Two different models of growth for Fault G3. (a) Nucleation of the fault at the free | 3-29
surface and accumulation of the synsedimentary interval (shaded area) whilst rapid
downward propagation of the lower tip. (b) Nucleation as a blind fault which
reached the surface and become a growth fault in a later stage of evolution.

3.15 (a) Vertical throw profile on the central region (C) and lateral tip region (L) of Fault | 3-32
G. The shaded area represents the displacement accumulated by Fault G3 after it
reached the surface. The dash line marks the limit between pre-faulting and syn-
faulting sequences (b) Vertical throw profile for a blind fault offsetting the same
stratigraphic interval nearby.

3.16 | Log-log plot of displacement vs. length for various fault populations (shaded areas) | 3-36
compiled by Schlische et al., 1996. The central portion (CP) and lateral tip regions
(LTR) measurements for Fault G3 plotted on this graph show the interpreted growth
path for this fault from early evolution until present day.

Chapter 4: The kinematics of reactivation of normal faults; example from the
Espirito Santo Basin

Figure Figure caption Page
No No

4.1 Location of the BES-2 Survey in the Espirito Santo Basin, offshore Brazil (after | 4-4
Chang et al., 92). Dotted lines indicate the bathymetry (m), dashed lines symbolise
the limits between different basins and solid line indicates the margin of the
evaporites.

42 (a) Seismic section across the 3D data in the BES-2 survey available for this study. | 4-6
(b) Schematic regional section across the Espirito Santo Basin (after Fiduk et al.,
2004). Deformation of the evaporites (E) in major salt diapirs has been active since
the Albian. N-S folding of the Cretaceous sequence and strata above result from
early Cenozoic compression. O-P is Oligocene to Present day.

43 3D seismic section showing the main stratigraphic units above the Cretaceous (K) | 4-10
and key Cenozoic horizons. The erosional surface (E-O) situated at the base of Unit
2 is post middle Eocene to Oligocene in age.

4.4 Structural map of the Top Cretaceous Horizon in ms TWT from the 3D seismic | 4-13
survey. Dark grey rounded structures are the salt diapirs (D) piercing through the
Cenozoic sequence. The fault network mapped on Horizon C50 is superimposed on
the Top Cretaceous map.

4.5 (a) Dip map of Horizon C50 showing the fault pattern in the upper part of Unit 1b | 4-15
beneath the E-O boundary. The faults were grouped into 3 distinct sets for the
purpose of the study. Radial faults are organised around salt diapirs (SD) and overlie




the Mesozoic anticlines. (b) Dip map of Horizon C35 showing that only a few faults
(highlighted by the dashed circle) offset Unit 2 above the E-O boundary.

4.6

Representative 3D seismic sections showing that the faults offset Unit 1 and tip out
at the E-O erosional basal surface (dashed lines) of the slump deposit at the base of
Unit 2. (a) Seismic section through faults of Set 1. (b) Seismic section through faults
in Set 2. P.

4-16

4.7

(a) Vertical throw distribution plots for 8 representative faults in Set 1. Each T-z
plot exhibits the throw values up to 60 ms TWT plotted against the time. Undulating
lines indicate the E-O boundary characterised by an erosional surface at the base of
the slump deposit situated at the base of Unit 2. (b) T-z plots obtained for 8 faults
located in Set 2.

4-19

4.8

Fault pattern in Set 3 based on the dip map of Horizon C50 situated in the upper part
of Unit 1b. The figure shows non- reactivated faults (in thin lines) and reactivated
fault segments terminating in Unit 2 (in medium lines) or Unit 3 (in thick lines).
Doted rectangles indicate the location of the examples of reactivation by upward
propagation developed in Figure 14 and reactivation by dip linkage analysed in
Figure 15. Typical selective reactivation examples are highlighted with doted
circles.
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4.9

Rose diagrams for faults of Set 3. The fault network was divided into small straight
segments. Vertical and horizontal axes show percentage of fault segments (based on
total fault length). n indicates the number of fault segments measured (a) Rose plot
representing the strike of all faults in Set 3. White dashed line indicates the strike of
the axial plane of the anticline. (b) Rose plot for reactivated faults terminating in
Units 2 and 3. (¢) Reactivated faults terminating in Unit 2 only. (d) Reactivated
faults terminating in Unit 3 only.
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4.10

Geoviz visualisations showing the faults located in Set 3 with key surfaces. (a) 3D
block diagram showing the faults in seismic section with a map of Horizon C50. (b)
3D visualisation of the fault planes (in red colour) organised in a complex crestal
collapse graben tipping out downwards at the Top Cretaceous Horizon (K). Key
surfaces are Horizon C50 situated at the top of Unit 1b and Horizon C20 at the base
of Unit 3. (c¢) Close-up on an example of reactivation by linkage. Segment B
intersects Segment A through a vertical branch line (x-x’). Segment R initiated
individually above the Eocene-Oligocene boundary (E-O) and propagated
downward to hard link with Segment A towards the NE and switches to link with
Segment B towards the SW.
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(a) Isochron map between Horizons C50 and C60 showing very small thickening
away from the Cretaceaous anticline axis (K axis). (b) Isochron map between
Horizons C60 and top Cretaceous showing significant thickening away from the
Cretaceous anticline axis. Thick contours spacing is 100ms TWT for both maps.
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4.12

(a) Seismic sections showing growth packages (shown by the arrows) situated at the
top of Unit 1. (b) Seismic section showing erosional truncation surface (in dashed
line) at the base of the slump interval.

4-27

4.13

A 3 steps evolutionary model for the crestal graben faults. (a) 1st phase of faulting
occurred between the early Cenozoic (time of formation of major anticlines) and the
late Eocene (time of deposition of the sediments in the upper part of Unit 1b). Most
of the uplift of the Cretaceous sequence (K) was contemporaneous with the
deposition of sediments that compose Unit la. The faults offsetting Unit 1 were
active at the deposition of the upper part of Unit 1b. (b) Period of quiescence during
deposition of Units 2 and 3. (c) Phase of faulting 2 by blind propagation of post-
sedimentary faults resulting in the reactivation of faults situated in Unit 1 by upward
post-sedimentary propagation (RP) into Units 2 and 3 or reactivation by linkage
(RL) of a fault that initiated in Units 2 and 3 and propagated downwards to link with
faults in Unit 1. Dark shaded areas (s) represent the slump deposit intervals.

429

4.14

Vertical throw distribution plots (T-z plots) obtained for the faults in Set 3. Each T-z
plot represents the throw values plotted against the time in ms TWT. (a) Faults that
are not reactivated and are eroded by the E-O surface are characterised by truncated
throw profiles. (b) T-z plots for reactivated faults. C50 and C60 are key horizons,
the wavy line indicates the location of E-O erosional surface and Unit 2 is
represented by the shaded area.
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(a) Schematic illustration of the 3D geometry of a typical example of a fault that
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reactivate by upward propagation (indicated by the arrows). The central portion that
is not reactivated is delimited by vertical branch lines of interacting faults. (b)
Throw contour plot showing lines of equal throw value spaced every 10 ms TWT
and up to 70 ms TWT (dark colour). Doted lines indicate the areas of reactivation.
(c) Vertical throw distribution plots for a reactivated fault by upward propagation.
Each T-z plot shows the throw values (T) up to 80 ms TWT against the time in ms
TWT. Wavy lines represent the E-O boundary characterised in this case by the
erosional surface at the base of the slump interval situated at the base of Unit 2.
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4.16

(a) Schematic illustration of the 3D geometry and interaction between Segments A,
B and R. Segment R hard linked with Segment A by downward propagation and
reactivated it on most of the strike length except in the centre of the fault plane
where Segment R reactivated Segment B. Dotted lines indicate the branch lines of
dip linkage and arrows show the direction of propagation. (b) Throw contour plot
showing lines of equal value up to 60 ms TWT (spacing is 10 ms TWT) on the main
fault plane (Segment A) and the reactivated upper tip (Segment R). Branch lines of
dip linkage between Segments A and R are indicated in dotted white lines. (c)
Vertical throw distribution plots for Fault A. Each T-z plot represents the throw
values (T) up to 60 ms TWT plotted against the time.

4-39
4-40

Chapter 5: Discussion

Figure
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5.1

Schematic illustration of normal (in blue) and reverse (in red) drag folding of strata
immediately adjacent to a normal fault plane.

5.2

(a) Seismic section across Fault 17 showing the position of upper and lower tips and
small magnitude of displacement over the fault height. No significant reverse drag
folding is observable. Key horizons are labelled A- F. (b) Close-up showing the
lower tip of the fault terminating above the YSM.

53

Seismic section showing no significant folding of the stratal reflections in the close
proximity of blind fault planes (a) Fault 9 in the El Arish fault array (Chapter 2) (b)
blind faults located in between Faults G2 and G3 (Chapter 3) (c) the upper tip of
reactivated faults in the BES-2 survey (Chapter 4).

(a) Seismic section across Fault 19 (Chapter 2) taken in the central portions where
the fault terminate within the YSM and Messinian evaporites. Large wavelength
(525m) reverse folding of the strata in the vicinity of the fault plane is localised to
the lower part of the fault and greater in the hanging wall. (b) Seismic section across
Fault 19 taken in the lateral tip region where the lower tip dies out above the
mechanical boundary. The strata adjacent to the fault plane are characterised by no
significant reverse folding.

