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Abstract

This thesis uses high-quality 3D seismic reflection volumes and well data from offshore
Espirito Santo Basin (SE Brazil) and the Cleaver Bank High (Southern North Sea) to investi-
gate fault families around salt structures and their implications for fluid flow, storage and pro-
duction. The main aims are to understand: a) the distribution, geometry, scale and type of fault
families around salt structures; b) the growth and development of fault families around salt
structures and their relationship with halokinesis; c) the stress states necessary for the formation
of fault families around salt structures; d) the role of fault families around salt structures in
controlling fluid flow; e) the influence of salt structures and faults on the geothermal potential
of surrounding strata. Hence, analyses were completed for fault families recognised in the two
study areas, and such analyses included the mapping of plane and profile geometry, the map-
ping of faults’ spatial distribution, and the gathering of maximum displacement/throw-length
(Dmax/ Tmax-L) and displacement/throw-depth (D/T-Z) data for selected faults. Stress analyses
were applied to the interpreted fault families, providing important insights into the palaeostress
states around salt structures. Multiple bottom-hole temperatures (BHTS) around salt structures
and faults were utilised to reveal the influence of the latter on geothermal potential. In addition,
fluid flow features and geothermal gradient anomalies were studied to address the role of dis-

tinct fault families in fluid flow and trapping around salt structures.

In a first stage, the distribution, evolution history and significance of tectonic faulting
were investigated in a salt minibasin from offshore Espirito Santo Basin (SE Brazil). Inter-
preted faults include crestal, corridor, listric and keystone faults, all showing different geome-
tries, orientations and distributions. Maximum displacement-length (Dmax-L) and displace-
ment-depth (D-Z) plots for selected eight (8) faults from four (4) fault families were compiled
- together with eight (8) key structural maps - to understand their growth history. The results
show that listric faults in minibasins can point out the presence of ductile, highly likely organic-
rich shales and marls, which have similar seismic, lithological and petrophysical characters to
known Cenomanian to Turonian source rocks. Three distinct evolutionary stages can be iden-
tified in the study area during the Cenozoic, and these reveal the control of halokinesis on the
growth and development of faults around salt structures. Normalised leakage factor analyses
for all fault families indicate that keystone faults are the most favourable paths for fluid migra-
tion in salt minibasins. Conversely, listric faults are likely to form barriers and baffles to fluid

in their lower parts.



In a second stage, the palaeostress state around a rising salt diapir developing on the
Cleaver Bank High, Southern North Sea, was investigated. Fault families around salt structures,
including radial, polygonal and keystone faults, were separated into eight zones. Stress inver-
sions were applied to a total of 10,401 interpreted faults to reveal the palaeostress state around
the diapir of interest (diapir K09). The results show that diapir KO9 experienced multiple phases
of growth during the Cenozoic and two of these phases were associated with discrete episodes
of tectonic inversion. Halokinesis controlled the formation and growth of fault families around
diapir K09 following three structural stages. Palaeostresses in the flanking zones of the salt
diapir show marked differences when compared with its corner zones, but the combination of
minimum principal palaeostresses from all flanking and corner zones forms a triangular stress
ring around the salt diapir. The width of this stress ring was not only associated with the growth
of salt diapir but was also strongly influenced by adjacent salt structures.

The influence of salt structures and faults on the geothermal potential were investigated,
in a third stage, over the Cleaver Bank High, Southern North Sea. The results of this part show
that strata deposited above the Zechstein Group record geothermal gradients increasing pro-
portionally to the thickness of this evaporite unit. Conversely, strata buried below the Zechstein
Group reveal a moderate decreasing trend in geothermal gradients with increasingly thick salt.
In parallel, large supra-salt faults can act as fluid paths to deep and hot fluid, a factor that results
in the presence of high geothermal gradients in shallow strata around these same faults. In
detail, geothermal gradients on the footwall of supra-salt faults are higher than that in their
corresponding hanging-wall, but decrease markedly with distance away from these faults. Sub-
salt faults influence the geothermal gradient of supra-salt strata in parts of the study area where
there is very thin, or even absent, salt (<100 ms; or ~230 m), forming distinct low-amplitude
trails of fluid above these same faults. They also indirectly influence geothermal gradient by
controlling the position, geometry and distribution pattern of salt structures. As a corollary,
three potential geothermal exploration targets are suggested in the study area; one located on
the footwall of a large supra-salt fault, one above thick salt, and a third target above very thin

Zechstein strata, where low-amplitude fluid chimneys are found in seismic data.

In conclusion, fault families around salt structures are divided in this thesis into clus-
tered salt-related faults and scattered sub-salt and listric faults based on their scales and geom-
etries. They can act as effective paths to deep and hot fluid into shallow strata, as indicated by
the fluid flow features and geothermal gradient anomalies recorded around them. The growth

or reactivation of steep faults propagating into sources of fluid (hydrocarbon) or heat (hot water



and gas) are the most favourable migration paths in the two study areas considered. Salt-related
faults can also provide a relatively accurate record of stress states associated with halokinesis,
a character that has important implications to hydrocarbon exploration, carbon and energy stor-
age around salt structures. The results in this thesis can thus be extrapolated to fault families

formed in salt-rich basins worldwide.
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plot indicating different evolution paths for segment faults due to hard- and soft-lonkages in
three different stages. Figure from Kim and Sanderson (2005)..........cccooeveiineninininniiceen, 19
Fig. 1.9. Schematic map illustrating two types of breached relay structures. (a) Hanging wall
breached relay, characterised by an inactive splay fault and ramps attached to the footwall. (b)
Footwall breached relay, characterised by the ramp and splay fault being coupled to the motion
of the hanging wall. Figure modified from Cartwright et al. (1996). ........cccocevviviininiiiiinen, 20
Fig. 1.10. Schematic illustration for dip linkage of fault segments on cross sections. (a) Isolated
and precursor fault segments with a similar strike and dip grow by tip-line propagation. (b) and
(c) As the neighbouring fault tips approach one another, a mix of brittle and ductile deformation
occurs in the region between the two tips. (d) Segment faults link to form a single, coherent
structure. Figure modified from Mansfield and Cartwright (1996). .........cccooeviiiiniiiiiiniennn, 21
Fig. 1.11. Schematic illustration for the influence of mechanical stratigraphy on deformation.
(a) A monocline with brittle deformation in the monocline limb. (b) A fault dying upwards into
a fold. Figure from Ferrill et al. (2017) who adapted it from Powell (1875)........c.cccccevvvunnene. 24
Fig. 1.12. (a) Plot of strain before faulting vs. confining pressure for multiple common rock
types. (b) Plot of stress vs. strain for brittle and ductile rocks highlighting that brittle rock is
faulted before ductile rock with increasing strain. Figs. 1.12a and 1.12b are from Ferrill and
Morris (2008) and Ferrill et al. (2017), reSpPectiVely. ... 25
Fig. 1.13. An approximate 70 m thick cross-section through the Northern Pennine Orefield
fissure vein, showing how fault dips change in strata with different lithology. Near vertical
fault segments through limestones (blue) and sandstones (yellow) are linked by moderate
dipping fault segments through shale (grey) and coal (horizontal black layers). Figure from
Ferrill et al. (2017) who adapted it from Forster (1821)........ccccvvviiriinieieiene e 27
Fig. 1.14. Schematic illustration for the influence of mechanical stratigraphy on fault
propagation vs. displacement for mechanical stratigraphic units with different incompetent to
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competent thickness ratios. Volumes of rock with low incompetent to competent thickness
ratios (0.07) have has low bed dips, displacement gradients and narrow fault zones. In contrast,
high incompetent to competent thickness ratios (e.g., 1.4) result in variable bed dips, high
displacement gradients and variable fault zone widths. Mechanical stratigraphy with
intermediate incompetent to competent thickness ratios show behaviours depending on the

local conditions. Figure from Ferrill et al. (2017) who adapted it from Ferrill and Morris (2008).

Fig. 1.15. Block diagram showing typical shapes of salt structures in nature. Structural maturity
and size increase toward the composite, coalesced structures at the top of the figure. (a)
Elongated structures rising from line sources. (b) Structures rising from point sources. Figure
from Jackson and Hudec (2017) who adapted it from Jackson and Talbot (1986). ................ 32
Fig. 1.16. Satellite image of salt domes (brown hills) and salt glaciers (dark areas), Zagros
Mountains, Southern Iran. In this region, salt flows like glaciers into adjacent valleys due to
the gravity. Figure from the website of NASA (2001):
https://earthobservatory.nasa.gov/images/4168/irans-salt-glaciers. ..........ccccoccvvvverviinrnernnne 34
Fig. 1.17. Basic tectonostratigraphic elements of a salt system highlighting the basement, pre-
salt strata, salt structures, sub-salt strata and the overburden. Allochthonous salt was formed

due to the salt movement from the autochthonous salt. Figure from Jackson and Hudec (2017).

Fig. 1.18. Schematic illustration for the initial direction of salt flow inferred from elevation and
pressure heads. (a) Salt driven by pressure head whether or not the overburden is denser than
salt. (b) Salt driven by elevation head whether or not the overburden is denser than salt. (c) Salt
driven either way, depending on whether the elevation head gradients is more or less than the
pressure head gradient. (d) No flow because the irregular base of salt does not create any
hydraulic head gradient. Figure from Jackson and Hudec (2017) who adapted it from Hudec
and Jackson (2007). h=Vertical thickness of material above the point; z=Elevation head,
po=Density of the overburden; ps=Density Of Salt. ...........cccocoiiiiiiiiiii e, 37
Fig. 1.19. Schematic illustration for the effects of displacement loading on salt. (a) During
shortening, salt is loaded horizontally by inward movement of one or both sidewalls. The
horizontal displacement load then exceeds the vertical gravitational load, forcing salt to rise.
In a natural example, the salt would flow out over the sediment surface rather than form a
vertical column. (b) During extension, salt is unloaded horizontally by the outward movement

of one or both sidewalls. The vertical gravitational load then exceeds the horizontal
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displacement load, so salt subsides. Figure from Jackson and Hudec (2017) who adapted it
from Hudec and JackSON (2007). .....cocuieieiieiieiecie et nneas 40
Fig. 1.20. Schematic diagram showing the modes of diapir piercement in cross sections. (a)
Reactive piercement associated with the weakening of the overburden. (b) Active piercement
associated with the overburden loading and/or shortening. (c) Thrust piercement associated
with the movement of a thrust fault. (d), (e) and (f) Three other diapirism modes that are
apparent rather than actual piercement of the overburden. The overburden is brittle in all these
examples, except in (e). Figure from Jackson and Hudec (2017) who adapted it from Hudec
AN JACKSON (2007). veeveeieiteecie ettt ettt st et et e e e s ae e teereesteebe e e e sae e reenreaneenreens 41
Fig. 1.21. Diagram illustrating a reactive salt diapir with prekinematic and synkinematic layers
cross-cut by growth faults in a profile section. Extension is accommodated entirely by faulting
above the diapir, but is accommodated entirely by salt flow at the base. Midway up the diapir,
extension is accommodated partly by flow of salt and partly by faulting. Extension is equal at
these three levels, despite taking different forms. Figure from Jackson and Hudec (2017) who
adapted it from Vendeville and Jackson (1992). .......cccooeeiiiiniiirieeeee e, 43
Fig. 1.22. Schematic illustration for halokinetic active diapirism, which can be driven by two
types of gravitational loading depending on the density of water (pw), the overburden (po) and
salt (ps). P=Lithostatic pressure exerted by the overburden. Figure from Jackson and Hudec
200 PPN 45
Fig. 1.23. Numerical modelling illustrating how regional shortening promotes the active rise
of salt in ways depending on the diapir’s roof properties. Contours show intensity of plastic
strain, with white being the highest strain; the colour range for plastic strain is different in each
example in order to highlight particular features. Sediment-salt density ratio was 1.09;
shortening rate was 1 mm/yr. Figure from Jackson and Hudec (2017) who adapted it from Dan
SCNURZ-EIR (1993). .ottt ettt et e e et e e st e e e beesnaeabeeanne s 46
Fig. 1.24. a) Wedges of sediment that originally onlapped an emergent salt diapir become
deformed into flaps as the diapir continues to grow. These flaps form on two scales: (1)
megaflaps are kilometre-wide and rest directly on the salt; (2) perched flaps are hundreds of
meters wide and rest on older overburden strata. b) The core of this salt anticline was pinched
shut by regional shortening, during which the salt core broke out as an injection fold, forming
a small diapir at its crest. Figure from Jackson and Hudec (2017).......ccccoereneienennnnenennnn, 47
Fig. 1.25. Schematic illustration for the growth of a downbuilding (passive) diapir. It grows in