5-10

(a) Seismic section across blind faults located in the El Arnish array. Fault 16
terminates downwards within the Yafo Sand Member (YSM) above the Messinian
evaporites whereas Fault 20 dies out above it. (b) Schematic representation of the
folding of the strata in the volume surrounding the faults. Fault 16 is characterised
by reverse drag folding, especially in the lower part of the fault. Arrows indicate the
approximate extent of stratal folding associated to fault movement. No significant
folding is observable in the vicinity of Fault 20.
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5.6

Seismic section across the Kefira graben (a) inline 3801 and (b) further North inline
4101 showing the stratal folding surrounding Faults Gl and G2. Dashed lines
represent suspected sub-seismic faults.
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5.7

Seismic section across Fault G3 showing the vertical distribution of stratal folding
in the proximity of the fault plane. Red and blue arrows indicate reverse and normal
folding respectively. The black dashed line represents the axial plane of the anticline
due to detachment of the fault.
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5.8

Fault drag distribution in the hanging wall superimposed on the throw contour plot
obtained for Fault G3 located in the Levant Basin (Fig. 3-8c). Reverse drag folding
is indicated by the red circles, normal drags as blue circles. Diameter of circles
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indicates the amplitude of the folding.

5.9 Fault drag distribution in the footwall superimposed on the throw contour plot | 5-19
obtained for Fault G3 located in the Levant Basin (Fig. 3-8c). Reverse drag folding
is indicated by the red circles, normal drags as blue circles. Diameter of circles
indicates the amplitude of the folding.
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Chapter 1 Introduction

1 INTRODUCTION

1.1 Rationale

This PhD research project examines different types of extensional faults in
various settings and using high quality 3D seismic data in order to improve our

current understanding of the mechanics and kinematics of the growth of normal faults.

1.1.1 Mechanics of fault growth

Over the past 20 years, numerous authors have investigated the growth of
faults based on field studies, numerical and analogue modelling along with 2D and 3D
seismic data. Our contemporary understanding of the mechanics of fault growth
derives from a wide range of studies exploring the initiation, the propagation and the
linkage of faults.

The conceptual framework of fault analysis is based on the characteristics of a
simple blind normal fault defined as a fault which does not intersect a free surface
(Watterson 1986). An early model of fault growth was proposed from an ideal
isolated normal fault that is characterised by an elliptical tip line that grows by radial
propagation with no migration of the point of maximum displacement (Barnett et al.
1987). Subsequent to this model, numerous datasets of different types of faults, in
varying contexts, have been published and used primarily to define a relationship
between the maximum displacement and the dimension of faults (e.g. Muraoka &
Kamata 1983, Watterson 1986, Dawers et al. 1993, Schlische et al. 1996). These
studies provide insights into the mechanics of the initiation and the growth of faults
and have been used to promote different fault growth models (e.g. Walsh &
Watterson 1988, Cowie & Scholz 1992¢, Cartwright et al. 1995). Several models
predict a systematic increase in both the dimensions and displacement of faults
through time (Walsh & Watterson 1988, Cowie & Scholz 1992b, Gillespie et al. 1992,
Dawers et al. 1993, Schlische et al. 1996). However, a departure from this self-

similarity has been observed and attributed to several factors such as segment linkage
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occurring during the fault propagation (e.g. Peacock & Sanderson 1991, Cartwright et
al. 1995), mechanical interaction with other structures (e.g. Nicol et al. 1996a) or with
a major stratigraphic boundary (e.g. Gross et al. 1997). Reactivation processes have
also been recently considered as an important controlling parameter in fault growth
(e.g. Walsh et al. 2002a, Bellahsen & Daniel 2005). Reactivated faults have been
shown to follow different growth paths than previously suggested by the conventional
models (e.g. Meyer et al. 2002, Walsh et al. 2002a). Further research into the
mechanisms of fault reactivation would greatly improve our understanding of fault

propagation and growth.

1.1.2 Kinematics of fault growth

One of the most fundamental issues in structural geology and basin analysis is
to date fault activity accurately in order to distinguish syn-sedimentary from post-
sedimentary faults, and to correctly assign the magnitude of displacement on a fault
segment and has accrued whilst a fault has been active at the surface.

Despite the importance of the blind fault concept to our current understanding
of fault growth, there have been surprisingly few published descriptions of simple
blind normal faults from seismic data. One possible explanation for this is the
difficulty in making a positive identification based on the standard definition of a
blind fault as one that does not intersect a free surface during its life span as an active
fault. The lack of reliable criteria to identify blind faults on subsurface data such as
3D seismic might lead to serious misinterpretation of the mechanisms and kinematics
of considered faults. Therefore, there is a clear scope for characterising blind
propagation and providing tools enabling its recognition.

Furthermore, small syn-sedimentary faults can occasionally be extremely
difficult to distinguish from post-sedimentary faults that grew by blind propagat{on
(Petersen et al. 1992). Not only that the two different types of faults can bear striking
similarities but different parts of a single fault can be attributed to syn- and post-
sedimentary processes. As parts of the same fault can be active at different times, syn-
sedimentary faults can also comprise a post-sedimentary component (Meyer et al.

2002, Childs et al. 2003). There is therefore a need to further understand the
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characteristics of syn- and post-sedimentary propagation and the transition between

these different mechanisms of faulting.

These questions have wide implications from both an academic and an applied
point of view. Advances in the understanding of normal faults kinematics would
significantly improve existing fault growth models. Determining accurately the timing
of faults movements with respect to the sedimentation is essential to improve
predictions of reservoir geology in many petroliferous basins such as the Niger Delta
(Weber 1987) or the Gulf of Mexico (Rowan et al. 1998). The differentiation of the
relative parts of blind propagation and syn-sedimentary growth and the
characterisation of reactivation processes are necessary to predict important reservoir
characterisation parameters such as seal quality, fluids circulation and net-to-gross of

reservoir volume.

1.2  Aims of the thesis

This PhD research project aims to investigate in detail the propagation of
various small extensional faults using 3D seismic data in order to improve our current
understanding of the mechanisms and kinematics of fault growth. A series of key
questions have been addressed in the thesis in an attempt to improve our
understanding of early-stage propagation processes. The main aims of this thesis are

to:

e Present several case studies of some small normal blind faults using 3D
seismic data and analyse the throw distribution of the fault planes

e Devise criteria to enable the recognition of blind faults from 3D seismic data

e Investigate the effects of interaction of blind faults with other structures or
major lithological boundary

e Investigate the transition from a blind stage to a syn-sedimentary stage and
characterise the early stage of development of specific growth faults

e Develop criteria to differentiate blind propagation from syn-sedimentary
growth and help assessing the kinematics of faults

e Investigate the strain in the volume surrounding the fault plane
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e Investigate the transition from a growth faults to a fault propagating by blind
propagation through reactivation processes

e Investigate the different modes of reactivation

e Examine the factors influencing selection of faults or fault segments for
reactivation

e Evaluate previous model of fault growth and scaling relationship in the lights

of the main findings herein

1.3 Background & Literature review

This section aims to review and summarise the background literature of the
different traditional techniques for displacement analysis and the conceptual
framework for fault propagation and growth. The proposed scaling laws and different

fault growth models resulting from this are then summarised.

1.3.1 Displacement analysis of normal faults

The terminology used in this thesis is summarised in Figure 1.1. The along
strike dimension of a fault plane between the two lateral tip is expressed as the length
(L), the vertical distance from the upper tip line to the lower tip line is the height (H)
and the thickness of the fracture zone normal to the fault strike direction 1s the width
(W). When faults characteristics are compared within an array or different fault
populations for instance, the dimensions of the faults are generally expressed as
maximum values (Lmax, Hmax or Wmax). The same can apply to maximum throw

value (Tmax) or maximum displacement (Dmax).
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Chapter 1 Introduction

1.3.1.2.2 Displacement-length measurements

This relationship between the displacement and the length (or more accurately
maximum displacement versus maximum length) has been largely used partly because
it provides a better understanding of faults in three dimensions (Cowie & Scholz
1992a). Moreover, this relationship is of major importance as it is necessary to enable
the total brittle strain in a fault rock volume to be calculated (Scholz & Cowie 1990,
Marrett & Allmendinger 1991). This approach has also been used to model the
stratigraphic development of sedimentary basins controlled by faults (Gibson et al.
1989, Schlische 1991). Furthermore, it is largely accepted that this relationship also
provides crucial information on the growth of faults through time (Walsh &
Watterson 1988, Cowie & Scholz 1992b). Most of the traditional fault growth models
have been developed using displacement-length data (e.g. Walsh & Watterson 1988,
Cowie & Scholz 1992¢).

The first displacement-length relationship was published in a study on restored
cross-sections on thrust faults in the Canadian Rockies (Elliott 1976). A displacement-
geometry analysis was then conducted by on complete (both lateral tips visible)
normal faults at Chimney Rock, Utah (Krantz 1988). Numerous other displacement-
length analyses are detailed in a later section (as they are linked to the different fault
growth models (Muraoka & Kamata 1983, Watterson 1986, Barnett et al. 1987, Walsh
& Watterson 1988, Marrett & Allmendinger 1991, Cowie & Scholz 1992a, c,
Gillespie et al. 1992, Dawers et al. 1993).

1.3.1.2.3 Displacement-width measurements

Relationship between the width and the displacement also provides
information on the growth of the fault zone with time and has applications to fault
zone growth model. A linear trend relationship obtained from logarithmic width-
displacement data plots has been used to suggest that there is a systematic correlation
between the width (or thickness) of fault zones and the maximum displacement
(Otsuki 1978, Scholz 1987, Hull 1988, 1989). This would mean that as the fault
displacement increases, the fault zone thickness also increases (Scholz 1987). It has

also been proposed that in further detail, the width of the fault zone increases in a
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non-continuous (or stepwise) shape, which could indicate a discontinuous growth of
the fault zone (Knott 1994). In contrast, several authors have found no correlation
between fault zone thickness and the displacement along the fault (Jamison & Stearns
1982, Blenkinsop & Rutter 1986, Woodward et al. 1988, Evans 1990). An
explanation for this could be that the width of the fault zone can change in the dip
direction or/and along the fault length whilst the displacement is nearly constant
(Evans 1990, Childs et al. 1996b). It has been strongly suggested that further data
would be necessary to infer a width-displacement relationship (Evans 1990). These
data should present thickness-displacement measurements from different points on the
same fault, from families of faults with the same lithology but different amount of
displacement, and from faults in both similar structural settings and amounts of net

slip.

1.3.2 Fault growth models and scaling laws

1.3.2.1 Blind fault model and growth by radial propagation

Fault propagation has been described as the increase in length, displacement
and area of a fault from an initiated fracture nucleation (e.g. Segall & Pollard 1983,
Walsh & Watterson 1987, Reches & Lockner 1994, Peacock & Sanderson 1996).

The early work on fault propagation was based on the characteristics of an
idealised blind normal fault defined as a fault which does not intersect a free surface
(Watterson 1986). This ideal blind fault would be characterised by displacement
decreasing from a maximum at the centre of the fault plane to a tip line of zero
displacement (Fig. 1.3). In the absence of mechanical heterogeneity, this tip line
would be elliptical and would grow by radial propagation with no migration of the
point of maximum displacement. This model for the growth of simple faults only
applies to growth in which each slip event, or stable sliding, occurred over the entire
fault plane (Watterson 1986). The displacement distribution on such a fault has been
described as organised in concentric ellipses of equal value (Bamnett et al. 1987). The
point of maximum displacement could be taken to indicate the point of nucleation of
the fault, ideally at the centre of the fault plane. This model also described the near-

field displacements surrounding an ideal, single normal fault as characterised by
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reverse drag folding in both hanging wall and footwall. The reverse drag folding is
interpreted to develop to maintain compatibility between rocks on either side of the
fault, and its variation is complementary to the systematic changes in displacements

over the fault surface.

1.3.2.2 Scaling laws

Relationship between the displacement and length (D/L) of different types of
faults, in varying contexts provide insight into the mechanics of the initiation of
faults. This scaling of faults dimensions have been used to promote several fault
growth models (e.g. Walsh & Watterson 1988, Cowie & Scholz 1992¢, Cartwright et
al. 1995). This section aims to detail the different fault growth models resulting from

scaling laws derived from numerous extensive datasets.

1.3.2.2.1 Non-linear power-law

A combination of datasets compiling thrust data from the Canadian Rockies
(Elliott 1976), various fault scarps in Iceland and several ocean floor areas along with
data from British Coalfields (Rippon 1985) was used to suggest a model of fault
growth by radial propagation (Watterson 1986, Walsh & Watterson 1988). The
compilation of data is presented in a logarithmic plot of fault length versus maximum
displacement (Fig. 1.4). Based on the ideal concept of an isolated blind fault with
fault growth by elliptical slip events whose rupture dimensions encompass the entire
fault surface, this model assumes that the fault dimensions increase by a constant

increment at each slip event or stable sliding.

The power-law relationship between the maximum displacement (D) and the
maximum trace length (L) suggested by this model can be expressed as:
D=c.L"
where ¢ is a constant related to the material properties. The study concludes that the
displacement is proportional to the square root of the length (n = 2). This suggests a
power-law relationship by which faults grow by a systematic increase in both

maximum displacement and length.
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Fig. 1.4: Logarithmic plot of maximum displacement versus length (after Walsh and Watterson, 1988).

Other independent studies predict a non-linear relationship (n > 1) for fault
growth. Various values of the exponent of proportionality n greater than 1 were
suggested on the basis of combinations of individual datasets such as n = 1.5 (Marrett
& Allmendinger 1992) or 1.5 < n < 2.0 (Gillespie et al. 1992). Such values of the
exponent implies that the difference between consecutive slip events on a fault is not a
constant but is linearly related to the number of events which have occurred on the

fault.

1.3.2.2.2 Linear power law and self-similar growth of faults

It has been suggested that the use of combined individual datasets for a
displacement-length analysis could lead to serious misinterpretation (Cowie & Scholz
1992a). In opposition to the previous models and based on early work by Dugdale
(1960), a linear relationship (n=1) between displacement and length was suggested
(Cowie & Scholz 1992c). This model specifies that the scaling parameter depends on
rock properties and tectonic settings. Such a model predicts displacement distribution

following a self-similar behaviour. This can only be explained if the shape of the
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displacement distribution profile as well as the magnitude of the displacement

gradients is maintained during the growth of the fault.

Numerous studies predict or have been used to support the hypothesis of a
self-similar relationship between the dimension and maximum displacement of fault
(Elliott 1976, Villemin & Sunwoo 1987, Opheim & Gudmundsson 1989, Dawers et
al. 1993, Scholz et al. 1993, Anders & Schlische 1994, Carter & Winter 1995, Dawers
& Anders 1995, Clark & Cox 1996, Schlische et al. 1996). Various field based studies
such as the database from the Volcanic Tableland, California (Dawers et al. 1993) or
numerical modelling studies (e.g. Clark & Cox 1996) have suggested a linear
relationship.

However, the linear displacement gradient commonly observed on faults
sometimes differs from the inflexion in the shape of the profile observed in the earlier
model (Cowie & Scholz 1992c). This variation in the profile shape can be explained if
a change occurs in the fault growth geometry or in the material properties (Dawers et

al. 1993).

1.3.2.2.3 Scatter in D-L data

Scatter is observed in all D-L datasets, and has been attributed to a number of
factors:

(1) Changes in mechanical properties in the host rocks or the fault trace itself
(Gudmundsson, 1992; Dawers et al., 1993; Cowie et al, 1992).

(2) Mechanical anisotropy and mechanical stratigraphy in the rock volume being
offset by the faults (Burgmann et al. 1994, Wojtal 1994, 1996, Gross et al. 1997,
Kim & Sanderson 2005).

(3) Sampling effects and measurement biases (Walsh & Watterson 1987, 1988,
Gillespie et al. 1992).

(4) Some aspect of the variations might be partially masked by the nature of log-
log plots in which the data are frequently presented (Marrett & Allmendinger
1991, Gillespie et al. 1992, Schlische et al. 1996, Gross et al. 1997).

(5) In addition to this, numerous workers have attributed a part of the scatter in

displacement-length relationship to interaction with neighbouring faults, segment
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linkage and change in structural style during fault evolution (e.g. Wojtal 1994,
Cartwright et al. 1995, Willemse et al. 1996, Wojtal 1996). Indeed, the
displacement- length ratio is expected higher in areas of overlapping faults
segments (Peacock & Sanderson 1991, Dawers & Anders 1995). This gave rises
to a new type of model for the evolution of faults in which faults grow by linkage
between originally separated segments (e.g. Ellis & Dunlap 1988, Peacock &
Sanderson 1991, Cartwright et al. 1995).

1.3.2.3 Growth by segment linkage

All models presented in the previous section considered faults as simple,
isolated surfaces of slip. However, many authors have suggested a growth of faults
resulting from the linkage of previously individual segments (e.g. Segall & Pollard
1980, 1983, Granier 1985, Ellis & Dunlap 1988, Martel et al. 1988, Peacock &
Sanderson 1991, Anders & Schlische 1994, Peacock & Sanderson 1994, Trudgill &
Cartwright 1994, Cartwright et al. 1995).

Most faults in the Earth’s brittle upper crust are complex structures and often
result from bifurcating slip surfaces, overlapping and coalescence or linkage of
shorter sections called segments (e.g. Segall & Pollard 1980, Gudmundsson 1987,
Walsh & Watterson 1991, Mansfield 1996). Faults exist across a wide range of scales,
from brittle microstructures of centimetre scale in granite (Granier 1985) to oceanic
ridge segments of 10s kilometres length (Pollard & Aydin 1984). The segmentation
resulting from fault interactions and linkage affects the displacement distribution
along the fault length (Gillespie et al. 1992, Dawers et al. 1993, Scholz et al. 1993,
Cartwright et al. 1995). Therefore segmented fault geometries could be responsible
for scatter in maximum displacement-length data that complicates the establishment
of any single scaling law (Mansfield & Cartwright 2001).

Since the importance of linkage between individual fault segments in the
evolution of fault zones has been highlighted, studies into transfer zone, en échelon
segments, ramp and relay zones have been carried out extensively (e.g. Larsen 1988,
Morley et al. 1990, Peacock & Sanderson 1991, Gawthorpe & Hurst 1993, Jackson &
Leeder 1994, Peacock & Sanderson 1994, Trudgill & Cartwright 1994, Huggins et al.
1995, Walsh et al. 1999, Nicol et al. 2002, Imber et al. 2004). These studies help
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improve greatly the understanding of fault linkages and provided insights into the

growth of faults in general.

1.3.2.3.1 Fault growth by lateral tip linkage

Early displacement analyses carried out on thrust faults of different sizes
suggest that segmented large faults formed by the linkage of smaller individual faults
(Ellis & Dunlap 1988). The paper describes a hypothetical scenario by which three
initially independent faults linked through their lateral tip regions (Fig. 1.5). The areas
of nucleation of initial faults are suggested to be recognisable by displacement

maxima and the point of potential linkage by displacement minima.
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Fig. 1.5: Schematic representation of large thrust fault development (Ellis and Dunlap, 1988). The
figure shows 3 initially independent faults (A, B and C) that subsequently linked by interaction of the

lateral tips in map view (top of the figure) and on displacement-distance plots (bottom).
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Studies on strike slip faults suggested similar growth evolution such as work
in SW Scotland (Peacock 1991) or in California on granitic plutons (Martel et al.
1988). The fault zones are interpreted to grow in length as faults linked end-to-end
with the displacement progressively localizing on the longer faults.