height by maintaining its crest at or near the sedimentary surface, whereas its base sinks
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together with the surrounding sediments. Figure from Jackson and Hudec (2017) who adapted
it from Hudec and JACKSON (2011). ....ccveiuieieiiecieee ettt ens 49
Fig. 1.26. Schematic diagram showing that stratal cutoffs and paucity of deformation in the
country rock that are the most important diagnostic features of a passive diapir. Figure from
Jackson and Hudec (2017) who adapted it from Jackson et al. (1994).........cccocvvvveviveieiinnnnn, 50
Fig. 1.27. Schematic illustration for radial faults around salt diapirs in shallow and deep
structural levels. (a) Shallow radial faults caused by hoop extension of a domed roof. (b) Deep
tangential faults indicating a change in the balance between radial and hoop stresses. Figure
from Jackson and HUAEC (2017). .....eocveeieiieiiee ettt nne s 52
Fig. 1.28. The influence of extension on diapirism depends on diapir geometry and relative salt
supply. (a) Regional extension widens a passive diapir and the salt keeps rising with abundant
salt supply. (b) Continued extension widens the diapir and leads to diapir fall due to restrictions
in salt supply. Figure from Jackson and HUdeC (2017). ...c..cceevevrriieiieieee e 54
Fig. 1.29. Schematic illustrations and seismic examples of fluid flow features. MDAC=
methane derived authigenic carbonates, HRDZ = hydrocarbon related diagenetic zones, BSR
= bottom simulating reflection. Figure from Andresen (2012).........cccccoveviienenienenienieeee, 56
Fig. 1.30. Cartoon diagram showing the growth of a mud volcano in four different stages.
Figure from Mazzini (2017).....c.eoce ittt e sre e 59
Fig. 1.31. Schematic illustration for the formation of gas chimneys and pockmarks. (A) Gas is
trapped below an anticline of a fine-grained sediment (dark grey) forming a capillary seal. (B)
Gas is released from a chimney due the seal fails when the gas accumulation accumulates to a
certain thickness. (C) The first pockmark forms when the chimney extends about halfway to
the seafloor. (D) More pockmarks are formed with more severe sediment deformation above
the chimney. (E) Many pockmarks merging into a large pockmark with dimensions like the
chimney. (F) When the chimney reaches the surface the gas pocket quickly drains. Figure from
Roelofse (2020) who modified it from Cathles et al. (2010)........ccccccvivveviiiiicie e, 60
Fig. 1.32. Seismic examples of direct hydrocarbon indicators (DHIs). (A) Bright spot. (B) Dim
spot. (C) Flat spot. (D) Polarity reversal. (E) Velocity push-down. Figure from Cox et al.,
02207220 ) SRS SR S PS 63
Fig. 2.1. a) Location of Fig. 1b) in relation to Brazil and its continental margin. b) Bathymetric
map highlighting the location of the Espirito Santo Basin and its adjacent structural units. Note
that the Espirito Santo Basin is bounded by the volcanic Abrolhos Plateau to the north and is
separated from the Campos Basin to the south by a political boundary. The red polygon
indicates the location of the 3D seismic volume. Topographic map is taken from the National
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Center for Environmental Information. ¢) Entire 3D seismic volume image showing the
location of study area in Chapter 4 as marked by a red polygon and two wells (3-BRSA-1229
and 1-BRSA-1143D) in a seismic variance time-slice (Z = —-3000 ms two-way time)........... 67
Fig. 2.2. Schematic illustration of four tectonic evolution stages of SE Brazil. a) Syn-rift stage
dominated by continental deposition; b) Transitional stage characterised by the deposition of
evaporites; ¢) Early drift stage marked by the development of carbonate platforms and d) Late
drift stage showing the open marine deposition. Figure from Mattos (2017) who modified it
TrOM OJEAA (1982).....eeeeieeiie sttt sttt et s et e et e bt e nbe et e ne e beebeeneenneas 68
Fig. 2.3. Schematic illustration of three structural domains in the Espirito Santo Basin and
related strata representing main tectonic stages. The location of study area in Chapter 4 is
shown by a black dashed rectangle. Figure modified from Gamboa (2011) and Fiduk et al.
(2004). ..ottt R e bt r e b et aebe et et re bt neerene 71
Fig. 2.4. a) Tectono-stratigraphic chart of the Espirito Santo Basin showing main depositional
units and their depositional environments. Four tectonic evolutionary stages, episodes of
magmatism and five megasequences are highlighted in the figure. Figure modified from Mattos
and Alves (2018). B) Velocity data profile for well DSDP 516 for the Rio Grande Rise (Barker
BL AL, 1083). 1.ttt et bttt ettt re et et e re s 75
Fig. 2.5. a) Bathymetric map of NW Europe and its continental margin. The red polygon shows
the location of Fig. 1b. b) Bathymetric map showing the position of the Dutch sector of the
Southern North Sea, which is bounded by the grey polygon. The Broad Fourteens Basin,
Central Netherlands Basin and West Netherlands Basin are highlighted by a black solid line,
whereas the Cleaver Bank and Winterton highs are highlighted by a black dash line. The red
rectangle shows the location of the 3D seismic volume. Bathymetric map is taken from the
National Centre for Environmental INnformation.............ccccoooeiieniiie e 78
Fig. 2.6. Tectono-stratigraphic chart for the Cleaver Bank High showing main stratigraphic
units and formation characteristics (modified from Harding and Huuse, 2015). Multiple
tectonic events and four tectonic evolutionary phases are highlighted in the figure. Main
seismic-stratigraphic horizons, correlated with data from well K08-07, are shown in the seismic
Q10 11 - PP PP 79
Fig. 3.1. Well profile correlation for Wells 3-BRSA-1229 and 1-BRSA-1143D located near the
study area. Chronostratigraphic framework, lithology, gamma-ray (GR) and Vp (p-wave
velocity) wireline curves are shown. Note this figure is a part of research result in Chapter 4.
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Fig. 3.2. Stratigraphic correlation for wells K08-07, K08-02, K09-01 and K12-02 located in
the study area. Stratigraphic framework, lithology, gamma-ray (GR), density (RHOB) and
sonic log (DT) wireline curves are shown, and horizon markers in Chapters 5 and 6 are
indicated. Note this figure is a part of research result in Chapters5and 6. ............cccceevenenne. 87
Fig. 3.3. Seismic example illustrating the technique used to measure the throw and heave by
the difference between footwall (represented by the white dots) and hanging-wall (represented
by black dots) cut-offs. Dip displacement is calculated using trigonometry rules that take into
account the throw and heave of a fault. Figure from Mattos (2017). ......ccoecvvvvriierenieennennnn, 92
Fig. 4.1. Variance time-slice (Z=-3000 ms two-way time) of the study area highlighting the
four fault families and salt structures interpreted in this Chapter. Red, green, yellow, and blue
lines indicate listric faults (LFs), crestal faults (CFs), corridor faults (CoFs), and keystone faults
(KFs). The seismic profiles shown in Figs. 4.2-4.5 and 4.12 are shown by thin black lines. Eight
representative faults from four fault families, shown with bold lines, were selected to carry out
displacement-depth (D-Z) and displacement-length (Dmax-L) analyses (see Figs. 4.8-4.11)..99
Fig. 4.2. Seismic profiles showing representative crestal faults 1 (CF1) and 2 (CF2) in the study
area. Red bold and black lines represent faults, while other coloured lines mark the different
seismic-stratigraphic horizons interpreted in the study area. The location of the seismic profile
is shown in Fig. 4.1. SF=SaflO0r. .........ccoiiiiiiecee e 102
Fig. 4.3. Seismic profiles showing representative corridor faults 1 (CoF1) and 2 (CoF2) in the
study area. Red bold and black lines represent faults, while the other coloured lines mark the
seismic-stratigraphic horizons interpreted in the study area. Bright spots are indicated in the
figure. The location of the seismic profile is shown in Fig. 4.1. SF=Seafloor. .................... 103
Fig. 4.4. Seismic profiles showing representative listric fault 1 (LF1) and keystone fault 1
(KF1). Red bold and black lines represent faults, while other coloured lines mark the different
seismic-stratigraphic horizons interpreted in the study area. Bright spots and pockmarks are
indicated in the figure. The location of the seismic profile is shown in Fig. 4.1. SF=Seafloor;
KF=KEYSTONE TAUIL. ... bbbt 104
Fig. 4.5. Seismic profiles showing representative listric fault 2 (LF2) and keystone fault 2
(KF2). Red bold and black lines represent faults, while other coloured lines mark the different
seismic-stratigraphic horizons interpreted in the study area. Bright spots and pockmarks are
also indicated in the figure. The location of the seismic profile is shown in Fig. 4.1.
SF=Seafloor; KF=Keystone faull. ..........cccoiiieiiec e 105
Fig. 4.6. TWT structural and isochron maps for representative horizons and intervals in the
study area. a), ¢), and e) TWT structure of horizons H4, H3, and HO, respectively. b), d), and
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f) Isochron maps for intervals between the SF (seafloor) and horizon H4, between horizons H4
and H3, and between horizons H3 and HO. ... 107
Fig. 4.7. Rose diagrams and histograms of strike and dip for each fault family in the study area
plotted by using fault-point data. Crestal faults are predominantly NNE-striking and their dips
range from 22.6° to 58.7°. Corridor faults are NE-striking and their dips vary from 23.8° to
58.2°. Listric faults are mainly NW-striking, but their dips range from 2.3° to 22.9°. Keystone
faults are NW-striking with dips varying from 29.7° to 64.0°. Note the radius value of the rose
diagram is plotted as a ratio Of eqUal Ara...........cccooereiiiiiiieiieeee e 108
Fig. 4.8. Displacement-length along fault (Dmax-L) and displacement-depth (D-Z) plots of
crestal faults 1 (CF 1) and 2 (CF 2) highlighted in Figs. 4.1 and 4.2. The vertical lines c-j in the
D-L plots above indicate the location of the D-Z plots shown below. The dashed lines mark the
seismic-stratigraphic horizons interpreted in this StUdY...........ccoovrieiinenie 111
Fig. 4.9. Displacement-length along fault (Dmax-L) and displacement-depth (D-Z) plots of
corridor faults 1 (CoF 1) and 2 (CoF 2) imaged in Figs. 4.1 and 4.3. The vertical lines c-j in the
D-L plots above indicate the location of the D-Z plots shown below. The dashed lines mark the
seismic-stratigraphic horizons interpreted in this StUdY...........ccoovviiiiininie 112
Fig. 4.10. Displacement-length along fault (Dmax-L) and displacement-depth (D-Z) plots of
listric faults 1 (LF 1) and 2 (LF 2) imaged in Figs. 4.1, 4.4 and 4.5. The vertical lines c-j in the
D-L plots above indicate the location of the D-Z plots shown below. The dashed lines mark the
seismic-stratigraphic horizons interpreted in this StUdY...........ccooviiiiiiiini 113
Fig. 4.11. Displacement-length along fault (Dmax-L) and displacement-depth (D-Z) plots of
keystone faults 1 (KF 1) and 2 (KF 2) imaged in Figs. 4.1, 4.4, and 4.5. The vertical lines c-j
in the D-L plots above indicate the location of the D-Z plots shown below. The dashed lines
mark the seismic-stratigraphic horizons interpreted in this Study ..........ccccoceiiiniiiiiiienenn. 114
Fig. 4.12. Seismic profiles highlighting the distribution of listric faults in the study area. Red
bold and black lines represent faults, while other coloured lines mark the different seismic-
stratigraphic horizons interpreted in the study area. Bright spots are indicated in this figure.
The location of the seismic profile is shown in Fig. 4.1. SF=Seafloor...........c.ccccovvrvvrrrnnnn. 116
Fig. 4.13. a) Slip tendency analysis for the four fault families in this article considering the
palaeostress tensor obtained separately from each family. b)-e) Slip tendency analysis for
crestal, corridor, listric, and keystone faults. ...........cccoevieiiiieni e 119
Fig. 4.14. a) Normalised leakage factor analysis for the four fault families in this article
considering the palaeostress tensor obtained separately from each family. b)-e) Normalised
leakage factor analysis for crestal, corridor, listric, and keystone faults. ...........cc.cccceeveeninn 120
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Fig. 4.15. Schematic block diagram model of the three evolution stages interpreted in the study
area. a) Stage 1 (Paleocene); b) Stage 2 (Late Paleocene-Early Oligocene); ¢) Stage 3 (Late
OlGOCENE-RECENL). ...iiuiiiiieieeie ittt ettt e s beesbesneesreesteeneeareebeeneenreas 123
Fig. 5.1. a) Variance map (Z = -1100 ms two-way time) highlighting the location of b), which
is bounded by red polygon. b) Variance time-slice (Z= -1100 ms two-way time) of the study
area, highlighting eight zones and salt structures interpreted in this work. Six flanking or corner
zones are separated by orange dash lines and labelled 1 to 6. Zones where polygonal and
keystone faults were developed are bounded by red or green lines, which are labelled 7 and 8,
respectively. Boreholes are separately shown by a red cross and circle. The seismic profiles
shown in Figs. 5.2-5.5 and 5.14 are shown by black lines. Ten faults in total from eight zones,
shown with purple lines, were selected for throw-length (Tmax-L) and throw-depth (T-Z)
ANAIYSES (SEE FIQS. 5.9-5.11). .iiiiiiiiiiiiisiisie e 133
Fig. 5.2. Seismic profile across the salt pillow and salt withdrawal basin A highlighting the
presence of keystone faults and radial faults. Eight seismic horizons correlated with well K09-
07 are shown by different colour lines and labels, whereas seven other horizons are shown by
black dash lines and labels. Faults are represented by black or red lines, including keystone
fault 1 (KF1) and radial fault 1 (RF1). Well (K09-07) is shown by a red bold line. Plot on the
right of seismic section highlights the number of faults intersecting different horizons on the
seismic profile. The location of the seismic profile is shown in Fig. 5.1. CU-Chalk Group.136
Fig. 5.3. Seismic profile across the salt pillow and salt withdrawal basin C highlighting the
presence of keystone and radial faults. Eight seismic horizons correlated with wells K08-15
and K08-11 are shown by different colour lines and labels, whereas seven other horizons are
shown by black dash lines and labels. Faults are represented by black or red lines, including
radial fault 5 (RF5). Wells K08-15 and K08-11 are shown by red bold lines. A salt weld is
highlighted by two black circles. Plot on the right of seismic section shows the number of faults
intersecting different horizons on the seismic profile. The location of the seismic profile is
shown in Fig. 5.1. CU-Chalk GrOUP .......cccoiiiiiiiiiiiee s 137
Fig. 5.4. Seismic profile across salt withdrawal basin B highlighting the presence of radial
faults. Eight seismic horizons are shown by different colour lines and labels, whereas seven
other horizons are shown by black dash lines and labels. Faults are represented by black or red
lines, including radial fault 3 (RF3). A salt weld is highlighted by two black circles. Plot on the
right of seismic section shows the number of faults intersecting different horizons on the

seismic profile. The location of the seismic profile is shown in Fig. 5.1. CU-Chalk Group.138
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Fig. 5.5. Seismic profile across salt withdrawal basin B showing polygonal faults. Eight seismic
horizons correlated with well K12-02 are shown by different colour lines and labels, whereas
seven other horizons are shown by black dash lines and labels. Faults are represented by black
lines. Well K12-02 is shown by a red bold line. A salt weld is shown by two black circles. Plot
on the right of seismic section shows the number of faults intersecting different horizons on

the seismic profile. The location of the seismic profile is shown in Fig. 5.1. CU-Chalk Group

Fig. 5.6. TWT structural and fault maps for four horizons in the study area, highlighting the
variation of faults at different horizons. a), c), €) and g) TWT structure of horizons H7, H5, H3
and H1, respectively. b), d), f) and h) Faults at horizons H7, H5, H3 and H1, respectively.
Faults are shown by black lines in fault maps. Zone where keystone faults were developed are
bounded by green dash lines, and zones where radial and polygonal faults were developed are
separated by a red dash line. The seismic profiles shown in Figs. 5.2-5.5 and 5.14 are shown
DY WHIte OF DIUE TINES. ...t 141
Fig. 5.7. Isochron maps for seismic intervals in the study area. a-d) Isochron maps for seismic
intervals between horizon HO and Base CU, between horizons H5 and HO, between horizons
H9 and H5, and between the Seafloor and horizon H9. The seismic profiles shown in Figs. 5.2-
5.5 and 5.14 are shown by white lines. CU-Chalk Group ...........cccovveviiieiieveec e 142
Fig. 5.8. Rose diagrams showing the strike of faults in each interpreted zone, plotted using
fault-point data. a) Radial faults in flanking zone 1. b) Radial faults in corner zone 2. c) Radial
faults in flanking zone 3. d) Radial faults in corner zone 4. e) Radial faults in flanking zone 5.
f) Radial faults in corner zone 6. g) Polygonal faults (Tier 1) in zone 7; h) Polygonal faults
(Tier 2) in zone 7; i) Keystone faults in zone 8. Note that the radius value of the rose diagram
IS plotted as a ratio Of QUAlL rea. ... 147
Fig. 5.9. (Next page) Throw-length along fault (Tmax-L) and throw-depth (T-Z) plots for radial
fault 1 (RF1) to radial fault 6 (RF6), which are shown in Figs. 5.1 and 5.2-5.4. The vertical
dashed lines c-j, m-t and w-ad in the Tmax-L plots above indicate the location of the T-Z plots.
Dashed lines mark the seismic-stratigraphic horizons interpreted in this study. ................... 147
Fig. 5.10. Throw-length along fault (Tmax-L) and throw-depth (T-Z) plots for polygonal faults
1 (PF1) and 2 (PF1), which are shown in Figs. 5.1 and 5.13. The vertical dashed lines c-j in the
Tmax-L plots above indicate the location of the T-Z plots. Dashed lines mark the seismic-
stratigraphic horizons interpreted in this STUAY. ..o 149
Fig. 5.11. Throw-length along fault (Tmax-L) and throw-depth (T-Z) plots for keystone faults 1
(KF1) and 2 (KF2), as shown in Figs. 5.1 and 5.2. The vertical dashed lines c-j in the Tmax-L
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plots above indicate the location of the T-Z plots. Dashed lines mark the seismic-stratigraphic
horizons interpreted iN this STUY. .......cceiieiiiie e 150
Fig. 5.12. Variance time-slice (Z= -1100 ms two-way time) showing the minimum principal
palacostress tensors (o3) obtained from stress inversions for each zone. The direction of
minimum principal palaeostress for each zone is highlighted by blue arrows. Six flanking or
corner zones are separated by orange dash lines and labelled 1 to 6. Zones where polygonal
and keystone faults were developed are bounded by red or green lines, which are labelled 7 and
8, respectively. The seismic profiles shown in Figs. 5.2-5.5 and 5.14 are shown by black lines.