Research on segmentation and linkage processes have since been presented
with further detail. A kinematic analysis of displacement variation due to segment
linkage was conducted on a normal fault zone at Kilve, Sommerset, U.K. (Peacock &
Sanderson 1991). The study, illustrated with normalized displacement-distance
profiles, suggests a model of fault growth by nucleation of non-interacting faults
(linear d-x profile), that then grow and overlap (Fig. 1.6). Rotations of bedding
accommodate the displacement transfer between the faults segments, developing a
relay ramp (steep displacement gradients at the offset tips) which is then faulted. The
offset segments are connected by faults cutting the ramp (fault displacement decrease
at the connection) which can be destroyed as faulting continues. It results in a
composite fault with an along-strike bend. Therefore, the growth evolution of a fault
can be read from the final displacement profile. Faults that propagated equi-
dimensionally from the nucleation point (maximum displacement) have symmetric
profiles and linked faults have asymmetric profiles with steep displacement gradients.
Minima in total fault displacement are likely to be due to relay ramps at oversteps and

linkage points (Peacock & Sanderson 1994).

A similar fault growth model was derived from a study based on inactive
faults in the Triassic Newark Basin and active normal faults in the Basin and Range
Province (Anders & Schlische 1994). The evolution of these large fault systems could
be modelled as beginning with the nucleation of independent segments that linked.
This was interpreted as occurring in regions where the strains are accommodated by
growth of small faults in order to maintain the scaling relationship of the larger fault
zone.

The several stages of segmentation have been suggested to correspond to
order-of-magnitude variation in typical length scales of individual segments from a
study on normal faults in Canyonlands, Utah, (Trudgill & Cartwright 1994). This
suggests that mechanical anisotropies, such as the influence of basement structure, the
thickness of brittle layer and joint length have a consequence on the different scales of

segmentation.
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Fig. 1.6: Diagrams illustrating the different stages of development of linked fault segments through a
relay zone and associated characteristics on displacement-distance plots (Peacock and Sanderson,

1991).

As large normal fault zones often result from the coalescence and linkage of
smaller faults, a mode of fault growth by linkage induces a change in the
displacement pattern described for simple isolated faults (Dawers & Anders 1995,
Peacock & Parfitt 2002). The maximum displacement of a linked fault is expected to
be the greatest value of the smaller faults whereas the length corresponds to the sum
of the smaller faults. This suggests that the smaller faults grew during and after the
linkage of the larger fault segments in order to accommodate large strains. These

studies concluded that the scaling relationship observed for single faults is also
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applicable for linked faults systems and maintained during the growth of the fault
system (Dawers et al. 1993).

It has also been suggested that a fault resulting from the linkage of two
different sized segments will have a maximum displacement in the centre of the larger

segment (Anders & Schlische 1994).

A model of fault growth by segment linkage through lateral tip region was
suggested using maximum displacement (D) and trace length (L) measurements of
Canyonlands Grabens region faults in Utah (Cartwright et al. 1995). This study
proposes fault growth by segment linkage as an explanation for scatter in the
displacement-length relationship (Fig. 1.7). From this set of data, the displacement
distribution near the fault termination was discussed and three types of lateral tip
geometries were defined (Cartwright & Mansfield 1998). Following from this model,
faults would grow by a combined process of radial propagation and linkage of
precursor individual segments; relay structures developing in the overlap regions
(Cartwright et al. 1996). Similar conclusions were obtained from analogue modelling
analysis (Mansfield & Cartwright 2001). It was also suggested that segments from a
fault can be characterised by independent kinematics although being physically
linked.

The regions of linkages are represented by anomalies in the displacement
variation along the fault plane. It has been largely recognised that lateral tips of fault
segment within the overlap zone are characterised by steeper displacement gradients
(e.g. Walsh & Watterson 1989, Peacock 1991, Huggins et al. 1995, Mansfield &
Cartwright 1996, Willemse et al. 1996, Cartwright & Mansfield 1998). As two sub-
parallel faults propagate towards each other, tip stress fields are altered (Segall &
Pollard 1980) and fault propagation is inhibited and displacement begins to
accumulate near interacting tips, and steep profiles develop on interaction ends (Gupta
& Scholz 2000). Anomalous displacement increases the stress concentration at the
interacting tip; this provides the additional strain energy necessary for tip propagation
and fault tips exhibit steepen gradients as a result of this (Walsh & Watterson 1989,
Peacock & Sanderson 1991, Cartwright et al. 1995, Nicol et al. 1996b, Gupta &
Scholz 2000, Wilkins & Gross 2002).
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Fig. 1.7: Comparison of two different model of fault growth (Cartwright et al., 1995). Three stages of
growth evolution are compared for both models in plan view, on a displacement-distance plot and on a
log-log maximum displacement (D) versus maximum length (L). The radially propagating fault follows

a linear growth path whereas the segmented fault follows a step-like path.

All these observations suggest that, as fault segments overlap, the scaling
relationship between displacement (Watterson 1986, Walsh & Watterson 1988, Cowie
& Scholz 1992c¢) is no longer applicable.

1.3.2.3.2 Fault growth by dip linkage

Anomalies in displacement distribution due to linkage have been described as
elongated sub-vertical zones, with the long axis sub-parallel to the slip direction (e.g.
Walsh & Watterson 1991, Childs et al. 1993, Childs et al. 1995). Several studies have
also suggested the linkage of individual segments in the dip direction (e.g. Muraoka &
Kamata 1983, Ellis & Dunlap 1988, Peacock & Zhang 1994).

Precursor fault segments grow by propagation, overlap and link in the dip

direction. This is characterised by displacement anomalies with the long axis

1-18



Chapter 1 Introduction

orthogonal to the slip direction (Mansfield & Cartwright 1996). This dip-linkage
results in relay structures which are sub-parallel to the strike of the fault (Fig. 1.8). It
has been observed that the number of offsets per length of fault trace decreases as the
fault displacement increases (Childs et al. 1996a). This suggests a progressive
destruction of the points of linkage during the growth of the fault. Any original
topological irregularities are unlikely to be well preserved during the fault slip and
imaged on seismic profiles. However, they might leave a strong signature in the
displacement field (Mansfield 1996). Provided a sufficient lateral and vertical seismic
resolution associated to high sampling density, the zones of dip linkage between two
originally independent segments can be recognised as local and sub-horizontal

anomalies of displacement minima.

(a) 7,L (©)

(b)

Fig. 1.8: Model describing the progressive evolution of linkage in the dip direction between two
originally isolated fault segments (Mansfield and Cartwright, 1996). As the neighbouring tips approach
one another, a mix of brittle and ductile deformation occurs in the region between them until the

segments link to form a single, coherent structure.

1.3.2.4 The coherent fault model
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Segmented fault arrays have been described by several authors as the overlap,
interaction and linkage of previous unrelated and independent faults in both the strike
and dip direction (Peacock & Sanderson 1991, Trudgill & Cartwright 1994,
Cartwright et al. 1995, Dawers & Anders 1995, Cartwright et al. 1996). However a
coherent fault model has also been proposed in which the segments of a fault array are
thought to be kinematically interrelated from their initiation (Childs et al. 1995,
1996b, Walsh et al. 2003). In this case, each fault segment initiates, propagates and
grows as a component of a spatially and mechanically related fault array (Fig. 1.9).
Mechanically related segments are created by fault surface bifurcation. The sum of
displacement distribution profiles of faults segments that were initially kinematically
linked is then expected to be very similar to a typical displacement profile for a single

1solated fault (Walsh et al. 2003).

|solated Fault Mode! Coherent Fault Model

T Displacement

/\

—_—
Distance

Fig. 1.9: Schematic block diagrams (a, b and c¢) and displacement-distance plots (d and e) of the two
end-member models for the formation of segmented arrays (Walsh et al, 2003). The coherent fault
model is illustrated for segmented arrays that are (c) hard-linked and formed by bifurcation of the fault

plane and (d) soft-linked and formed by 3D segmentation.

This model contrasts with the “isolated fault” model and suggests that
segmented fault arrays form by the incidental overlap of originally isolated and
kinematically unrelated faults (Fig. 1.9). It had been agreed however, that both models
can occurs in different settings and depends on the fault array evolution and system

considered (Walsh et al. 2003).
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1.3.2.5 Growth by accumulation of displacement for a near-constant length

Most of previous studies suggest that the initial length of a fault is
significantly shorter than the final length (Walsh & Watterson 1988, Dawers et al.
1993, Schlische et al. 1996). It has been suggested that constant regional strain rate
estimated in certain geological settings could be explained either by fault lengths
established early in the growth evolution of a fault system or by a decreasing number
of active faults (Nicol et al. 1997).

This led to the suggestion of a new model for the growth of faults that
contrasts with the conventional models by which fault grow by a systematic increase
in both dimension and maximum displacement (Walsh et al. 2002a). Faults resulting
from the up-dip propagation of pre-existing underlying structures have been observed
to follow growth paths that differ from the scaling laws previously suggested (Walsh
et al. 2002b). Displacement can be added on these faults for a near constant length as
lateral tips interact between neighbouring faults (Fig. 1.10). This model is in
accordance with the idea that constant regional strain rate would be preferably
accommodated with a rapid growth of fault length at an early stage of development of
the fault in extension settings (Nicol et al. 1997).

Other studies in the Aegean region witness mature normal fault systems
showing little evidence of propagation for added displacement on individual faults.
This behaviour is either explained by lateral tips of the fault that are fixed at depth
(Morewood & Roberts 1999) or by mechanical interaction with transverse faults or
stress feedback mechanism (Poulimenos 2000).

Syn-sedimentary normal faults from the Timor Sea have been described to
grow with similar rapid extension of the fault length attributed to reactivated
underlying structures (Meyer et al. 2002). This departure from a fault growth by self-
similarity has been observed at large scale in the same active continental regions
(Armijo et al. 1996) and in the Turkana rift, North Kenya (Vetel et al. 2005).
Displacement analysis in compressional settings also witnessed a rapid propagation of

fault-propagation folds to near their final length (Krueger & Grant 2006).
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1.4 Methodology

This PhD research project was mainly based on two 3D seismic datasets.
Blind faults, growth faults that have recently made the transition from a blind stage to
a syn-sedimentary stage and more mature growth faults are analysed from a 3D
seismic dataset located in the Levant Basin, offshore Israel that was provided by the
project sponsor BG Group. Extensional growth faults reactivated by blind propagation
are examined from a 3D seismic dataset situated in the Espirito-Santo Basin, offshore
Brazil. The seismic resolution (quality, grid spacing, and available well data) of each
dataset will be expressed in further details within each subsequent results chapter
(Chapters 2, 3 and 4). This section outlines the methodology used for the general
characteristics of seismic resolution and the techniques of seismic interpretation

applicable to both datasets.

1.4.1 Seismic resolution

Both datasets are in milliseconds (ms) Two-Way-Travel Time (TWT). Each
reflection on a seismic section illustrates the part of a wave that is reflected back to
the surface when a seismic wavelet encounters a reflector which is an interface
separating two layers with different acoustic properties (Badley 1985). The acoustic
property of a rock is represented by its acoustic impedance (Z) and defined according
to the equation:

Z=p.v

where p is the density of the formation and v the seismic velocity.

The vertical resolution indicates the thickness of a bed required to be
displayed on a seismic section. It is obtained by the wavelength of the seismic signal
() which generally increases with depth according to the equation:

A=Vv/F
where v, the seismic velocity, generally increases with depth and F, the frequency,

tend to decrease with depth as higher frequencies are attenuated more quickly.
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The horizontal resolution indicates how close two individual reflecting points
can be situated. It can be obtained from the radial width of the Fresnel Zone for
unmigrated data. In the case of 3D migrated data, as used in this thesis, it is difficult
to estimate the horizontal resolution but it has been suggested to correspond to the bin
spacing, which for these data, is equivalent to a few tens of meters (Ebrom et al.
1995).

Both 3D seismic datasets used in the project were processed to near zero phase
data with SEG normal polarity. This means that an increase in impedance is
represented by a positive amplitude seismic reflection (red colour in the seismic
sections). Moreover, the datasets were migrated with a single-pass 3D post stack time

migration.

1.4.2 3D seismic interpretation

The 3D seismic data were interpreted using Schlumberger GeoFrame 3.7
software on a UNIX workstation. A number of key horizons were mapped in each of
the case study areas to the extent of the limits of both surveys. These seismic
reflections were chosen for their regional continuity and were generally characterised
by high amplitudes. The extensive database resulting from this has allowed the semi-
regional setting to be investigated and related to the regional geological context found
in the literature. Analysis of the general stratigraphic and structural context is
systematically associated to the examination of specific faults. Numerous additional
horizons were locally mapped to provide the most accurate fault network geometry in
plan view. This also enabled the correlation of different stratigraphical units across
the fault plane with little or no errors. Time structure maps and dip maps (attribute of
the time structure map) resulting from this extensive interpretation. In addition to this,
a coherency volume was created for both 3D seismic datasets. Horizontal slices cut
from this coherency cubes at small increments (c. 4 ms TWT) particularly image the
discontinuities such as faults and sedimentary features such as channels. Isochron
maps between two chosen horizons were created to identify syn-kinematic intervals
with respect to particular structures such as folds underlying the interpreted faults.
Finally, the fault planes were mapped in 3 dimensions and imported in the Geoviz

software allowing a visualisation in 3D of the objects.

1-24



9199;!

91997 O

?E&OE

9&7>

(

&5



Chapter 1 Introduction

Throw contour plots were derived from regularly spaced transects of vertical
throw distribution and transposed on a vertical projection of the fault plane. The
projection followed standard techniques outlined by Barnett (1987) and illustrates the

throw distribution on the entire fault plane as a vertical strike projection.

To simplify the analysis and because it was not possible to depth convert both
datasets entirely, the T-z plots were displayed in values of TWT. Faults closest to the
control wells located in the Levant survey were depth converted using the check-shot
velocity data in order to verify whether the display in TWT would introduce any
significant distortion in to the pattern of vertical throw variation. A comparison of two
T-z plots displayed before and after depth conversion, as calibrated by Gaza-Marine
1, is shown in Chapter 2 (Fig. 2.3). The T-z plots exhibit a strikingly similar overall
pattern in depth and time. In addition to this, wells that are widely spaced across the
Levant survey show that the lateral velocity variation within the Pliocene-Quaternary
interval is minimal. It was therefore decided that plots based on TWT values were

reliable indicators of true throw variation.

Any possible errors in the throw measurements are limited to the sample rate
of the data and are estimated to be + 2 ms. The main source of errors in the throw
measurements technique consists in fold structures immediately adjacent to the fault
plane that were interpreted as fault drag folding (Walsh & Watterson 1987, e.g.
Mansfield & Cartwright 1996). A consistent method of measuring was adopted all
along this PhD research project in order to avoid major disparities between different
settings (Fig. 1.12). Fault drag folding identified on reflections adjacent to the faults
of both datasets have been separated into two main categories. Those of large
wavelength (> c¢. 100 m) are considered part of the continuous deformation field
around the faults and were thus included in the throw measurements for all faults.
Drag folds with smaller wavelengths were considered to be within the spatial imaging
error range, and throw measurements were made at the inflection points closest to the

apparent hanging wall and footwall cut-offs (Mansfield & Cartwright 1996).
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Chapter 1 Introduction

accumulation to be calibrated. The effects of interaction during propagation are
addressed with consideration of the implications of this analysis for fault growth

models in general.

Chapter 3 investigates and characterises the early propagation history of
growth faults that have recently made the transition from a blind stage to a syn-
sedimentary stage. The Levant 3D seismic dataset was used for this case study which
is located further north and in the same stratigraphic interval as the blind faults
analysed in Chapter 2. The most detailed analysis of the 3D geometry and throw
distribution has enabled the kinematic evolution of the fault to be reconstructed in
relation to the tectono-stratigraphic context. This chapter evaluate the implications of
the fault growth path interpreted from this case study on existing growth models and

scaling relationship.

Chapter 4 describes growth faults organised in an extensional crestal collapse
graben that were reactivated by normal blind propagation. The high quality 3D
seismic data used in this case study is located in the Espirito-Santo Basin, offshore
Brazil. A detailed displacement analysis conducted on these faults allows the effects
of reactivation on the throw distribution over the fault planes to be constrained. An
alternative model of reactivation by dip linkage is proposed and the factors
influencing selective reactivation are investigated. This provides new insights into the
understanding of reactivation and fault propagation in complex systems with

particular attention on dating accurately fault kinematics in such contexts.

Chapter S forms the final discussion of the thesis and aims to summarise and
collate the main findings of each of the result chapters and investigate and discuss
further the characteristics of the strain field surrounding these faults in order to gain a

better understanding of their 3D evolution.

Chapter 6 shortly summarizes the main findings and conclusions of the thesis.

Eventual future work 1is finally proposed to conclude the chapter.
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Blind faults
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Chapter 2 Blind faults

2 BLIND NORMAL FAULTS IN THE LEVANT BASIN,
EASTERN MEDITERRANEAN

2.1 Abstract

The geometry, throw distribution and kinematics of an exceptional array of blind
normal faults were investigated using a high resolution 3D seismic dataset located in the
Levant Basin, offshore Israel. We suggest three main criteria to assess whether or not a
fault grew by blind propagation: (1) plunging upper tip line geometry, (2) presence of
upper tip propagation folding, and (3) absence of clear stratigraphic or
geomorphological evidences that the fault interacted with the free surface. A detailed
analysis of the throw distribution on the fault planes show that the displacement profiles
do not exhibit striking C-shape or triangular profiles as predicted for an ideal blind fault
but mostly M-shape or hybrid type. Comparing the simplest individual blind fault to
those that interacted with a mechanical boundary or another structure suggests that the
dimension of the faults were established early in the development of the array and the
displacement was added as a result of interactions. The results also show that the
interaction of blind faults with a mechanical boundary or another structure affects the
throw distribution on a major part of the fault plane and is not only localised to the tip
regions. Reverse drag folding surrounding the fault plane is associated with the parts of
the faults that accumulated additional displacement due to interaction. The blind faults
exhibit upper tip folds that can span up to a third of the dimension of the fault plane.
Finally, a systematic approach for measurements is recommended as including or not
the tip folded zones for some faults can account for a significant scatter in displacement-

length relationship.

2.2 Introduction

A conceptual framework for analysing the growth of faults introduced in the late

1980’s (Watterson 1986, Barnett et al. 1987, Walsh & Watterson 1987, 1988) has had a
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major impact on the structural interpretation of subsurface data, especially reflection
seismic data. In particular, the analysis of the distribution of displacement on fault
surfaces has transformed fault interpretation from being largely geometrical in
emphasis, to include the kinematic aspects of fault nucleation and propagation (e.g.

Childs et al. 1993, Dawers & Anders 1995).