Fig. 5.13. Ant tracking maps at different depths in the study area, showing the width change of
flanking and corner zones around salt diapir KO9 with depth. Contour lines developed around
diapir K09 indicates the areas in which strata are more folded and rarely crossed by faults. Six
flanking or corner zones are separated by orange dash lines. The zones where polygonal and
keystone faults were developed are bounded by red or green lines. a-d) Ant tracking maps at -
500, -800, -1100 and -1400 ms, respectively. The seismic profiles shown in Figs. 5.2-5.5 and
5.14 are sShown by DIACK HINES. ..o 155
Fig. 5.14. Seismic profile across salt diapir K09 highlighting the thinning of strata towards it.
Eight seismic horizons correlated with wells K08-02 and K09-01 are shown by different colour
lines and labels, whereas seven other horizons are shown by black dash lines and labels. Faults
are represented by black or red lines, including polygonal fault 1 (PF1). Wells K08-02 and
K09-01 are shown by red bold lines. A salt weld is shown by two black circles. Plot on the
right of seismic section shows the number of faults intersecting different horizons on the
seismic profile. The location of the seismic profile is shown in Fig. 5.1. CU-Chalk Group.157
Fig. 5.15. Section showing the Cenozoic evolution of salt diapir KO9 and surrounding faults in
three structural stages. a) Stage 3 (between horizon H9 and the Seafloor) marks a relative
quiescence of halokinesis, forming a few radial faults and keystone faults. b) Stage 2 (between
horizons H5 and H9) records significant halokinesis, leading to the formation of a great number
of radial faults and keystone faults, whereas polygonal faults are only limited to the southeast
part of the section. ¢) Stage 1 (between horizons HO and H5) is characterised by important
halokinesis, causing the increasing number of radial faults, and polygonal faults start limiting
to the southeast part of the section. The location of the section, depicted from Fig. 5.14, is
shown in Fig. 5.1. Note this structural evolution only considers vertical movement, without

considering lateral salt flow and compression due to structural inversion. CU-Chalk Group



Fig. 5.16. Dip maps of key horizons in the study area, highlighting that dips in flanking zones
are much larger than in corner zones at different horizons. a-d) Dip maps of horizons HO, H3,
H5 and Base NU, respectively. The seismic profiles shown in Figs. 5.2-5.5 and 5.14 are shown
by black lines. NU-Upper NOrth Sea Group .........cocveieierierenisisesieeee e 163
Fig. 6.1. Variance map (Z = -1800 ms two-way time) of the study area, highlighting the position
of different salt structures developed in the study area. Boreholes are separately shown by a
red cross and circle, and the seismic profiles in Figs. 6.2-6.4 are shown as black lines. The
location of this map i SNOWN IN Fig. 2.5, .....oiiiiiiii e 171
Fig. 6.2. (Previous page) TWTT seismic profiles across the largest NE-striking supra-salt fault
(Fault A), showing multiple salt structures, faults and fluid flow paths. Eight seismic horizons
correlated with eight wells are shown by different colour lines and labels, and faults are
presented with black lines. The figures highlight the two largest salt diapirs in the study area,
which are bounded by a large supra-salt fault, Fault A. This fault separates the Cleaver Bank
High from the Broad Fourteens Basin. Salt diapirs have irregular geometries, different heights
and widths. The location of the seismic profiles is shown in Fig. 6.1. Labels on the borehole
trajectories indicate the depth of BHTs numbered in Appendix B. HLF=Hard-linked fault 174
Fig. 6.3. TWTT seismic profile across the largest NE-striking hard-linked fault (Fault B),
showing multiple salt structures, faults and fluid flow paths. Seven seismic horizons correlated
with four wells are shown by different colour lines and labels, and faults are presented with
black lines. Fault B is a large NE-striking dextral strike-slip fault, which is near vertical and
propagated from sub-salt units into the North Sea Group. Salt pillows and wall have shown
different geometries, heights and widths. The location of the seismic profile is shown in Fig.

6.1. Labels on the borehole trajectories indicate the depth of BHTs numbered in Appendix B.

Fig. 6.4. TWTT seismic profile across the large NW-striking crestal faults, showing multiple
salt structures and faults. Seven seismic horizons correlated with four wells are shown by
different colour lines and labels, and faults are presented with black lines. Two large crestal
faults are imaged near Well KO7-FD-105, propagating into the Upper North Sea Group. These
crestal faults influence the geothermal gradient distribution around the salt pillows in the figure,
as Table 6.3 denotes high geothermal gradients next to these faults. The location of the seismic
profile is shown in Fig. 6.1. Labels on the borehole trajectories indicate the depth of BHTs
numbered in Appendix B. HLF=Hard-linked fault ............cc.ccooorinniiiini e 176
Fig. 6.5. (Previous page) TWTT structural maps for four key horizons in the study area,
including the base of the North Sea Group (Horizon H5), Chalk Group (Horizon H4), Lower
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Germanic Trias Group (Horizon H1) and Zechstein Group (Horizon HO), respectively. a-c)
Maps with the position and spatial distribution of salt structures and supra-salt faults,
highlighting the influence of halokinesis on the depth variation of overlying horizons. d) Map
showing the spatial distribution of sub-salt faults that mainly consist of NW- and NE-striking
faults. The location of the seismic profiles shown in Figs. 6.2-6.4 is shown by the white lines.
The position and distribution of salt structures and faults shown in this figure has also shown
1N T TR USRS 179
Fig. 6.6. (Previous page) Isochron maps for four key seismic-stratigraphic units in the study
area, including the North Sea Group (Seismic unit 5), Chalk Group (Seismic unit 4), Rijnland,
Upper and Lower Germanic Trias Groups (Seismic unit 3) and Zechstein Group (Seismic unit
2), respectively. a-c) Maps showing the thickness variation in three supra-salt stratigraphic
units, marking the thinning of strata towards salt structures. d) Map highlighting the thickness
variation in the Zechstein salt, and the distribution of salt structures. The location of the seismic
profiles in Figs. 6.2-6.4 is shown by the wWhite liNeS............cccoviiieiiiie i 181
Fig. 6.7. (Previous page) Fault maps at four key horizons superimposed on the areas of the
Zechstein salt (>400 ms thick), including the base of the North Sea Group (Horizon H5), Chalk
Group (Horizon H4), Lower Germanic Trias Group (Horizon H1) and Zechstein Group
(Horizon HO0), respectively. a-c) Maps with the distribution of supra-salt faults, highlighting
that thick Zechstein salt controls the formation and development of supra-salt faults.
Additionally, large supra-salt and hard-linked faults bound the thick Zechstein salt. d) Map
with the distribution of sub-salt faults, highlighting the control of sub-salt faults on the position
and distribution of overlying salt structures. NW-striking faults are shown by thin red lines.
NE-striking faults are shown by thin blue lines, except for Faults A and B marked by thick blue
lines. Grey areas bounded by grey polygon lines represent the area of Zechstein salt where its
thickness is >400 ms thick. The location of the seismic profiles in Figs. 6.2-6.4 is shown by
DIACK TINES. ..ottt b et s b e b r e beenbesneenne s 183
Fig. 6.8. Corrected BHT in five seismic-stratigraphic units recorded from the 48 exploration
wells analysed in the study area. The trendline of all (448) corrected BHTs (See Appendix B)
shows a near-linear positive correlation with depth, with an average geothermal gradient of
38.54°C/km. b) Geothermal gradient calculated from all (448) corrected BHTSs in five seismic-
stratigraphic units in the study area. The trendline of all (448) geothermal gradients shows a
near-power law decreasing trend in geothermal gradient with depth. Note the trendlines in both
figures represent the best fit lines for these data from the mathematics aspect. .................... 185
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Fig. 6.9. (Previous page) Temperature maps superimposed on the areas of the Zechstein salt
(>400 ms thick) at four key horizons, highlighting the subsurface temperature variations in the
study area. a-d) Temperature at the base of the North Sea Group (Horizon H5), Chalk Group
(Horizon H4), Lower Germanic Trias Group (Horizon H1) and Zechstein Group (Horizon HO),
respectively. The Zechstein salt (>400 ms) is shown with the transparent black polygonal
filling, and salt piercing boundaries in different horizons are marked by white dashed polygon.
The position of borehole data used to compile these maps is marked by black circles, and their
names are shown in Fig. 6.1. The location of the seismic profiles in Figs. 6.2-6.4 is shown by
DIACK TINES. ...ttt bbbttt bbb b n e et neas 188
Fig. 6.10. Subsidence and thermal models for wells K11-10, K11-02 and K12-12, highlighting
their modelled present-day temperatures, corrected BHTs and vertical thermal conductivities.
The subsidence and thermal models provide evidence that temperature maximum occurred in
the Early Cretaceous and Cenozoic. Temperature differences between modelled present-day
temperatures and corrected BHTs for wells K11-10, K11-02 and K12-12 are respectively
20.1°C-33.2°C, 14.7°C-26.4°C and 0.6°C-12.4°C. This suggests that subsurface temperatures
in wells K11-10 and K11-02 are influenced by other factors than the presence of nearby salt
SEFUCTUIES. ...ttt etttk b et ekttt e bt et e b e e st e e nhe e e mb e et e e e mb e e nbe e e nb e e nneeenne e 190
Fig. 6.11. Plot of geothermal gradient for different seismic-stratigraphic units vs. thickness of
the Zechstein Group. Geothermal gradients in the North Sea Group (Seismic unit 5), Chalk
Group (Seismic unit 4), Rijnland, Upper and Lower Germanic Trias Groups (Seismic unit 3)
and Zechstein Group (Seismic unit 2) show a positive correlation with the thickness of the
Zechstein Group. In contrast, geothermal gradients in the Upper Rotliegend and Limburg
Groups show a negative correlation with the thickness of the Zechstein Group, a character
explained by the presence of a greater heat flow from sub-salt to supra-salt strata in areas where
SAIT IS TNHICKET . ...ttt sttt nres 192
Fig. 6.12. Geothermal gradient maps for supra-salt strata, Zechstein Group and sub-salt strata
superimposed on the areas with Zechstein salt (>400 ms thick). a) and b) Maps showing that
areas with thick Zechstein salt (>400 ms thick) correlate with relatively high geothermal
gradients. ¢) Map highlighting that areas with the thick Zechstein salt (>400 ms thick) relate to
areas of low geothermal gradients. The Zechstein salt (>400 ms thick) is shown with a
transparent black polygonal filling. The position of borehole data used to compile these maps
is marked by the black circles, and their names are shown in Fig. 6.1. The location of the

seismic profiles in Figs. 6.2-6.4 is shown by black lines............cccccoov i, 193
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Fig. 6.13. Plot of geothermal gradient for different seismic-stratigraphic units vs. thickness of
the Chalk Group. Geothermal gradients in the North Sea Group (Seismic unit 5), Chalk Group
(Seismic unit 4), Rijnland, Upper and Lower Germanic Trias Groups (Seismic unit 3) and
Zechstein Group (Seismic unit 2) show a negative correlation with the thickness of the Chalk
Group. This can be explained by the low permeability of the Chalk Group, hindering the
transfer of heat from underlying strata. Conversely, geothermal gradients in the Upper
Rotliegend and Limburg Groups do not correlate with the thickness of the Chalk Group. ..195
Fig. 6.14. Summary of the influence of salt structures and faults on geothermal potential,
highlighting three potential geothermal exploration targets in the study area. The Zechstein salt
heats the overlying strata by heat conduction, causing higher geothermal gradients above salt
strata. Large supra-salt and sub-salt faults act as fluid paths to deep and hot fluid into shallow
strata, resulting in the presence of the high geothermal gradients in shallow strata. Three
potential geothermal exploration targets are located at the footwall of large supra-salt fault,
above thick Zechstein salt, or areas with salt welds and dense sub-salt faults. This section is
modified from Figs. 6.28 aNd 6.4. ..o 200
Fig. 7.1. Diagram summarising the key results from Chapter 4. It shows that seismic profiles,
variance and TWT structural maps were used to understand fault families, and fault
displacement-length (Dmax-L) and displacement-depth (D-Z) for selected faults were compiled.
The evolution history of fault families was summarised in three stages, and fault leakage
analyses were implemented for four fault families. ..., 207
Fig. 7.2. Diagram summarising the key results from Chapter 5. It shows that seismic profiles,
variance and TWT structural maps were used to understand fault families around the salt diapir
of interest, and fault throw-length (Tmax-L) and throw-depth (T-Z) for selected faults were
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Fig. 7.3. Diagram summarising the key results from Chapter 6. It shows that seismic profiles,
variance and TWT structural maps were used to study fault families on the Cleaver Bank High.
Subsurface temperature and geothermal gradients were investigated by using bottom-hole
temperatures, and the relationship between geothermal gradients vs. Zechstein Group thickness
and Chalk Group thickness is studied. The influence of salt and fault on geothermal potential
IS summarised in a SChematic dIAgIaM..........cciiiiiiiiiie e 210
Fig. 7.4. Relationship between maximum displacement and length (Dmax-L) for faults plotted
in log-log space - data plotted as black points from Torabi and Berg (2011) and data plotted as
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Fig. 7.5. A total number of 110 crestal, corridor, keystone and listric faults from the Espirito
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1 Introduction and literature review

1.1 Rationale and research aims

1.1.1 Rationale

Salt structures are common and important geological structures in evaporite basins
around the world, and have gathered the interest of multiple scientists, especially practicing
geologists, for decades (e.g. Murray, 1966; Jackson and Seni, 1983; Seni and Jackson, 1983;
Jackson and Talbot, 1986). The prime interest in salt structures comes from industry as large
hydrocarbon discoveries are often found close to salt structures, such as in the case of the Gulf
of Mexico, North Sea, Campos Basin and Tarim Basin (e.g. Ratcliff et al., 1992; Volozh et al.,
2003; Fiduk et al., 2004; Yu et al., 2014). Salt structures are also of great interest to mineral
exploration (e.g. Davison et al., 1996; Behlau and Mingerzahn, 2001; Van Gent et al., 2011),
carbon sequestration (e.g. Chiaramonte et al., 2008; Chang et al., 2011) and gas storage (e.g.
Warren, 2017; Gasanzade et al., 2021) within or near salt bodies. In addition, salt structures are
important to geothermal exploration projects as salt has high geothermal conductivity, effec-
tively heating up the rocks placed above salt structures but cooling the rocks below or adjacent
to salt bodies (Wilson and Ruppel, 2007; Canova et al., 2018; Nolan, 2021).

Multiple fault families are usually observed in salt-rich basins, and their growth and
development are naturally associated with halokinesis (e.g. Rowan et al., 1999; Stewart, 2006;
Stewart, 2007). These faults can act as baffles or conduits to fluid flow depending on their seal
competence, a property that is controlled by multiple factors (Caine et al., 1996; Fisher and
Knipe, 2001; Koledoye et al., 2003; Manzocchi et al., 2010). The magnitude of fault displace-
ment, fault geometry in relation to local stress, rock lithology crossed by faults, etc. are known
factors controlling the seal potential of faults. More importantly, many structural traps identi-
fied around salt structures relate to these faults, as summarised by previous research (e.g.
Halbouty, 1979; Stewart, 2006; Despinois, 2013). Therefore, understanding fault families
around salt structures is important to reduce the risks for effective hydrocarbon exploration. It
has also implications for seal competence analyses around salt structures, and their potential as

feasible storage sites for carbon sequestration and gas storage.

The Espirito Santo Basin (SE Brazil) and the Cleaver Bank High (Southern North Sea)
are typical salt-rich areas, with abundant salt structures (e.g. Taylor, 1998; Peryt et al., 2010;
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Davison et al., 2012). They were respectively developed in a divergent (‘passive”) continental
margin and in an inter-cratonic basin, and both comprise important hydrocarbon resources (e.g.
Fiduk et al., 2004; Fattah et al., 2012b). They can be regarded as ideal study areas to investigate
fault families around salt structures. High-quality three-dimensional (3D) seismic reflection
volumes and well data are available in these two areas, providing the conditions for a detailed
visualisation, mapping and analysis of geological structures. These data are useful to study the
relationship between fault families and salt structures, helping to better understand fault growth
and development. The palaeostress state around salt structures can also be investigated by stress
inversion for interpreted faults as the seismic data are of high resolution, providing insights
into the feasibility of carbon sequestration, gas storage and hydrocarbon production around or
within salt structures. Many fluid flow features, including pockmarks, bright spots and gas
pipes, preserved around faults are well imaged in the two study areas, providing direct evidence
for fluid flow along faults. Finally, the geothermal data (448 Bottom-hole temperatures, BHTS)
gathered from 48 drilling wells on the Cleaver Bank High are useful to investigate the influence

of salt structures and faults on geothermal potential.

1.1.2 Research aims

This research aims at improving the current understanding of fault families around salt
structures and their implications for fluid flow, storage and production in salt-rich basins. The
three case studies considered in this thesis are used to explore the relationship between fault
families and salt structures in different tectonic settings, and their significance for fluid flow,
storage and production. In summary, this thesis aims to address the following research ques-

tions:

e What is the importance of listric faults and their soling out intervals as structures sign-
ing the presence of rheologically weak, muddy successions in salt minibasins, Espirito
Santo Basin?

e What is the chronology of faulting around salt structures when comparing them to other
fault families in the Espirito Santo Basin?

e Which of the interpreted fault families around salt structures is more favourable to form
fluid flow pathways in the Espirito Santo Basin?

e What is the structural evolution of irregularly shaped salt structures in the Cleaver Bank
High?
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e How does halokinesis control the formation and development of fault families sur-
rounding the salt structures of interest in the Cleaver Bank High?

e What are the differences in stress state amongst the different zones surrounding irregu-
larly shaped salt diapirs in the Cleaver Bank High?

e Isthere an influence of salt structures on the geothermal potential of regional structural
highs, such as the Cleaver Bank High?

e How do faults developed on structural highs control the geothermal potential of sub-
and supra-salt strata in the Cleaver Bank High?

e What potential geothermal exploration targets can be identified on the Cleaver Bank
High?

The following section includes a relevant background literature review covering the
main themes studied in this thesis. This thesis starts by introducing elemental fault terminology,
displacement-distance relationships, scaling laws and fault-growth models, which are the main
themes addressed in Chapters 4-6. The role of mechanical stratigraphy in controlling defor-
mation is summarised, an important theme mentioned in Chapters 4 and 5. The thesis continues
by summarising the importance of salt tectonics, especially the mechanisms promoting salt
diapirism and diapir-related faults, the main theme of Chapters 4-6. The final topic of this lit-

erature review relates to fluid flow features, an important theme explored in Chapters 4 and 6.

1.2 Fault growth and propagation

1.2.1 Elemental fault terminology

The fault terminology used in this thesis is summarised in Fig. 1.1. Fault length (L)
represents the longest along-strike dimension of a fault plane between their lateral tips, and
fault trace length (L’) indicates the arbitrary along-strike length of a fault plane (Fig. 1.1a).
Fault height (H) represents the longest dimension of a fault plane in the direction normal to the
strike, while fault trace height (H’) indicates the arbitrary length of a fault plane measured in
the direction normal to the strike. Fault length and height are independent of the orientation of
the fault’s slip vector and, most importantly, can be measured at outcrop or in 3D seismic data
(Kim and Sanderson, 2005). When fault characteristics are compared for different fault popu-

lations, their maximum values can be used to express the overall dimensions of faults. A sig-
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nificant aspect of fault growth and propagation is that, theoretically, fault displacement de-
creases to zero towards the lateral tip loops of an ellipse (fault surface) but increases towards a
maximum (Dmax) point within a fault surface (Walsh and Watterson, 1988; Cowie and Scholz,
1992a; Childs et al., 2003; Kim and Sanderson, 2005) (Fig. 1.1). This point of maximum dis-
placement is considered to be the position of a fault in which rupture was first initiated, with
this same fault growing and propagating vertically and laterally from such a position of initial
rupture in subsequent stages (Childs et al., 1995; Childs et al., 2003).

1.2.2 Displacement-distance relationships

The displacement-distance (Dmax-X) relationships of faults are studied via detailed
measurements of displacement-length, displacement-height and displacement-width along
fault traces. These are key parameters that indicate the modes of initiation and growth of faults
(e.g. Chapman and Williams, 1984; Rippon, 1984; Walsh and Watterson, 1988; Cowie and
Scholz, 1992a; Cowie and Scholz, 1992b; Kim and Sanderson, 2005; Torabi and Berg, 2011).
Measurements of displacement-distance are often acquired from fault surfaces on seismic

cross-sections, geological outcrops and topographic surfaces (Kim and Sanderson, 2005).

Displacement-length (Dmax-L) data usually reflect the relationship between a fault’s
maximum displacement (Dmax) and its length (L), providing an interpreted three-dimensional
views of fault geometries (Cowie and Scholz, 1992a; Cowie and Scholz, 1992b). These data
can be useful to estimate total strain in faulted rocks (Scholz and Cowie, 1990) and to assess
kinematic relationships between faulting and folding (Chapman and Williams, 1984). The most
important use of displacement-length measurements is to provide insights into the mechanisms
of fault initiation, growth and evolution through time, eventually assisting the interpretation of
distinct fault growth models (e.g. Watterson, 1986; Walsh and Watterson, 1988; Cowie and
Scholz, 1992a; Cowie and Scholz, 1992b; Kim et al., 2001; Kim and Sanderson, 2005; Nicol
et al., 2005; Roche et al., 2012; Durogbitan, 2016; Nicol et al., 2017; Tao, 2018; Rotevatn et
al., 2019) (Fig. 1.2).

Displacement-height (Dmax-H) measurements consider the relationship between a
fault’s maximum displacement (Dmax) and its height (H) in a seismic or outcrop section that is
normal to the fault strike. Such measurements reflect the true dip-slip values for normal faults,
thrust faults, thrust fold zones and linked-fault systems (Muraoka and Kamata, 1983; Chapman
and Williams, 1984; Baudon and Cartwright, 2008a; Torabi et al., 2019).

5
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max

(b) Y > X

A" ¥ "B
Fig. 1.1. Schematic illustration of the elemental fault terminology used in this thesis. (a) Dia-
gram showing the ideal displacement, length and height distributions of an elliptical fault sur-
face. (b) Diagram showing a typical displacement (D) vs. distance (x) plot of a fault trace along
line A-B in Fig. 1.1a. Figure modified from Kim and Sanderson (2005).
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Fig. 1.2. Four principal fault growth models based on the displacement-length (Dmax-L) relationships. a) ‘Constant D/L ratio model’, with a constant
D/L ratio recorded during fault growth; b) ‘Increasing D/L ratio model’, where the D/L ratio increases as fault grow; c¢) ‘Constant length model’
provided by Walsh et al. (2002), with a rapid increase in fault length at an early stage being followed by a gradual increase in displacement with
no significant increases in length; d) ‘Fault linkage model’, in which faults grow as isolated structures in their early stages to later link and increase
total fault length (Peacock and Sanderson, 1991; Cartwright et al., 1995; Kim et al., 2000). Figure modified from Kim and Sanderson (2005).
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Displacement-width (Dmax-W) data reflect the correlation between a fault’s maximum
displacement (Dmax) and its damage zone width (W), as multiple studies have identified that
damage-zone width increases semi-proportionally to fault displacement (e.g. Evans, 1990;
Shipton and Cowie, 2003; Manighetti et al., 2004; Mitchell and Faulkner, 2009; Savage and
Brodsky, 2011; Mitchell and Faulkner, 2012; Alaei and Torabi, 2017; Mayolle et al., 2019).
Previous research has shown that a proportional relationship exists between damage-zone
width and maximum displacement when maximum displacement is less than 2400 m. How-
ever, such a relationship is less clear when maximum displacement exceeds 2400 m as damage-
zone width seems to stabilize near a value of a few hundred metres in these cases (Shipton and
Cowie, 2003; Mitchell and Faulkner, 2009; Savage and Brodsky, 2011; Mitchell and Faulkner,
2012; Johri et al., 2014) (Fig. 1.3).

1.2.3 Scaling laws

The scaling laws for faults formed in different settings and with varied geometries have
been widely considered in the literature over the past few decades (e.g. Gillespie et al., 1992;
Dawers et al., 1993; Dawers and Anders, 1995; Gross et al., 1997; Bonnet et al., 2001; Kim
and Sanderson, 2005; Schultz et al., 2008; Childs et al., 2009). Understanding the scaling laws
of fault attributes can be useful for a range of purposes, as they can help estimating the distri-
bution of strain in a region (Marrett and Allmendinger, 1991; Cowie and Scholz, 1992a), ex-
plaining fault growth models (Cowie and Scholz, 1992a; Gudmundsson, 1992; Cartwright et
al., 1995; Walsh et al., 2002; Kim and Sanderson, 2005; Gudmundsson et al., 2013), and fore-
casting the spatial distribution of sub-seismic (under seismic resolution) faults from seismically
resolvable faults (Torabi and Berg, 2011; Johri et al., 2014). In practical terms, understanding
fault scaling laws contributes to the compilation of accurate geological models, thus reducing
uncertainties and risks involved in the exploration of faulted hydrocarbon reservoirs (Knai and
Knipe, 1998; Kim and Sanderson, 2005; Torabi and Berg, 2011; Tao and Alves, 2017; Stanton-
Yonge et al., 2020).

Multiple work has been carried out to reveal the relationship between maximum dis-
placement and length of faults in different lithologies and in distinct tectonic settings (Walsh
et al., 2002; Kim and Sanderson, 2005; Ferrill and Morris, 2008; Schultz et al., 2008; Ferrill et
al., 2017). In fact, it is generally assumed that the relationship between the maximum displace-

ment (Dmax) and its length (L) is expressed as (Equation 1.1):
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Dmax= c*L" Equation 1.1

Where the parameter c is a constant related to rock mechanical properties, chiefly the
shear strength and elasticity of rocks offset by faults (Cowie and Scholz, 1992a; Gillespie et
al., 1992; Ackermann et al., 2001; Kim and Sanderson, 2005; Schultz et al., 2008). For a linear
scaling (i.e. n=1), c is the constant ratio Dmax/L. The parameter n ranges from 0.5 to 2 in the
literature (Watterson, 1986; Walsh and Watterson, 1988; Marrett and Allmendinger, 1991;
Cowie and Scholz, 1992a; Gillespie et al., 1992; Dawers et al., 1993; Scholz et al., 1993;
Schlische et al., 1996; Fossen and Hesthammer, 1997; Kim and Sanderson, 2005; Schultz et
al., 2008; Nicol et al., 2010; Torabi and Berg, 2011; Nicol et al., 2020). An exponential value
of n=1 defines a linear scaling law (i.e. self-similarity), implying that faults grow under con-
stant driving stresses and act similarly at different scales. Values of n#l suggest a scale-de-
pendent geometry (Kim and Sanderson, 2005; Schultz et al., 2008; Torabi and Berg, 2011).
This implies that the difference between consecutive slip events on a fault is not a constant, but
related to the number of slip events that occurred along the fault (Cowie and Scholz, 1992a).