The early work on fault analysis was based on the characteristics of a simple
blind normal fault defined as a fault which does not intersect a free surface (Watterson
1986). On an idealised blind fault, the displacement is considered to decrease from a
maximum at the centre of the fault plane to a tip line of zero displacement. In the
absence of mechanical heterogeneity, this tip line would be elliptical and would grow
by radial propagation with no migration of the point of maximum displacement. This
growth model was qualified by the condition that it would only apply to growth in
which each slip event, or stable sliding, occurred over the entire fault plane (Watterson
1986). Bamett et al. (1987) described ideal displacement distributions in the form of
concentric ellipses of equal displacement centred on the point of maximum
displacement, which could be taken to indicate the point of nucleation of the fault,
ideally at the centre of the fault plane. They also described the near-field displacements
surrounding an ideal, single normal fault. Reverse drag folding in both hanging wall and
footwall 1s seen in this model fault as an expression of the strains required to maintain
compatibility between rocks on either side of the fault, and its variation is

complementary to the systematic changes in displacements over the fault surface.

The model of the simple blind normal fault has been modified in the last decade
as improved imaging and analytical techniques have revealed more details of the
complexities of strain fields associated with real examples. These modifications have,
for example, focused on the role of segment linkage during propagation (Peacock &
Sanderson 1991, Cartwright et al. 1995, Dawers & Anders 1995, Wojtal 1996), on the
influence of mechanical heterogeneity in fault growth processes (Peacock & Zhang
1994, Mansfield & Cartwright 1996, Gross et al. 1997, Wilkins & Gross 2002) and on
the role of mechanical interaction with other structures on fault propagation (Nicol et al.
1996, Maerten et al. 1999). In spite of these modifications, the simple model advanced

by Watterson (1986) has more than fulfilled its original remit “to stimulate observations
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Chapter 2 Blind faults

and methods of data treatment rather than to provide an interpretive blueprint” (Barnett

et al. 1987).

Given the importance of the conceptualised view of the simple blind normal
fault to our current understanding of fault growth, there have been surprisingly few
published descriptions of these structures from seismic data in the past two decades

(Table 1).

Source Data Measurements Dimension | Dmax
Barnett et al, Offshore UK 52 vertical displacement L ~1220m 45ms
1987 North Sea measurements on 4 mapped

(2D seismic) reflectors
Walsh and Offshore 62 displacement measurements on4 | L =1800m 60m
Watterson, oilfield mapped reflectors
1991 (2D seismic) 100m spacing between seismic lines
Nicol et al, Gulf Coast 106 throw readings on 5 horizons L =1500m 42ms
1996 (3D seismic) Estimation of tip lines positions by H =~1500m =53m

extrapolation of throw gradients

Table 1: Blind faults with entire fault plane in the literature from seismic data

Over the same period, numerous extensive datasets of different types of faults,
in varying contexts, have been published and used primarily to define a relationship
between the maximum displacement and the dimension of faults (e.g. Muraoka &
Kamata 1983, Watterson 1986, Dawers et al. 1993, Schlische et al. 1996). These
empirical approaches to define displacement-length (D/L) scaling can provide insight
into the mechanics of the initiation and the growth of faults and have been used to
promote several fault growth models (e.g. Walsh & Watterson 1988, Cowie & Scholz
1992b, Cartwright et al. 1995). However, most of these published data are of faults that
intersect the free surface or are exposed at surface so that they cannot be regarded as
blind in the sense defined by Watterson (1986). This disparity between an idealised
growth model, based on a blind fault concept, and real world data, based largely on
faults that are not blind, might be inconsequential. This would suggest that there are no
fundamental differences between the process of fault growth during the blind stage, and
during a subsequent stage when a fault intersects a free surface. However, in order to
evaluate this possibility, it is first necessary to identify blind faults with confidence, and
then to analyse faults that have made the transition from the ‘blind stage’ to the ‘post-

blind stage’ to see what changes have occurred, if any, across this transition.
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Chapter 2 Blind faults

One possible explanation for the relative paucity of published examples of blind
faults is the difficulty in making a positive identification based on the standard
definition of the fault not intersecting a free surface during its life span as an active
fault. Where a fault is exposed at surface, it is usually impossible to reconstruct the
upper tip sufficiently accurately to demonstrate that it did not intersect a free surface at
any time during growth. On subsurface data such as reflection seismic or coal mine
plans, the same problem applies if the fault has been subject to erosion after it ceased to
be active. Even where reflection seismic data provides high resolution imaging of the
entire fault plane, the displacement patterns of some synsedimentary faults can bear
remarkable similarity to those of ideal blind faults, adding to the complexity of

interpretation (Petersen et al. 1992).

The aims of this chapter are two fold: firstly, to present several case studies of
some small normal faults interpreted using high resolution 3D seismic data to illustrate
some of the difficulties encountered to demonstrate that a fault is truly blind. Secondly,
our aim is to analyse the distribution of throw on these faults to examine the
propagation of blind faults in multi-layered clastic sedimentary successions and to
expand the sparse existing published database on blind faults. The examples presented
in this chapter are from an array of small normal faults developed at the margins of the
Levant Basin, in the eastern Mediterranean. They can all be shown to have propagated
by blind propagation using specific criteria, and show varying degrees of interaction
with neighbouring faults, and varying relationships with the mechanical stratigraphy,
thus allowing their affects on throw accumulation to be calibrated. A longer-term goal
of this research is to gain a better understanding of blind propagation as a prelude to
investigate the early propagation history of synsedimentary faults that have recently
made the transition to a post-blind stage of growth, to compare the two styles of growth

history.

2.3 Regional setting

The study area is located in the Eastern Mediterranean Levant basin and its

continental margin, offshore Israel (Fig. 2.1).
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Chapter 2 Blind faults

to the deposition of an important accumulation of clay-rich marls, sandstones and
claystones mainly derived from the Nile Delta (Tibor & Ben-Avraham 1992, Frey
Martinez et al. 2005). The shelf-slope system continued to prograde and aggrade
through the Pleistocene and Holocene, fed by a continuous supply of sediments sourced
from the Nile and supplemented by local riverine input along the basin margin.
Commencing in the mid-late Pliocene, abrupt tilting of the margin resulted in two scales
of gravity-driven deformation, thin-skinned sliding and slumping of slope units (Frey
Martinez et al. 2005) and more substantial gravity sliding and spreading rooted in the
thick Messinian evaporites (Garfunkel & Almagor 1987, Netzeband et al. 2006). This
latter deformation has resulted in an updip extensional domain located at the pinch-out
of the Messinian evaporites, and a downdip contractional domain located in the basin
floor region and extending outward as far as the Eratosthenes Seamount and the Cyprus
Arc (Gradmann et al. 2005). The extensional domain is characterised by a series of
downslope and upslope dipping extensional faults, whose updip limit coincides along
the entire length of the fault system with the pinch-out of the evaporites (Bertoni &
Cartwright 2006) (Fig. 2.1). The number and size of faults in the extensional domain
varies along the margin, and relates in part to the original salt thickness (detachment
layer thickness) and to the post-Messinian tilt history.

The study area is located in the southern part of this extensional domain, where
the depositional edge of the Messinian evaporite basin defines a ‘salt salient’ that
resulted from the interplay between the Messinian base levels and the relict topography
of a series of pre-Messinian submarine canyons (Bertoni & Cartwright 2006). The study
area is located above one of these canyons (called the El Arish) and the extensional
domain follows the outline of the Messinian evaporite pinch-out controlled along this

canyon salient (Bertoni & Cartwright 2006).

2.4 Database, Methods and Limitations

The main database for this study is a high-resolution 3D seismic survey located
in the southern part of the Levant Basin (Fig. 2.1), supplemented by a regional 2D
reflection survey covering the entire continental margin, offshore Israel. The 3D
coverage amounts to 2200 km” with excellent stratigraphic resolution throughout. The

frequency ranges between 35 Hz and 80 Hz with a dominant frequency of 50 Hz at the
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Chapter 2 Blind faults

base of the Pliocene, giving a vertical resolution of ¢.10 m. The spatial resolution is
approximately equivalent to the in-line and the crossline spacing of 25 m. Ten
exploration wells were drilled on the survey area including the key wells Gaza-marine 1
and Gaza-marine 2, located in the immediate area containing the case study faults (Fig.
2.2b). These wells provided standard petrophysical data and velocity data for time-to-

depth conversion.

Fault interpretation, as well as horizon and fault displacement mapping were
carried out on a UNIX workstation using Schlumberger Geoframe 3.7 seismic
interpretation software. The main focus of this research required measuring throw
values on faults within the extensional domain. These measurements were made from
the seismic profiles using fault normal profiles once the fault had been mapped in three
dimensions. The throw measurements were displayed as individual plots of a single
profile transect (T-Z plots, Cartwright et al. 1998) and as contoured fault plane
projections of throw values derived from regularly spaced transects across a single fault

plane. The projection followed standard techniques outlined by Barnett et al. (1987).

To simplify the analysis, T-z plots were displayed in values of Two-Way-Travel
Time (TWT). In order to verify whether the display in TWT would introduce any
significant distortion in to the pattern of vertical throw variation, faults closest to the
control wells were depth converted using the check-shot velocity data from the nearby
control wells. A comparison of two T-z plots displayed before and after depth
conversion is shown in Figure 2.3, as calibrated by Gaza-Marine 1. The depth converted
T-z plots exhibit a strikingly similar overall pattern in depth and time, and as such, it
was decided that plots based on TWT values were reliable indicators of true throw
variation. Analysis of widely spaced wells shows that the lateral velocity variation
within the post-Messinian stratigraphic interval is minimal, and this strengthens the

local calibration provided by wells Gaza-Marine 1 and 2.
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Chapter 2 Blind faults

2.5 The El Arish fault array

2.5.1 Structural and stratigraphic setting

The El Arish fault array is located in the southern sector of the Levant 3D
seismic survey (Fig. 2.2), along the western margin of the salient in the Messinian basin
that exploited the relict topography of the underlying El Arish canyon.