In order to have a better understanding of the relationship between maximum displace-
ment and length of faults, plots of maximum displacement vs. length (Dmax/L) for faults formed
in different tectonic settings have been systematically compiled using vast datasets (Cowie and
Scholz, 1992a; Kim and Sanderson, 2005; Torabi and Berg, 2011; Kolyukhin and Torabi, 2012)
(Fig. 1.4). From log-log plots of these two properties, one can observe there is a positive cor-
relation (Fig. 1.4). There are also breaks in the Dmax/L plot in Fig. 1.4, one between fault pop-
ulations of small and medium scales (with displacements of ~1 m), and the second between
fault populations of medium and large scales (with displacements of ~ 1000 m). Such breaks
may be ascribed either to the lack of sufficient data or to the presence of a possible hierarchy
in fault systems (Torabi and Berg, 2011). In addition, both small and large size faults show
Dmax/L ratios that are higher than the ratios of medium size faults, a character that is likely due
to different fault growth mechanisms at different scales (Cowie and Scholz, 1992a; Willemse
et al., 1996; Walsh et al., 2002; Walsh et al., 2003). The Dmax/L ratios of strike-slip faults are
slightly higher than for normal and reverse faults, a result of measuring fault length in a direc-

tion parallel to the slip direction (Kim and Sanderson, 2005; Torabi and Berg, 2011).
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When considering data from different tectonic settings, lithology changes and fault
growth models reflecting disparate deformation styles will add to significant scatter in Dmax/L
plots, eventually resulting in the misinterpretation of scale relationships between faults (Cowie
and Scholz, 1992a; Kim and Sanderson, 2005; Torabi and Berg, 2011). In detail, the key factors

leading to scattering in Dmax/L plots include:

a) Sampling and measurement errors (Walsh and Watterson, 1988; Gillespie et al.,
1992; Kim and Sanderson, 2005; Torabi and Berg, 2011; Tao and Alves, 2019);

b) Variation in tectonic setting (Cowie and Scholz, 1992a; Kim and Sanderson, 2005;
Kolyukhin and Torabi, 2012);

c) Mechanical stratigraphy in rocks intersected by the analysed faults (Scholz et al.,
1993; Birgmann et al., 1994; Schultz and Fossen, 2002; Wilkins and Gross, 2002; Kim and
Sanderson, 2005; Ferrill and Morris, 2008; Ferrill et al., 2017);

d) Fault kinematics and kinematic interactions in linking faults (Peacock and
Sanderson, 1991; Peacock, 1991; Biirgmann et al., 1994; Cartwright et al., 1995; Willemse et
al., 1996; Wojtal, 1996; Willemse, 1997);

e) Different propagation and reactivation histories in faults (Peacock and Sanderson,
1996; Kim et al., 2001; Kim and Sanderson, 2005);

f) Intrinsic scale variations when analysing faults of different sizes (Watterson, 1986;
Woijtal, 1994; Wojtal, 1996; Gross et al., 1997; Torabi and Berg, 2011).

1.2.4 Fault-growth models

Multiple work has been presented over the past few decades to better understand fault
growth (e.g. Ellis and Dunlap, 1988; Cowie and Scholz, 1992a; Cartwright et al., 1996; Walsh
etal., 2002; Nicol et al., 2005; Jackson and Rotevatn, 2013; Rotevatn and Jackson, 2014; Childs
et al., 2017; Nicol et al., 2017; Rotevatn et al., 2019; Nicol et al., 2020). Understanding how
faults grow in 3D dimensions has important applications in science disciplines. For example,
fault styles and tip propagation rates control the tectono-stratigraphic development of sedimen-
tary basins (Henstra et al., 2017; Jackson et al., 2017; Gawthorpe et al., 2018; Ge et al., 2018),
and the location, magnitude and recurrence interval of potentially hazardous earthquakes
(Walsh et al., 2003; Nicol et al., 2005; Schultz et al., 2008). In essence, four key models have
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been established to describe fault growth: isolated, coherent, constant-length and segment link-
age fault models (e.g. Mansfield and Cartwright, 1996; Walsh et al., 2002; Walsh et al., 2003;
Nicol et al., 2005; Jackson and Rotevatn, 2013; Henstra et al., 2015; Fossen and Rotevatn,
2016; Childs et al., 2017; Jackson et al., 2017; Rotevatn et al., 2019).

1.2.4.1 Isolated fault model

The isolated fault model (also referred to as ‘propagating fault model’; see Rotevatn et
al., 2019) refers to those faults that grow via a synchronous increase in their length and dis-
placement, i.e. the view is that when faults accrue displacement they also lengthen by tip prop-
agation (Walsh and Watterson, 1988; Dawers et al., 1993; Cartwright et al., 1995; Walsh et al.,
2003; Kim and Sanderson, 2005; Bergen and Shaw, 2010; Jackson et al., 2017; Rotevatn et al.,
2019) (Fig. 1.5a). The isolated fault model is largely based on the obvious positive correlation
between faults’ maximum displacement and length (Dmax-L) across several orders of magnitude
(Kim and Sanderson, 2005; Torabi and Berg, 2011; Rotevatn et al., 2019). Due to this positive
correlation, the isolated fault model implies that an increase in fault displacement results in a
corresponding increase in length (Watterson, 1986; Peacock and Sanderson, 1991; Cartwright
etal., 1995; Morley, 1999; Mansfield and Cartwright, 2001; Kim and Sanderson, 2005; Baudon
and Cartwright, 2008a; Torabi and Berg, 2011; Rotevatn et al., 2019). For a given rock shear
strength, displacement and length must increase linearly according to the theoretical fracture
mechanisms, a character supporting the predominance of the isolated fault model in nature (e.g.
Cowie and Scholz, 1992a). The isolated fault model has thus dominated the structural geology
and tectonics literature for decades, providing the basis for descriptions of fault growth in text-
books (e.g. Kim and Sanderson, 2005; Torabi and Berg, 2011; Fossen and Rotevatn, 2016;
Rotevatn et al., 2019). However, there is a range of challenges in applying the isolated fault
model to all faults in nature, though it provides a relatively simple and appealing explanation
of global Dmax-L scaling relationships (e.g. Jackson et al., 2017; Rotevatn et al., 2019). For
example, isolated fault models show incompatibility with displacement-length ratios of faults
reactivated in individual earthquakes (e.g. Wells and Coppersmith, 1994; Walsh et al., 2002;
Nicol et al., 2005).
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Fig. 1.5. Schematic illustration of the isolated and coherent fault models. The block diagrams a, ¢ and d show three growth stages of a segmented
fault array (i-iii). The displacement-distance plots b and e are for the fault traces on the upper surfaces (bold lines) of the block diagrams. The
coherent fault model is explained for segmented fault traces that are (c) hard-linked and formed by fault surface bifurcation and (d) soft-linked and

formed by 3D segmentation. Figure from Walsh et al. (2003).
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1.2.4.2 Coherent fault model

The coherent fault model refers to that individual fault segments initiate, propagate and
develop as part of a spatially and kinematically related components of a fault array (Childs et
al., 1995; Childs et al., 1996b; Walsh et al., 2002; Walsh et al., 2003) (Figs. 1.5 and 1.6). In the
coherent fault model, fault segments that are hard- or soft-linked may be formed due to fault
surface bifurcation, i.e. splaying or stepping (Walsh et al., 2003) (Figs. 1.5¢ and d). Fault prop-
agation in the coherent fault model is closely associated with interactions of adjacent fault seg-
ments, in contrast with the isolated fault model in which fault propagation is not influenced by
other faults (Figs. 1.5 and 1.6). In the coherent model, fault segments do not have significant
displacement deficits between their overlapping areas (Figs. 1.5b and e), implying these fault
segments behave as one kinematically coherent structure. Nevertheless, elastic deformation is
still likely to occur between the overlapping areas of fault segments in coherent fault model,
resulting in the presence of displacement deficits (Walsh et al., 2003) (Fig. 1.6b). Measurement
errors, especially sampling interval, can also lead to the recognition of erroneous displacement
deficits, causing an inaccurate interpretation of a coherent fault model (Tao and Alves, 2019).
Distinct field examples of fault growth have nonetheless been observed in accordance with the

coherent fault model (Fig. 1.6a).

1.2.4.3 Constant-length fault model

The constant-length model suggests that faults grow by the rapid establishment of their
near-final length, after which they mainly grow by displacement accrual (Walsh et al., 2002;
Walsh et al., 2003; Nicol et al., 2005; Jackson and Rotevatn, 2013; Nicol et al., 2017; Rotevatn
et al., 2019) (Fig. 1.7). The constant-length fault model was first proposed and developed in
series of papers published from 2002 onwards, partly motivated by the incompatibility between
fault and earthquake D-L scaling properties. Initially, Walsh et al. (2002) put forward the term
‘alternative model’ to describe a fault growth that is achieved mainly by increase in cumulative
displacement but with near constant length in an early stage. This term was later coined the
‘constant-length model” by Nicol et al. (2005) to describe the fact that faults experience dis-
placement accumulation rather than lengthening for much of their development. The constant-
length fault model is based on the premise that faults propagate to their near-full length rela-
tively rapidly (Walsh et al., 2002; Nicol et al., 2017), because further lengthening is typically

inhibited due to mechanical fault interactions between adjacent faults and an
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Fig. 1.6. (a) A segmented normal fault with its throw profile measured along the segmented

fault array (solid lines), indicating fault segments behave as a kinematically coherent structure,

highlighted by the idealised envelope plotted through summed throws (dashed line). (b)

Segmented fault array showing a systematic distribution of throw along seven fault segments

(solid lines). The aggregate throw profile is shown as dashed lines, but it does not include the

strain accommodated by bedding rotation in the relays zones. Figure from Walsh et al. (2003).
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Fig. 1.7. Schematic illustration focusing on the constant-length model. The figure shows that
faults grow by rapid establishment of their near-final length in their early slip history, after
which they grow mainly by displacement accrual. Figure from Walsh et al. (2002).
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associated reduction of tip stresses (Cowie, 1998; Gupta and Scholz, 2000; Walsh et al., 2002).
The constant-length fault model offers a more dynamic view of displacement-length (D-L)
scaling relationships and helps to understand the incompatibility between fault and earthquake-
rupture scaling relationships (Cladouhos and Marrett, 1996; Nicol et al., 2005; Torabi and Berg,
2011; Nicol et al., 2017). However, the constant-length fault model cannot explain the obser-
vation that relatively few ancient faults plot below the regression trend line in global Dmax-L

compilations (Rotevatn et al., 2019).

1.2.4.4 Fault growth by segment linkage

Fault growth by segment linkage is one of the most important mechanisms for fault
growth (Peacock and Sanderson, 1991; Peacock, 1991; Cartwright et al., 1995; Wilkins and
Gross, 2002; Kim and Sanderson, 2005; Torabi and Berg, 2011; Nicol et al., 2017; Peacock et
al., 2017). Mature faults are often a result of fault-segment linkage (e.g. Cartwright et al., 1995;
Walsh et al., 2003; Lohr et al., 2008), with two modes being recognised in the literature based
on the observed linkage directions: lateral tip linkage and dip linkage (Mansfield and
Cartwright, 1996; Baudon and Cartwright, 2008a, b) (Figs. 1.8 to 1.10).

When dealing with segment linkage at the lateral tips of faults, maximum and minimum
displacement points represent the loci of nucleation and linkage of fault segments, respectively
(e.g. Ellis and Dunlap, 1988; Kim and Sanderson, 2005). Three stages elucidate the way the
lateral tips may link in segmented faults (Peacock and Sanderson, 1991; Peacock, 1991; Kim
and Sanderson, 2005) (Fig. 1.8). In the first stage (stage 1), isolated faults are formed without
interacting. These isolated faults propagate to each other resulting in overlaps, or relay struc-
tures developing without an obvious connection (soft linkage - stage 2). Eventually, a through-
going fault develops and connects the overlapping faults (hard-linkage - stage 3) (Fig. 1.8).
Due to through-going fault connections tending to form either at the hanging-wall end of the
ramp, or at the footwall, the overlapping area can be classified into hanging-wall breached and
footwall breached (Cartwright et al., 1996). With further propagation of the linked fault, the
breached ramp (overlapping area) will either be locked into further movement with the footwall
or, instead, with the hanging wall (Cartwright et al., 1996) (Fig. 1.9). Lateral tip linkage also
influences the final displacement-length (Dmax-L) values for a fault, as the interaction between
segment faults acts as a ‘barrier’ that inhibits propagation in overlapping fault tips. Thus, seg-

mented faults can cause a significant scattering in displacement-length data, causing any single
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Fig. 1.9. Schematic map illustrating two types of breached relay structures. (a) Hanging wall
breached relay, characterised by an inactive splay fault and ramps attached to the footwall. (b)
Footwall breached relay, characterised by the ramp and splay fault being coupled to the motion
of the hanging wall. Figure modified from Cartwright et al. (1996).
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Fig. 1.10. Schematic illustration for dip linkage of fault segments on cross sections. (a) Isolated and precursor fault segments with a similar strike
and dip grow by tip-line propagation. (b) and (c) As the neighbouring fault tips approach one another, a mix of brittle and ductile deformation
occurs in the region between the two tips. (d) Segment faults link to form a single, coherent structure. Figure modified from Mansfield and

Cartwright (1996).
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scaling law to be hardly valid for a specific area, or when comparing distinct regions (Peacock
and Sanderson, 1991; Cartwright et al., 1996; Mansfield and Cartwright, 1996; Cowie and
Roberts, 2001; Walsh et al., 2003; Kim and Sanderson, 2005; Torabi and Berg, 2011).

Fault dip linkage refers to the linkage of the lower tips of shallower faults to the upper
tips of faults developed in lower strata (Mansfield and Cartwright, 1996) (Fig. 1.10). Several
stages can be identified during the evolution of fault dip linkage in nature. Initially, independent
fault segments develop with similar strikes at different depths, and the tips of these faults prop-
agate to approach each other causing brittle and ductile deformation in the region between
them. With continuing fault propagation, the segments can link to form a single, coherent struc-
ture (Mansfield and Cartwright, 1996) (Fig. 1.10). With full linkage of fault segments, brittle
and ductile deformation zones will develop between them, causing scattering in displacement-
length (Dmax-L) plots (Peacock and Sanderson, 1991; Cartwright et al., 1995; Childs et al.,
1996a; Cowie and Roberts, 2001). By using high resolution data, fault displacement minima

can be identified to accurately differentiate fault dip linkage (Tao and Alves, 2019).

1.3 Mechanical stratigraphy

Mechanical stratigraphy is an overarching term referring to the mechanical properties,
layer thickness, and frictional properties of mechanical boundaries that constitute a rock se-
quence (e.g. Young et al., 1982; Erickson, 1996; Di Naccio et al., 2005; Peacock and Mann,
2005; Ferrill and Morris, 2008; Laubach et al., 2009; Morris et al., 2009; McGinnis et al., 2016;
Ferrill et al., 2017). Mechanical stratigraphy must be considered when interpreting geological
structures correctly (McGinnis et al., 2016), as it greatly affects fault initiation and growth
(Ferrill and Morris, 2008; Roche et al., 2012; Roche et al., 2013), fault zone processes
(Jamison, 1979; Young et al., 1982), and also fault geometry and network characteristics
(Ferrill and Morris, 2003; Morris et al., 2009). In previous research work, a range of terms have
been used to describe the ability for individual layers to resist deformation, such as strong vs.
weak or very weak (e.g. Wiltschko and Chapple, 1977), stiff vs. soft (e.g. Ferrill and Groshong
Jr, 1993), or competent vs. incompetent (e.g. Ferrill and Morris, 2008). Commonly, strong,
stiff or competent intervals tend to resist deformation, keeping bed length and thickness when
compared to weak, soft or incompetent intervals. Conversely, weak, soft or incompetent inter-
vals tend to accommodate a greater degree of deformation before reaching brittle failure; they
are more ductile than strong, stiff or competent intervals (e.g. Young et al., 1982; Erickson,
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1996; Ferrill and Morris, 2001; Di Naccio et al., 2005; Ferrill et al., 2005; Ferrill and Morris,
2008; Laubach et al., 2009; Morris et al., 2009; Ferrill et al., 2014; Ferrill et al., 2017). In
nature, a vertical section the strata that constitute brittle material is sometimes broken to form
a fault, whereas relatively ductile strata above or below are bent to form a fold (Powell, 1875)
(Fig. 1.11). In summary, the term ‘mechanical stratigraphy’ includes three different aspects:
(1) the different material properties of rock strata; (2) the thickness of mechanical layers in
nature; (3) the character and frictional properties of the transitions or boundaries between me-
chanical layers, which cause variations of stiffness and strength in heterolithic intervals
(Groshong and Groshong, 2006; Ferrill and Morris, 2008; Laubach et al., 2009; Morris et al.,
2009; Ferrill et al., 2014; Ferrill et al., 2017).

1.3.1 Material properties of rock and strata

The material properties of rock and strata are mainly associated with their mineralogy
and texture, especially porosity (e.g. Donath, 1970; Hanks et al., 1997; Wilkins and Gross,
2002; Underwood et al., 2003; Peacock and Mann, 2005; Schopfer et al., 2006; Ferrill and
Morris, 2008; Laubach et al., 2009; Morris et al., 2009; Gale et al., 2010; Ferrill et al., 2017;
Rowan et al., 2019). As rock strength usually relates to its mineral constituents, competent
lithologies generally consist of strong minerals such as calcite, dolomite and quartz, whereas
incompetent lithologies likely consist of weak constituents such as clay minerals, organic
carbon, and/or evaporite minerals (e.g. Donath, 1970). In particular, the proportion and distri-
bution of clay minerals in a rock can greatly influence the strength of rock (e.g. Laubach et al.,
2009). Hence, competent lithologies (e.g., clay-poor limestone or dolomite) cannot accommo-
date great amounts of pre-failure strain when compared to incompetent lithologies (e.g., clay-
rich shale, argillaceous limestone) (Ferrill et al., 2017). In addition, pre-failure strain is usually
accommodated by grain rearrangement, pore collapse, and a variety of crystal plastic defor-
mation mechanisms, pressure solution, and transitions to dynamic recrystallisation at higher
temperatures (Rutter, 1976; Groshong Jr, 1988; Burkhard, 1993). These phenomena have been
proven by experimental studies, and explain why brittle strata will fault first with the accumu-
lation of strain, whereas ductile strata accommodate greater pre-failure strain before faulting
(Donath, 1970; Ferrill and Morris, 2003; Welch et al., 2009; Ferrill et al., 2012; Ferrill et al.,
2017) (Fig. 1.12). In parallel, faults cross-cutting multiple layers are likely to be steeper in
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Fig. 1.11. Schematic illustration for the influence of mechanical stratigraphy on deformation.
(a) A monocline with brittle deformation in the monocline limb. (b) A fault dying upwards into
a fold. Figure from Ferrill et al. (2017) who adapted it from Powell (1875).
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Fig. 1.12. (a) Plot of strain before faulting vs. confining pressure for multiple common rock types. (b) Plot of stress vs. strain for brittle and ductile
rocks highlighting that brittle rock is faulted before ductile rock with increasing strain. Figs. 1.12a and 1.12b are from Ferrill and Morris (2008)
and Ferrill et al. (2017), respectively.
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brittle strata than in ductile strata (Jackson et al., 1987; Westaway, 1999; Collettini and Sibson,
2001; Laubach et al., 2009; Ferrill et al., 2017) (Fig. 1.13). Finally, the diagenetic history of a
rock can significantly affect its strength, causing changes of rock mass by mechanic compac-
tion and cementation (e.g. Laubach et al., 2009). Rock strength is likely to increase with in-
creasing cementation, compaction and/or welding, and also with decreasing porosity (e.g. Dunn
et al., 1973; Chang et al., 2006; Sone and Zoback, 2010).

1.3.2 Thickness of mechanical layers

The thickness of mechanical layers has an important effect on the structural defor-
mation mechanisms and styles (e.g. Erickson, 1996; Gross et al., 1997; Di Naccio et al., 2005;
Peacock and Mann, 2005; Laubach et al., 2009; Morris et al., 2009; Welch et al., 2009; Ferrill
et al., 2014; Ferrill et al., 2017) (Fig. 1.14). As stratigraphic sequences usually constitute both
competent and incompetent strata, the thickness ratio of incompetent vs. competent strata can
be regarded as an important and useful parameter to explain variations in the relative rates of
fault displacement and propagation in nature (e.g. Ferrill and Morris, 2008; Morris et al., 2009;
Ferrill etal., 2017) (Fig. 1.14). For low thickness ratios of incompetent to competent strata (e.g.
0.07), the displacement to propagation ratios and displacement gradients in faults are low.
Comparatively, for high thickness ratios (e.g. about 1.4), the displacement to propagation ratios
and displacement gradients in faults are high. The thickness ratio of incompetent vs. competent
strata can also indicate which types of strata are the dominant in mechanical layers (e.g. Ferrill
etal., 2017) (Fig. 1.14).

1.3.3 Properties of transitions or boundaries between mechanical
layers

The transitions or boundaries between mechanical layers are important to the detailed
characterisation of mechanical stratigraphy (e.g. Ferrill et al., 2017). Frictional properties of
bed boundaries or weak inter-beds usually influence the deformation behaviour (e.g. Peacock
and Mann, 2005; Laubach et al., 2009; Ferrill et al., 2017; Rowan et al., 2019). An increasing
content of insoluble clay minerals and organic particles usually decrease the frictional strength
and interface cohesion along bedding surfaces, or in zones between competent beds (e.g. Ferrill

et al., 2017). Conversely, rugose or sutured boundaries, such as those formed by the karstic
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fissure vein, showing how fault dips change in strata with different lithology. Near vertical
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ping fault segments through shale (grey) and coal (horizontal black layers). Figure from Ferrill
et al. (2017) who adapted it from Forster (1821).
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Figure from Ferrill et al. (2017) who adapted it from Ferrill and Morris (2008).
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dissolution of marine-cemented hardgrounds in carbonate sections, or irregular lava flow sur-
faces in volcanic sections, increase the resistance to frictional sliding between layers (e.g.
Ferrill et al., 2017). Bedding-parallel stylolites with vertical ‘teeth’ can be formed due to car-
bonate dissolution during burial and compaction, and are likely to lock bedding planes so that
they are not disposed to slip (e.g. Ferrill et al., 2017). Additionally, distinct mechanical con-
trasts and weak beds or laminae may localize bedding plane slip or, instead, result in abrupt
changes in deformation behaviour (Higgs, 1991; Ferrill, 1998; Cooke and Underwood, 2001,
Ferrill and Morris, 2008; Ferrill et al., 2012; Ferrill et al., 2017).

1.4 Salt tectonics

Salt tectonics is the study of geologic deformation involving sub-surface salt, i.e. how
and why salt structures evolve, the three-dimensional forms that result from salt tectonics, and
the interactions of local salt and more regional tectonics (e.g. Jackson and Hudec, 2017). Salt
tectonics has radically influenced more than 130 sedimentary basins around the world, espe-
cially sedimentary basins developed in three important geological settings: (1) inter-cratonic
basins such as the Zechstein Group of the North Sea (e.g. Remmelts, 1995; Stewart and
Coward, 1995; Remmelts, 1996; Taylor, 1998); (2) syn-rift and post-rift passive margins such
as those developed along East Brazil and its conjugate West African margin (e.g. Chang et al.,
1992; Mohriak et al., 2008; Mohriak et al., 2012); (3) continental collision zones and foreland
basins such as the Tarim Basin in Northwest China (e.g. Jianfeng et al., 2004; Yixin et al.,
2008; Yu et al., 2014). Significantly, the control of salt tectonics on structural deformation and
sedimentation is of vital importance to hydrocarbon exploration (e.g. Jackson and Vendeville,
1990; Ge and Jackson, 1996; Yao et al., 2003; Hudec and Jackson, 2007; Yu et al., 2011,
Nikolinakou et al., 2014; Thigpen et al., 2019), the mining industry (e.g. Davison et al., 1996;
Behlau and Mingerzahn, 2001; Van Gent et al., 2011), carbon sequestration (e.g. Chiaramonte
etal., 2008; Chang et al., 2011; Maia da Costa et al., 2019) and gas storage (e.g. Warren, 2017;
Gasanzade et al., 2021).

1.4.1 Elemental concepts in salt tectonics

A range of terms has been used in the past to characterise salt tectonics (e.g. Hudec and

Jackson, 2007; Jackson and Hudec, 2017). This section will first introduce key salt properties
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such as its composition, colour, solubility, density, etc., as salt is distinctly different from the
most common sedimentary rock types. Later, the types of salt structure and the relationship

between salt and host rock will be presented as important background knowledge.

1.4.1.1 Salt properties

Salt generally refers to the rocks largely composed of evaporite minerals, especially
halite — the mineral form of sodium chloride that is the most common salt mineral (e.g. Talbot
and Jackson, 1987b; Jackson, 1997; Hudec and Jackson, 2007; Jackson and Hudec, 2017). In
general, twelve evaporite minerals can compose an evaporite sequence, but only a few are im-
portant to salt tectonics, namely halite, anhydrite and gypsum (e.g. Jackson and Hudec, 2017).
Evaporites are usually coloured due to the presence of impurities, especially iron compounds
and clay, so it is not likely to recognise them through colour. Comparatively, hardness and
density are relatively reliable to identify different types of evaporite minerals, and taste is es-
pecially useful in the field. Finally, evaporites have significant solubility differences, associ-
ated with variations in the composition of layered sequences when brine concentrations fluc-
tuate (Jackson and Hudec, 2017).

Rock salt density is greatly different from siliciclastic sediments, a fundamental prop-
erty in driving salt tectonics (Gevantman and Lorenz, 1981; Weijermars et al., 1993). Rock salt
is denser than uncompacted siliciclastic sediments near the surface, but these latter become
denser than salt after early burial and dewatering processes start. In fact, rock salt density does
not record obvious changes during its burial. Increasing confining pressure and temperature
during burial have opposite effects in changing density within salt units (Talbot and Jackson,
1987a; Talbot and Jackson, 1987b). Although increasing pressure makes salt denser, increasing
temperature makes salt expand and become less dense (Gevantman and Lorenz, 1981; Jackson
and Talbot, 1986). Hence, with increasing depth, the net result due to increased compression
and increased temperature is that rock salt becomes slightly less dense (Jackson and Talbot,
1986).

The elastic moduli (bulk modulus, rigidity modulus, and Young’s modulus) and Pois-
son’s ratio represent the stress-strain properties (stiffness) of elastic, instantly recoverable de-
formation (Jackson and Hudec, 2017). These moduli control the velocities of pressure (P) and
shear (S) waves through pure salt, which do not usually vary greatly except when in the pres-

ence of impure salt (Jackson and Hudec, 2017). In essence, halite is stiffer than ice but less stiff
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than quartz, and its stiffness decreases linearly with rising temperature (Fossum and Fredrich,
2002). Similarly, the brittle strength of halite is placed between that of ice and quartz, with its
brittle strength increasing proportionally to confining pressure. The brittle strength of halite
indicates its response to short-term differential stress, such as a hammer blow, an explosion, or
a brief experiment. The yield strength of halite involved in salt tectonics in the long time scales
decreases to the level of creep, i.e. approximately zero on geological time scales (Jackson and
Hudec, 2017).

Thermal conductivity and thermal diffusivity are properties that measure how effec-
tively salt conducts heat. Halite has extremely high conductivity and diffusivity, so strata above
it are relatively warmer than expected at a particular depth, and are able to accelerate hydro-
carbon source-rock maturation (e.g. Zhuo et al., 2016; Jackson and Hudec, 2017; Raymond et
al., 2022). Conversely, strata below thick salt intervals are relatively cooled, and source-rock
maturation will be relatively slowed downed (Wilson and Ruppel, 2007; Canova et al., 2018;
Nolan, 2021). Thermal expansivity measures how much salt expands when heated, a property
that controls whether thermal convection occurs at depth. The thermal expansivity of salt is
usually higher when compared to other sediments and rocks (Jackson and Hudec, 2017).

1.4.1.2 Types of salt structures

Salt structures generally describe an evaporite body that is large enough to be imaged
on seismic reflection profiles from a salt-rich basin. A salt structure can be described by spec-
ifying the shape of the salt body itself as in the case of salt anticlines, walls and rollers (Fig.
1.15). Other salt structures have more equant planforms, such as salt pillows and stocks. Some
salt stocks are narrower upwards; others widen towards the surface to form a deep narrow stem
and a shallow, swollen bulb. Other salt structures, such as salt sheets, canopies and massifs, are
irregular (e.g. Jackson and Talbot, 1986; Hudec and Jackson, 2007; Jackson and Hudec, 2017)
(Fig. 1.15).
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Fig. 1.15. Block diagram showing typical shapes of salt structures in nature. Structural maturity and size increase toward the composite, coalesced
structures at the top of the figure. (a) Elongated structures rising from line sources. (b) Structures rising from point sources. Figure from Jackson
and Hudec (2017) who adapted it from Jackson and Talbot (1986).
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When considering the contact between the salt and its overburden, the diverse salt
geometries can be grouped into diapiric and non-diapiric structures (Jackson and Talbot, 1986).
Diapiric structures refer to the presence of a discordant contact between the salt body and its
overburden indicating that salt body has pierced, or appears to have pierced, its confining strata
or rocks. Conversely, non-diapiric structures relate to the presence of a concordant contact
between the salt body and its overburden. Salt structures generally evolve from concordant,
low-amplitude structures to discordant, high-amplitude intrusions and thence to extrusion, but
they can stop growing at any stage (Jackson and Talbot, 1986; Hudec and Jackson, 2007) (Fig.
1.15). Thus, immature salt structures are concordant with its overburden to include salt anti-
clines, rollers and pillows, whereas intrusive types of salt structures include salt diapirs, walls,
stocks and nappes (Jackson and Talbot, 1986; Ge and Jackson, 1996; Hudec and Jackson,
2007). In addition, there are extrusive salt structures that evolve from the concordant and
intrusive types, often forming the exposed crests of diapiric stocks. Extrusive sheets are known
as ‘salt glaciers’ or ‘namakier’, the latter of which can be confined to valleys or spread over

alluvial plains as piedmont namakiers (Jackson and Talbot, 1986) (Fig. 1.16).