The main structures within the Levant survey area are shown in Figure 2.2a. The
most prominent structural elements are the western and eastern graben systems, adjacent
to the Messinian evaporite pinchout. The graben systems consist of complex arrays of
oppositely dipping normal faults that strike approximately parallel to the underlying
detachment within the Messinian evaporites. Individual faults defining these grabens
have throws of up to 400 m and have been active from the Pliocene. The northeastern
limit of the western graben system terminates against a major WNW striking strike-slip
fault that also detaches within the Messinian evaporites. The eastern graben system dies
out in a northeasterly direction along the trace of the evaporite pinchout, but to the
southwest its strike swings around to WNW direction at the head of the salient. At this
position, the well defined graben bounding faults die out, and are replaced by the El
Arish fault array, consisting of a set of WNW striking small extensional faults. These
faults strike perpendicular to the local slope direction defined at the regional detachment
level and thus appear to represent a lower strain continuation of the extensional domain
along the western margin of the salient. The overall trend of the array is northerly
(parallel to the edge of the salient), but the individual strikes of the faults are oblique to
this because they are aligned with respect to the slope of the underlying detachment as

is the norm for this type of gravity driven deformation (Jackson 1995).

The structural and stratigraphic context of the El Arish fault array is further
illustrated with a representative seismic profile through the margin (Fig. 2.4). The faults
offset clay-rich marls, sandstones and claystones slope sediments of Plio- Pleistocene

age. directly above the pinchout of the Messinian. The faults generally tip out
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Chapter 2 Blind faults

downwards just above Horizon M, the top of the Messinian evaporite succession
(Mavqiim Formation).The upper tips are located within the Pleistocene interval, several
hundreds of metres beneath the seabed. The Messinian evaporites appear as an
alternation of low and high amplitude reflections that are locally chaotic. They are
delimited by two high amplitude continuous seismic reflections (Horizons M and N,
Bertoni & Cartwright 2006), and consist mainly of halite in the basinal facies, and
interbeds of anhydrite, halite and thin claystones in the marginal facies updip of the
seismically resolvable pinchout. The post-Messinian sediments are composed of the
Yafo Marl Member at the base of the Pliocene. The marls interbedded with thin
sandstones and siltstones are characterised by high amplitude seismic reflections which
exhibit restricted discontinuities. Locally, these are succeeded by the Yafo Sand
Member (YSM). This formation appears as continuous high amplitude seismic
reflections consisting of sandstones interbedded with thin claystones and marls. The
Plio-Pleistocene sediments that overlie the YSM comprise the main interval of interest
of this chapter. These are characterised by continuous moderate amplitude seismic
reflections alternating with high amplitude seismic reflections. These sediments are

mostly claystones interbedded with trace of limestones, sandstones and siltstones.

2.5.2 The EI Arish fault array

The fault array consists of over 50 small extensional faults. Thirty of the largest
of these faults located at the southern end of the array were studied in detail (Fig. 2.2b).
The majority of these faults dip in a downslope direction towards the NE, except
antithetic faults 11, 12, 20 and 26. The mapped fault traces are linear and there are
considerable overlaps of varying magnitude between adjacent faults. Their cross-
sectional geometry is planar, with average dips ranging from 50 to 60°. The maximum
throw values for these faults ranges from 7 to 40 m. The upper tips of the faults
terminate at different stratigraphic intervals within the Pleistocene, and the lower tips
are located within the early Pliocene, or less commonly within the uppermost part of the

Messinian evaporites.

High resolution mapping shows that hard linkages between faults with

separations of greater than 100 m are rare. Strong curvature of a lateral tip towards a
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Chapter 2 Blind faults

neighbouring fault is only seen for Fault 1 (Fig. 2.2b). Faults 17 and 26 are the most
isolated faults of the El Arish array. These two faults show no interaction with other
structures and have basal tips located above the Messinian evaporites. Faults 17 and 26
thus provide a good reference to compare with the other less isolated faults that exhibit

different levels of interaction with faults or with layers of major lithological contrast.

2.6 Throw analysis

A detailed analysis of the throw distribution has been carried out on four faults
chosen as being representative of the different types of faults within the array with
regards to the degree of isolation and interaction with other faults or with the
mechanical stratigraphy. Throw distribution plots (T-z plots) were constructed from the
upper tip to the lower tip on closely spaced seismic sections (50 to 250 m) taken
orthogonal to strike. The high frequency content of the seismic data meant that vertical
throw measurements could be made at closely spaced intervals of c¢. 20-30 m, allowing

subtle changes in gradient to be observed.

2.6.1 Faultl7

Fault 17 is located at the western edge of the array (Figs. 2.2b and 2.5). The fault
strikes at 124° and has a planar geometry with an average dip of 58° down-slope
towards the NE. Its maximum length mapped at Pliocene Horizon E is 1080 m and its
maximum height is c. 700 m. The upper tip line is between 200 and 300 m beneath the
present day seabed in the centre of the fault, and plunges 200-500 m towards the lateral
tips, cutting stratigraphically downsection as it does so. The lower tip terminates a few

tens of metres above the YSM (Fig. 2.5¢).

Critically, there is no evidence of stratigraphic expansion in the hanging wall
(Fig. 2.5). Seismic attribute analysis of horizons bracketing the upper tip line shows no
geomorphological evidence that Fault 17 interacted with the free surface at any point
during its growth history, and it is therefore interpreted as a blind fault. There are no
antithetic or synthetic faults interacting with any part of the fault plane and the closest

neighbouring fault is approximately 390 m away from Fault 17. Fault drag folding
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Chapter 2 Blind faults

The vertical throw distribution plots for Fault 17 exhibit mostly mesa-shaped
patterns (M-type of Muraoka & Kamata 1983) with some degrees of variation (Fig.
2.7). The average throw is c. 8 m which for an average fault height of 700 m gives a low
throw to height ratio of 0.0125. The small magnitude of throw values means that reverse
drag is so small as to be almost imperceptible. The central section of most of the plots
(40 to 95% of the fault height) exhibits no significant change of throw. This central
region between 1400 and 1750 ms TWT is also the region of maximum throw values.
The throw gradient in the upper half of the fault plane in this zone has an average value
of 0.018. The lower part of the fault plane below the central region exhibits even lower
throw gradients and is separated from the central part by a thin continuous high
amplitude package of reflections located at 1800 ms TWT. Some of the T-z plots
(crossline 3214) might be described as exhibiting asymmetric conical-shape profiles (C-
type of Muraoka & Kamata 1983) with extremely low gradients. Some other profiles
can be described as a hybrid type between C and M-type (crossline 3258). The lateral
tips are interesting in that they exhibit throws profiles with a virtually constant throw

over almost the entire height of the plot.

The throw gradients in the main part of the fault are in general very low (<0.023
with an average between 0.01 and 0.05). The extreme upper and lower tips of the fault
(5 to 10%) exhibit higher throw gradients ranging from 0.03 to 0.3 (average c. 0.08).
Some irregularities in the throw profile, for example in the vicinity of Horizon E on
crossline 3242, are due to localised small changes in lithology. As seen on the throw
contour plot, the lower tip terminates at a shallower level than the rest of the fault plane
(between 1800 and 1900 ms TWT) between crosslines 3210 and 3222. The vertical
throw patterns in this region of the fault become slightly asymmetric C-shape profiles
with a flat part between horizons D and E and lower tip gradients increasing from

Horizon E to the lower tip position.

In summary, Fault 17 is interpreted as a blind fault that exhibits no present or
past interaction with a free surface, another structure or important lithological boundary
such as the YMM or the Messinian evaporites. The T-z plots are characterised mainly
by M-type or hybrid profiles over the entire fault plane with very low throw gradients

except in close proximity to the upper and lower tips. The tip line is elliptical, and throw
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Chapter 2 Blind faults

contours are concentric with respect to the tip line and to the central region of peak
throw values. This fault therefore in most respects strongly resembles the ideal normal

blind fault used in early conceptual models of fault growth (Barnett et al. 1987).

2.6.2 Fault19

Fault 19 is located on the eastern part of the array and strikes at 123° with an
average dip of 55° down-slope towards the NE (Figs. 2.2b and 2.8). The fault has a
planar geometry with a maximum length of ¢. 1925 m and a maximum vertical height of
c. 1225 m. Fault 19 terminates upwards between 950 and 1100 ms TWT for most of the
fault plane (Fig. 2.10) which is equivalent to 200 and 300 m below the present day
seafloor. It plunges down to 1800 ms TWT on the SE lateral tip, abruptly if the upper
tip folding is included, progressively cutting the stratigraphy from crosslines 2860 if the
upper tip folding is excluded. Its lower tip terminates within the YMM or Messinian
evaporites over two thirds of the central part of the fault and above the YMM at the
lateral tip regions (Figs. 2.8bc and 2.10). On seismic sections where the fault tips out
within the YMM, large wavelength reverse drag folding is associated to the lower half
of the fault plane, especially in the hanging wall (Fig. 2.8a). However, the fault plane
does not exhibit any drag folding when the fault terminates above the YMM (Fig. 2.84d).

Similarly to Fault 17, there is also no stratigraphic thickening in the hanging
wall across the fault or any geomorphological evidence that Fault 19 interacted with the
free surface at any point during its history. For example, Fault 19 offsets slumps
intervals without changing their geometry, size or orientation. Fault 19 does not interact
with other faults apart from a small antithetic fault in the NW lower tip of Fault 19
hanging wall. This small antithetic fault appears to have a limited and localised

influence on throw distribution of Fault 19.