1.4.1.3 Overburden geometry as a record of salt tectonics

The strata surrounding a salt body provide a better record about its growth history than
the salt body itself. The surrounding sediments provide a tectonostratigraphic context for salt
movement, a term generally coined as ‘halokinesis’ (Jackson and Hudec, 2017) (Fig. 1.17). An
originally autochthonous salt layer is usually the source layer, or mother salt, and the strata
below the salt layer are stratigraphically older sub-salt and basement units. The supra-salt strata
above the salt layer are considered as part of the overburden. In contrast, allochthonous salt has
moved from its original place and overlies younger sub-salt strata, which may or may not con-
nected to an autochthonous salt volume via a salt feeder. Sediment cover is the entire sedimen-
tary-volcanic pile in a basin, including the autochthonous and allochthonous salt, and all of
these components above and below the salt - plus the salt itself - make up the salt system
(Jackson and Hudec, 2017) (Fig. 1.17).

The geometric relationship between overburden strata and underlying salt bodies is
important for interpreting salt tectonics and often take in consideration the thickness, contact,
age and regional setting in any interpretation (Jackson and Hudec, 2017). Thickness refers to

lateral variations in overburden thickness, which effectively reflect (and promote) salt flow,
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Fig. 1.16. Satellite image of salt domes (brown hills) and salt glaciers (dark areas), Zagros Mountains, Southern Iran. In this region, salt flows like
glaciers into adjacent valleys due to the gravity. Figure from the website of NASA (2001): https://earthobservatory.nasa.gov/images/4168/irans-
salt-glaciers.
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Fig. 1.17. Basic tectonostratigraphic elements of a salt system highlighting the basement, pre-salt strata, salt structures, sub-salt strata and the
overburden. Allochthonous salt was formed due to the salt movement from the autochthonous salt. Figure from Jackson and Hudec (2017).
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and is measured via isopach analyses of overburden strata. Contacts indicate the relationship
of the boundary formed between salt and the overburden, including concordant and discordant
contacts. The age refers to any hiatuses between the time of overburden deposition and the time
of salt flow, while the regional setting considers those relationships between a given key hori-

zon in the overburden and a regional datum (Jackson and Hudec, 2017).

1.4.2 Salt-flow mechanisms

A salt body has fundamentally different physical and rheological properties when com-
pared to other sedimentary rocks (Weijermars et al., 1993). Salt density decreases slightly with
increasing depth, whereas its surrounding rocks record a significant increase in density
(Gevantman and Lorenz, 1981). This results in a density inversion between the salt body and
its overburden, triggering tectonic instability in salt-bearing basins. With increasing depth salt
strength decreases significantly to near zero, whereas its overburden strength increases stead-
ily. Thus, salt flows like a fluid with increasing depth, but its overburden is brittle and far
stronger than salt (Jackson and Hudec, 2017). In summary, there are several different forces

that drive or resist salt flow, determining whether or not salt remain stable.

1.4.2.1 Forces driving salt flow

Differential loading is recognised as the dominant process driving salt flow, and results
from three main processes: gravitational (‘vertical’) loading, displacement (‘tectonic’) loading
and thermal loading. These three processes may jointly act on a salt interval (Jackson and
Hudec, 2017). Which of these three types of loading is the most important depends on the depth
of the salt, the geometry of the salt body, the tectonic setting, and thermal conditions of the salt
(Jackson and Talbot, 1986; Hudec and Jackson, 2007; Jackson and Hudec, 2017).

Gravitational loading relates to the weight of the rocks above the salt, as well as the
gravitational body forces within this same salt, both of which drive salt to flow laterally with
the downward force. The direction of salt flow is from high to low pressure zones and, there-
fore, is determined by the pressure heads and elevation heads imposed on a volume of salt
(Hudec and Jackson, 2007; Jackson and Hudec, 2017) (Fig. 1.18). As a result, the displaced
salt can feed a nearby diapir or merely inflate the salt layers — the process driving the flow of
salt away from the gravitational load is termed salt withdrawal or salt expulsion (Fig. 1.18).
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Fig. 1.18. Schematic illustration for the initial direction of salt flow inferred from elevation and
pressure heads. (a) Salt driven by pressure head whether or not the overburden is denser than
salt. (b) Salt driven by elevation head whether or not the overburden is denser than salt. (c) Salt
driven either way, depending on whether the elevation head gradients is more or less than the
pressure head gradient. (d) No flow because the irregular base of salt does not create any hy-
draulic head gradient. Figure from Jackson and Hudec (2017) who adapted it from Hudec and
Jackson (2007). h=Vertical thickness of material above the point; z=Elevation head; p,=Den-

sity of the overburden; ps=Density of salt.
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Displacement loading results from the forced displacement of one boundary of a rock
body relative to another boundary (Suppe, 1985). Displacement loading takes place when the
flanks of a salt body move towards, or away from, one another due to the lateral forces imposed
during regional shortening or extension (Hudec and Jackson, 2007; Jackson and Hudec, 2017)
(Fig. 1.19). Displacement loading typically shows distinct pulses over geologic time scales, in
a process that is markedly different from the more continuous, progressive gravitational load-
ing (Hudec and Jackson, 2007; Jackson and Hudec, 2017).

Thermal loading occurs when volume changes of salt due to the changes of temperature.
It is because salt is sensitive to the change in confining temperature in comparison with other
sedimentary rocks. With an increase in temperature, salt tends to expand generating vertical
stresses on the surrounding rock. The expanding salt decreases in density and increases in
buoyancy, a phenomenon that eventually results in thermal convection. Thermal convection is
enhanced by: (1) increases in the temperature gradient, thermal expansivity, and layer thick-
ness, or (2) decreases in the thermal diffusivity or kinematic viscosity of salt (Jackson and
Hudec, 2017).

1.4.2.2 Forces resisting salt flow

In nature most salt bodies are subject to certain driving forces, but not all salt bodies
deform at tectonic scales. This is because there are two types of forces capable of resisting salt
flow: frictional and viscous forces. Frictional forces represent the strength of the overburden
rocks, or strata, whilst viscous forces reflect the existence of boundary drag within the salt layer
itself (Jackson and Hudec, 2017).

With increasing burial depth and confining pressure, sedimentary rocks increase their
shear and frictional strengths. Thick sedimentary roofs become more difficult to deform than
thin roofs with the same lithology because the pressure forces generated purely by gravity
within salt are relatively small (Jackson and Hudec, 2017). Thus, the salt is confined above and
below by stronger rocks, though it is intrinsically highly mobile. Even buoyant buried salt can
remain stable under a thick overburden, unless extension or shortening causes a reasonable
amount of displacement loading, generating faults in the overburden and stretching or squeez-
ing within the salt (Jackson and Hudec, 2017).

Flow within buried salt is also restricted by boundary drag along the top and bottom

surfaces of a relatively thin salt layer (Jackson and Hudec, 2017). The margins of most salt
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bodies have a zone of restricted flow, where the salt shears pass static country rocks. Resistance
by viscous shear forces is less important in thick salt layers than in thin layers, because only a
small proportion of thick salt is intensely sheared along the boundary. Thus, in thin salt layers,
the boundary drag can effectively immobilize the salt. Drag dominates when the salt layer is
thinner than a few hundred meters (Waltham, 1997).

1.4.3 Salt diapirism mechanisms

Salt diapirs are the most typical structures reflecting the piercing of ductile salt that
through their overburden rocks or strata (e.g. Jackson and Talbot, 1986; Talbot and Jackson,
1987b; Vendeville and Jackson, 1992b; Schultzela et al., 1993; Hudec and Jackson, 2007;
Jackson and Hudec, 2017). Diapirs are discordant relative to their overburden, as upper con-
tacts cut across bedding. In map and depth slices, diapiric salt has an anomalous stratigraphic
position; the salt is discordant with strata younger than the units that stratigraphically overlie
the autochthonous salt. Hence, for buried salt to be diapirically emplaced, the overburden oc-

cupying the intruded space must be removed or displaced (Jackson and Hudec, 2017).

There are three diapirism modes involving the piercement of salt into the overburden
(Jackson and Hudec, 2017) (Figs. 1.21a, b and c). Firstly, regional extension may stretch the
overburden, creating space for a reactive diapir to rise between fault blocks (Fig. 1.20a). Sec-
ondly, flaps of the overburden rocks, or strata, may tilt outwards as the diapir rises by active
diapirism (Fig. 1.20b). Third, salt may pierce its overburden in the hanging wall of thrust faults
(Fig. 1.20c). In addition, three other modes of diapirism may occur in nature: 1) the roof of a
salt pillow or salt unit may be removed by erosion, exposing the salt, which is free to spread
discordantly across the resulting unconformity (Fig. 1.20d), 2) a diapir with a weak overburden
may thin its roof (e.g. Talbot and Jackson, 1987b; Hudec and Jackson, 2007; Jackson and
Hudec, 2017) (Fig. 1.20e), 3) when diapirs apparently pierce their overburden, the term to de-
fine such process is passive diapirism, or downbuilding where the diapir remains at or near the
surface while surrounding sediments accumulate (Giles and Lawton, 2002; Hudec and Jackson,
2007) (Fig. 1.20f). However, these diapiric mechanisms are not mutually exclusive, and most

salt diapirs grow by mixed processes.
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Fig. 1.19. Schematic illustration for the effects of displacement loading on salt. (a) During shortening, salt is loaded horizontally by inward move-
ment of one or both sidewalls. The horizontal displacement load then exceeds the vertical gravitational load, forcing salt to rise. In a natural
example, the salt would flow out over the sediment surface rather than form a vertical column. (b) During extension, salt is unloaded horizontally
by the outward movement of one or both sidewalls. The vertical gravitational load then exceeds the horizontal displacement load, so salt subsides.
Figure from Jackson and Hudec (2017) who adapted it from Hudec and Jackson (2007).
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Fig. 1.20. Schematic diagram showing the modes of diapir piercement in cross sections. ()
Reactive piercement associated with the weakening of the overburden. (b) Active piercement
associated with the overburden loading and/or shortening. (c) Thrust piercement associated
with the movement of a thrust fault. (d), (e) and (f) Three other diapirism modes that are ap-
parent rather than actual piercement of the overburden. The overburden is brittle in all these
examples, except in (). Figure from Jackson and Hudec (2017) who adapted it from Hudec
and Jackson (2007).
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1.4.3.1 Reactive diapirism

Differential loading and overburden thinning are caused by fracturing and faulting of
overburden rocks due to regional extension, a phenomenon that results in the upwelling of salt
below the (now) thinned overburden (Fig. 1.21). Salt fills the space created by the extensional
thinning and separation of overlying fault blocks. This type of salt upwelling is termed reactive
diapirism as salt rises in reaction to extension (e.g. Vendeville and Jackson, 1992b). In physical
models, reactive diapirism depends on the occurrence of extension, which explains why salt
diapirs begin to rise when salt layer first extends in many basins around the world (Jackson and
Vendeville, 1994; Jackson et al., 1994). It also explains why there are no salt diapirs in many
cratonic basins though many of these basins have thick salt and a dense overburden. That is
because sedimentary loading is too uniform in these regions and there is no regional extension
to differentially load the salt (Jackson and Hudec, 2017).

Reactive diapirs formed during synkinematic deposition, or formed from prekinematic
overburden rocks are similar and usually triangular, with their sharp apexes overlain by a gra-
ben (Fig. 1.21). These diapirs are also flanked by a fan of inward dipping normal faults that
terminate at the salt contact; these faults will be growth faults if reactive diapirs are formed
through synkinematic overburdens. In addition, the width of a reactive diapir’s base records
the amount of extension, as this is accommodated entirely by flow of salt at the base. Midway
up the diapir, extension is partly due to the flow of salt, and partly by faulting. Above the diapir,
extension is entirely by faulting. When in the presence of entirely prekinematic overburdens,
extension is equal at these three levels, despite taking different forms. With synkinematic over-

burdens, extension declines upwards (Hudec and Jackson, 2007).

There are also highly asymmetric diapirs in reactive diapirs, known as salt rollers. These
diapirs have asymmetric profiles similar to scalene triangles, with a long sloping side that is
concordant to the overburden and a short sloping side that is a normal fault (Jackson and Hudec,
2017). Salt rollers form whenever one crestal fault orientation is favoured over another, as it
might happen if stress axes were rotated from the vertical. Stress axes rotate above dipping
detachments, so rollers are particularly common above seaward-dipping salt detachments near

the landward ends of divergent margins (Jackson and Hudec, 2017).
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Fig. 1.21. Diagram illustrating a reactive salt diapir with prekinematic and synkinematic layers cross-cut by growth faults in a profile section.

Extension is accommodated entirely by faulting above the diapir, but is accommodated entirely by salt flow at the base. Midway up the diapir,
extension is accommodated partly by flow of salt and partly by faulting. Extension is equal at these three levels, despite taking different forms.
Figure from Jackson and Hudec (2017) who adapted it from Vendeville and Jackson (1992).
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1.4.3.2 Active diapirism

Active diapir rise occurs when a salt structure arches, uplifts, or shoulders aside its
overburden. If the roof of a salt structure is pierced during active salt rise, it is termed active
diapirism. This can be driven either by halokinetic processes or by shortening (e.g. Schultzela
et al., 1993; Jackson et al., 1994; Hudec and Jackson, 2007; Jackson and Hudec, 2017). Halo-
kinetic (active) diapirism is driven by overburden load on adjoining source layers, creating an
upwards pressure of diapiric salt on its roof. Both buoyancy and surface topography can pro-
duce the load to drive salt rise, but the weight and strength of the overburden, and the viscosity
of the salt, are forces resisting the rise of salt (e.g. Hudec and Jackson, 2007; Jackson and
Hudec, 2017) (Fig. 1.22). Thus, active salt rise is influenced most strongly by sediment density,
roof strength and anisotropy, as well as salt geometry (Schultzela et al., 1993). Regional short-
ening can lead to contractional rise of salt in two ways. First, shortening helps to convert dis-
placement load into gravitational load, resulting in diapiric salt moving upwards, where it may
arch the roof faster and higher than it would rise by halokinesis alone (Schultzela et al., 1993)
(Fig. 1.23). Second, shortening can buckle the overburden above the salt, causing it to rise up
into anticlines even if not pushed by pressurised salt. Similarly to active halokinetic rise, the
strength and weight of the roof and the viscosity of the salt are also forces resisting the active

rise of a diapir.