The pattern of throw distribution on Fault 19 exhibits quasi elliptical contours
with the long axis along strike centred on a large maximum throw area up to 24 ms
TWT (c. 21 m) (Fig. 2.9). The high quality of stratigraphic correlation across Fault 19 in
particular allowed measurements to be taken on almost every horizon (c. every 20 ms

TWT). The throw contours are more closely spaced on the lower part of the fault plane
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Chapter 2 Blind faults

than on the upper part. Irregularities in the throw pattern are due to the spacing used by
the kriging software and the sampling error (2ms TWT) as for Fault 17 but also due to

the large number of measurements.

The vertical throw distribution for Fault 19 exhibits mainly M-type profiles with
constant throw values over a major part of the fault height (e.g. crossline 2940 on Fig.
2.10). However, the T-z plots corresponding to the central region of the fault depict an
increase of throw values, especially in the lower half of the fault. As a consequence of
this, throw profiles are hybrid between the M-type and an elongated C-type. In contrast,
where the basal tip occurs within the YMM, the throw profiles are best described as
asymmetric C-types. However, where the fault tips out even deeper, within the
Messinian evaporites (crosslines 2890 to 2910), the throw profiles are closer to the M-
type. Throw gradients are generally low over most of the fault plane, but dramatically
increase (by c. 50%) close to the upper and lower tip regions. Increases in the throw
values and gradients in the lower half of the fault plane are associated with large

wavelength reverse drag folding.

The influence of lithology on throw distribution can be seen at several places on
Fault 19, and is connected to the distribution of slump units within the otherwise
uniform slope mudstone succession. Firstly, an abrupt change in throw gradient between
horizon D and E separates the upper half of the fault plane which exhibits low throw
values and gradients (c. 0.015) from the lower half of the fault plane associated with
higher throw values. This interval of change in the throw profile is characterised on the
seismic by a package of discontinuous, low amplitude reflections that have been
interpreted regionally as slump deposits (Frey Martinez et al. 2005). Secondly, another
slump interval is interpreted at c. 1700 ms TWT which only corresponds to a minor
inflection in the throw profiles. Thirdly, the limit on the fault between the zone of upper
tip folding and seismically resolvable, systematic offset of horizons generally

corresponds to the base of the slump deposits interval located at c. 1100 ms TWT.

To summarise, Fault 19 is interpreted as a blind fault because: (1) it does not
exhibit any stratigraphic or geomorphological evidence of synsedimentary motion; (2)
the throw contour plot shows approximately elliptical lines centred onto a large zone of

maximum throw values; (3) the upper tip plunges down towards the lateral tips cutting
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Chapter 2 Blind faults

the stratigraphy as it does so. The vertical throw distribution is mainly of the M type,
although departures from this are associated with the stratigraphic unit in which the

basal tip is located, indicating a first-order control by the mechano-stratigraphy.

2.6.3 Faults 15 and 16

Faults 15 and 16 are two similar sized fault segments that are linked across a
small relay zone (Fig. 2.2b). Figure 2.11 shows a typical cross section through Fault 16
that is also representative for the geometry of Fault 15. Planar fault segments strike at
123° dipping between 55 and 58° towards the NE. Faults 15 and 16 have maximum
heights of respectively c. 1015 m and 970 m for a maximum length of c. 1735 m and
1970 m and a maximum throw of 24 ms TWT. The faults do not show any evidence of
synsedimentary interval at any point of their evolution. Fault 20 is antithetic to faults 15

and 16 and interacts with their lower tip lines between crosslines 3010 and 3150.

The upper tip, propagation fold included, terminates c. 100 to 200 m beneath the
present day seafloor and progressively cuts the stratigraphy plunging c. 100 to 300 m
down towards the lateral tips (Fig. 2.13). The region of the fault dominated by upper tip
folding extends for about 100 m below the resolvable upper tip (10% of maximum fault
height). This region extends further down the fault plane in two areas, (1) towards the
lateral tips and (2) in and around the relay zone between Faults 15 and 16. The upper tip
folding terminates at the same level over Faults 15 and 16 as well as for the relay zone
in between both faults (Fig. 2.13). If upper tip folding is excluded however, the upper
tip marks the linkage zone between the two faults by minima throw values. This
suggests that the present day upper tip folding is due to the propagation of Faults 15 and
16 during their kinematically linked evolution i.e. post-hard linkage. The lower tip of
both faults can be interpreted as being just above the YSM at the centre of both
segments. The lower tip position shallows towards the lateral tips and towards the relay

zone where the lower tip is located 100 ms TWT above the YSM (Fig. 2.11).
The throw contour plot for Faults 15 and 16 is presented in Figure 2.12. The

elliptical throw contours are parallel to each other from the outer line of zero throw to

the 6 ms TWT contour. For values above the 6 ms TWT contour, the contours are
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Chapter 2 Blind faults

concentric and centred on the two distinct zones of maximum throw located at the
middle of the two segments. The highest throw gradients occur in the lower part of the
fault plane. A sub-vertical zone of minimal throw values separates the two segments as
is expected in the case of soft linkage (e.g. Peacock & Sanderson 1991, Walsh &
Watterson 1991).

The vertical throw distribution for Faults 15 and 16 is mainly characterised by
patterns that are a hybrid of C and M types (Fig. 2.13). T-z plots from the relay zone are
closer to M-type than C-type whereas T-z plots from the central part of Faults 15 and 16
are best described as asymmetric C-shaped throw profiles. Crossline 3130 is a good
example of a typical hybrid C-shape throw profile with a flat portion extending over
more than 300 ms TWT in the central part of the plot. However throw profiles are closer
to asymmetric C-type for the fault centres where more displacement accumulated and
these regions are also associated with large wavelength reverse drag folding (labelled
RD on Fig. 2.13). A small decrease in throw values is observable on most of the T-z
plots just above Horizon F. This corresponds to a thin package of continuous high

amplitude reflections indicative of an abrupt contrast in lithology.

In summary, Faults 15 and 16 are interpreted as blind faults on the basis that (1)
they show no evidence of having interacted with the free surface, (2) the geometry of

the upper tip line is strongly plunging towards the SE lateral tip.

2.6.4 Fault21

Fault 21 is located at the northwestern edge of the El Arish array (Figs. 2.2b and
2.11). The fault has a planar geometry dipping 56° towards the NE and strikes at 130°.
Its maximum length is 2050 m for a maximum height of 985 m and the maximum throw
is ¢. 21 m. There is no evidence of any interaction of Fault 21 with the free surface, in
that none of the mapped horizons intersecting the upper half of the fault plane show any
geomorphological expression of the presence of a fault scarp. The region of the fault
plane characterised by upper tip folding spans almost a third of the height of the Fault
21. The upper tip line is sub-horizontal in the centre and plunges over 200m towards the

southeastern tip. This steeply plunging region of the upper tip is within the zone of
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Chapter 2 Blind faults

The vertical throw distribution of Fault 21 varies considerably along the fault
trace. M-type patterns with throw gradients increasing just abruptly at the upper and
lower tips for the lateral tip regions are seen for T-z profiles at crosslines 3080, 3220
and 3240 (Fig. 2.15). Hybrid profiles are seen on crosslines 3100, 3120, 3140 and 3200,
and these can best be described as elongated C-shape throw profiles with generally low
throw gradients in the tip regions and a large central portion with very small variation in
the throw values. Asymmetric C-shape throw profiles are only observed in the central
part of the fault (crosslines 3160 and 3180) with the maximum throw value located in
the lower part of the fault plane. This part of the fault that accumulated the most
displacement also corresponds to where the fault tips out at the top of the YSM. The
seismic data reveals large wavelength reverse drag folding associated with the lower

half of the fault plane coincident with the highest throw values.

In summary, Fault 21 is a single fault formed by the hard linkage of two

originally blind segments with no evidence of having intersected the free surface.

2.6.5 Maximum throw versus maximum length

The dimensions of the 30 selected faults from the El Arish array are plotted in a
maximum throw versus maximum fault length graph (Fig. 2.16). These faults are all
considered to be blind faults using the criteria outlined above for the individual case
studies. A linear regression line passing through the origin and the data points gives a
slope of 0.0113 with R* = 0.3478 and an exponential regression line is expressed as y =
8.9974e"%%* with R? = 0.5525. However, the dataset exhibits however significant
scatter. Faults of similar maximum throw can have a range of trace lengths that vary by
a factor of 2. In the same way, faults with similar length can be characterised by
markedly different maximum throw values as previously suggested (e.g. Cowie &
Scholz 1992a, Cartwright et al. 1995). What is particularly interesting with this dataset
1s that the scatter is present in an exclusively blind population, whereas previous studies

of scatter in D versus L have been largely based on faults that intersect a free surface.

2-28



Chapter 2 Blind faults

40 -

30

T max (m)

20 1

10 7

2000 3000 4000
L max (m)

Fig. 2.16: Maximum throw (T max) versus maximum length (L max) plot for the 30 faults selected from

the El Arish array. Detailed throw analyses are presented in this chapter for Faults 17, 15/16, 19 and 21.

0.0004x

Linear regression line (y = 0.0113x) and exponential regression line (y = 8.9974¢ ) are respectively

shown in solid and dashed lines. Arrows underline the scatter that characterises the data.

2.7 Discussion

The case studies presented above focused on the throw distribution for a
population of blind normal faults. Based on these examples, we now proceed to
summarise and discuss the criteria that could be regarded as most diagnostic when
assessing whether or not faults interpreted on seismic data are blind structures. The
discussion also addresses the effects of interaction during propagation between
neighbouring structures or with a major lithological barrier. The discussion closes with
some consideration of the implications of this analysis for fault growth models in

general.
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