Arched roofs and upturned collars are two typical types of structures caused by active
rise (Jackson and Hudec, 2017). Arched roofs occur where the salt has not pierced to the sur-
face, whereas upturned collars are evidence for formerly active diapir breaking through to the
surface. A roof that has been uplifted and arched above a regional datum is the most diagnostic
feature of active rise. The arched roof is a drape fold formed by bending. The roof is typically
stretched owing to bending, which may result in thinning below seismic resolution (Davison et
al., 2000a) or in the formation of crestal normal faults. Erosion or slumping may also thin the

arched roofs, causing difficulties in interpretation (Jackson and Hudec, 2017).

Upturned collars are known as shale sheaths, which has long been interpreted from
wells on the flanks of salt diapirs, as many of these are too small to be seismically resolved
(Atwater and Forman, 1959). Commonly, these upturned collar units are made up of brecciated
and sheared deep-marine shales, contributing to drag-induced shear against a diapir rising with
respect to the surrounding sediments. Three types of upturns can be formed during active dia-
pirism in different settings, including megaflaps, perched flaps, and injection folds, which are

regarded as the diagnostic of active diapirism (Jackson and Hudec, 2017) (Fig. 1.24).
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Fig. 1.22. Schematic illustration for halokinetic active diapirism, which can be driven by two types of gravitational loading depending on the

density of water (pw), the overburden (po) and salt (ps). P=Lithostatic pressure exerted by the overburden. Figure from Jackson and Hudec (2017).
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Fig. 1.23. Numerical modelling illustrating how regional shortening promotes the active rise
of salt in ways depending on the diapir’s roof properties. Contours show intensity of plastic
strain, with white being the highest strain; the colour range for plastic strain is different in each
example in order to highlight particular features. Sediment-—salt density ratio was 1.09; short-
ening rate was 1 mm/yr. Figure from Jackson and Hudec (2017) who adapted it from Dan

Schultz-Ela (1993).
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These flaps form on two scales: (1) megaflaps are kilometre-wide and rest directly on the salt; (2) perched flaps are hundreds of meters wide and
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an injection fold, forming a small diapir at its crest. Figure from Jackson and Hudec (2017).
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1.4.3.3 Passive diapirism

Passive diapirism can occur in any tectonic setting. However, for passive diapirism to
begin, salt must be at the surface. Passive diapirism occurs because a passive (downbuilding)
diapir grows in height by maintaining its crest at or near a depositional surface while its base
sinks along with the surrounding sediments (e.g. Stewart, 2006; Hudec and Jackson, 2007;
Alsop et al., 2016; Jackson and Hudec, 2017) (Fig. 1.25). Passive diapirism can initiate imme-
diately after salt deposition, keeping the salt exposed but with surrounding areas being slowly
buried. However, salt must break through its overburden to reach surface and emerge as a pas-
sive diapir. Active diapirism is the most common way for salt to reach the surface, but regional
shortening or sedimentary topography may also trigger salt to the surface. Deep erosion of an
anticline crest is also one important way to initiate a passive diapir, as it may expose much of
its salt core (Jackson and Hudec, 2017). In addition, in order for passive diapir to grow, salt
must be pressured enough to flow upwards at the sediment surface. The pressure may be gen-
erated in three ways. First, the density of overburden is greater than the salt, and salt is then
forced to the surface. Second, displacement loading cause salt to rise at the surface. Third, salt
may be loaded by depositional topography, resulting in the rise of salt onto the surface (Jackson
and Hudec, 2017). However, most passive diapirs can only grow above the surrounding sur-
faces less than 200 m, which can be calculated by assuming the densities and thickness of salt
and overburden (Talbot, 2005). Because there are no room issues in these diapirs, passive or
downbuilding diapirs are noted for the mild deformation they impose on country rocks. The
diapir resembles a cut-out stamped out of encasing layered strata, whether in vertical section
or in horizontal view (Jackson and Hudec, 2017) (Fig. 1.26). Deformation in the overburden is
typically limited to subtle thickness changes associated with flow of underlying salt and up-
turned or sheared strata near the diapir contact (Jackson and Hudec, 2017).

1.4.4 Diapir-related faults

With the formation and growth of salt diapir, the surrounding rocks are subjected to
deformation. The deformation of surrounding rock can either be brittle, resulting in the devel-
opment of fractures and faults, or ductile recording the formation of folds due to the arching
and buckling of the roof. Diapir-related faults include radial faults and concentric faults formed

around salt diapirs (e.g. Hudec and Jackson, 2007; Jackson and Hudec, 2017).
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Fig. 1.25. Schematic illustration for the growth of a downbuilding (passive) diapir. It grows in
height by maintaining its crest at or near the sedimentary surface, whereas its base sinks to-

gether with the surrounding sediments. Figure from Jackson and Hudec (2017) who adapted it

from Hudec and Jackson (2011).
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Fig. 1.26. Schematic diagram showing that stratal cutoffs and paucity of deformation in the country rock that are the most important diagnostic

features of a passive diapir. Figure from Jackson and Hudec (2017) who adapted it from Jackson et al. (1994).
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1.4.4.1 Radial faults

Radial faults are the most common deformation around salt diapirs and are documented
in nearly all salt-bearing basins (e.g. Childs et al., 1993; Davison et al., 1993; Stewart et al.,
1996; Davison et al., 2000a; Larsen et al., 2002; Hudec and Jackson, 2007; Yin and Groshong,
2007; Carruthers et al., 2013; Jackson and Hudec, 2017; Coleman et al., 2018). These faults
abut the diapir contact or curve inwards to intersect it tangentially (Fig. 1.27). There are four
different processes forming radial faults. First, some radial faults are formed in domed roofs
that have subsequently been pierced, and the outermost parts of these roofs may be preserved
even if they have been destroyed during breakthrough. Second, some radial faults may be
formed by hoop strain around an expanding diapir. The expansion may result from a flap ro-
tating under active diapirism, or may simply occur as outward forces in salt push the country
rock (Nikolinakou et al., 2014). These faults usually have a largest displacement next to the
diapir and become smaller outwards as the hoop extension is proportional to the strike curva-
ture of the salt contact (Stewart, 2006). Third, contracting diapirs may also develop radial thrust
faults. Fourth, faults initiate at diapirs and propagate outwards, as pre-existing salt structures
are the first to deform in regional extension or shortening as they are mechanically weak
(Jackson and Hudec, 2017).

1.4.4.2 Concentric faults

Concentric faults can be classified into concentric normal faults and reverse faults. Con-
centric normal faults can be formed by inward collapse around the constricting stem of a diapir,
which will generate circumferentially trending ring faults (e.g. Malthe - Sgrenssen et al., 1999;
Stewart, 2006). Other concentric normal faults can be formed by the bending of strata into the
salt withdrawal basin rather than by diapiric contraction (Jackson and Hudec, 2017). These
faults are located on the outer edges of large salt withdrawal basins, many kilometres away
from a diapir contact. As for concentric reverse faults, they are developed due to radial com-
pression of overburden strata resulting from a rapid increase in diapir volume and radius
(Davison et al., 1993). These faults are formed to accommodate local shortening and to align
it tangentially to the diapir. Pre-existing concentric normal faults can be rotated and reactivated

as reverse faults as the strata around a diapir are overturned (Davison et al., 1993).
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Fig. 1.27. Schematic illustration for radial faults around salt diapirs in shallow and deep struc-
tural levels. (a) Shallow radial faults caused by hoop extension of a domed roof. (b) Deep
tangential faults indicating a change in the balance between radial and hoop stresses. Figure
from Jackson and Hudec (2017).
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1.4.5 Diapir fall

Diapir fall is common during salt deformation and its evolution, indicating that a salt
diapir crest subsides under some certain conditions. There are at least three situations in which
a diapir can fall (Jackson and Hudec, 2017). First, a relative shortage of salt supply to diapirs
during extension can result in their fall, as when caused by the depletion of salt in a source
layer or too fast a stretching during extension (Vendeville and Jackson, 1992a) (Fig. 1.28).
Second, part of a diapir can fall as salt flows from it to another part of the same diapir. Finally,
dissolution collapse can also cause a diapir to fall, a phenomenon that is usually impressive at
the surface but small on the largest scale of the whole diapir. Large-scale dissolution features
are usually limited to the surface, in the zone where a large volume of undersaturated water can

circulate against a salt face (Jackson and Hudec, 2017).

1.5 Fluid flow features

Fluid flow features are local anomalies produced by the subsurface flow of fluids, in-
cluding oil, gas, brine, groundwater and magmatic fluids (e.g. Bruce, 1984; Hovland and Judd,
1988; Cox et al., 2001b; Berndt, 2005; Cartwright, 2007; Davison, 2009; Cathles et al., 2010;
Laseth et al., 2011; Andresen, 2012; Collignon et al., 2018). Fluid flow starts from a given
source to the surface or atmosphere, or into subsurface sedimentary units, a phenomenon that
results in the presence of stratigraphic overpressures. Fluid flow can be instantaneous and cat-
astrophic, but fluid flow caused by sediment mobilisation can last millions of years (Huuse et
al., 2010; Andresen, 2012). Fluid flow is widespread in sedimentary basins and is geologically
and economically important; it is closely associated with groundwater flow systems, petroleum
migration, potential geothermal reservoirs, ore-forming and seabed ecosystems (e.g. Dando et
al., 2000; Hovland et al., 2002; Rogers et al., 2012; Wynn et al., 2014).

Fluid flow features on seismic data are typically represented by amplitude anomalies,
which occur together with a wide range of geological structures such as pockmarks, mud vol-
canoes, gas hydrates, chimneys, pipes, sand injection features, carbonate mounds, seeps and
related diagenetic phenomena (e.g. Hovland and Judd, 1988; Cox et al., 2001b; Berndt, 2005;
Cartwright, 2007; Davison, 2009; Cathles et al., 2010; Lgseth et al., 2011; Andresen, 2012;
Worden et al., 2016; Collignon et al., 2018; Cartwright et al., 2021). Fluid flow features can be

classified based on their geometry, lithology, the type of impact on the surrounding sediment,
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Fig. 1.28. The influence of extension on diapirism depends on diapir geometry and relative salt supply. (a) Regional extension widens a passive
diapir and the salt keeps rising with abundant salt supply. (b) Continued extension widens the diapir and leads to diapir fall due to restrictions in

salt supply. Figure from Jackson and Hudec (2017).
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and causes for their formation (Cartwright, 2007; Andresen, 2012; Collignon et al., 2018).
Three major groups of seismic fluid features were summarised by Andresen (2012) according
to their formation mechanisms: a) subsurface sediment remobilisation, b) vertically focused
fluid flow, and c) laterally extensive fluid flow (Fig. 1.29). Some fluid flow features are asso-
ciated with two groups; i) mud volcanoes formed due to subsurface sediment remobilisation
and ii) vertically focused fluid flow (Andresen, 2012). In addition, there is also a range of direct
hydrocarbon indicators on seismic data, which indicate the presence of fluid or fluid contacts
(e.g. Cox et al., 2020).

1.5.1 Subsurface sediment remobilisation

Subsurface sediment remobilisation usually relates to fluid flow resulting from over-
pressure build up, resulting in subsurface sediment remobilisation (e.g. Cartwright, 2007;
Andresen, 2012). Sand intrusion complexes and mud volcano systems are typical fluid flow
features of clastic sediment remobilisation (Van Rensbergen et al., 2003; Hurst and Cartwright,
2007; Huuse et al., 2007; Cartwright et al., 2008; Huuse et al., 2010; Andresen and Clausen,
2014; Waghorn et al., 2018; Hurst et al., 2021). The remobilisation of clastic sediment is asso-
ciated with fluidisation of either an overpressured sand or mud source unit upon seal failure
and overpressure build-up (e.g. Milkov, 2000; Jolly and Lonergan, 2002; Deville et al., 2010)
(Fig. 1.29). Similarly to clastic mud volcano systems, mud-grade carbonate volcano systems

are typical fluid flow features of subsurface chalk remobilisation (Andresen, 2012).

1.5.1.1 Sand injection complexes

Sand injections have been observed in different scales, varying from the features ob-
served in cores from the Balder Field (e.g. Jenssen et al., 1993; Newton and Flanagan, 1993)
to kilometre-scale seismic features in the North Sea (e.g. Duranti et al., 2002; Hurst et al.,
2003a; Hurst et al., 2003b; Huuse et al., 2005). In seismic data, sand intrusions are shown as
high-amplitude reflections cross-cutting the surrounding strata, forming a wide range of geom-
etries such as dykes, sills, conical, saucer-shaped and winged intrusions (Molyneux et al., 2002;
Huuse et al., 2005; Huuse et al., 2007; Jackson et al., 2011; Andresen, 2012; Andresen and
Clausen, 2014; Hurst et al., 2021) (Fig. 1.29).
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Fig. 1.29. Schematic illustrations and seismic examples of fluid flow features. MDAC= methane derived authigenic carbonates, HRDZ = hydro-

carbon related diagenetic zones, BSR = bottom simulating reflection. Figure from Andresen (2012).
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1.5.1.2 Mud volcano systems

Mud volcano systems are positive, often conical and crater-shaped fluid escape features
on the seafloor, observed in various geological settings around the world, that chiefly comprise
mud and other sediments (Milkov, 2000; Dimitrov, 2002; Kopf, 2002; Planke et al., 2003;
Mazzini et al., 2007; Mellors et al., 2007; Bonini, 2012; Istadi et al., 2012). They periodically
or continuously vent liquid mud, water and hydrocarbon products, forming in thick sedimen-
tary basins where significant overpressures are built at depth — often due to rapid sedimentary
loading and hydrocarbon generation (Mazzini et al., 2009; Andresen, 2012) (Fig. 1.30). These
phenomena result in density inversion and the upward mobilisation of deep mudstones and
accompanying fluids (e.g. Brown, 1990; Milkov, 2000). Therefore, mud volcanoes are im-
portant indicators of deep plumbing systems in a sedimentary basin (Fowler et al., 2000;
Dimitrov, 2002; Mazzini et al., 2007; Bonini, 2012).

1.5.2 Vertically focused fluid flow

1.5.2.1 Pockmarks

Pockmarks are commonly located in areas where gas is present in near-surface sedi-
ments, especially above the acoustically transparent gas chimneys that breach the seafloor (e.g.
Hovland and Judd, 1988; Hovland et al., 2002; Cathles et al., 2010). They are usually formed
due to expulsive fluid venting, and are recognised as circular to elliptical depressions at the
present-day and paleo-seafloor (King and Maclean, 1970; Hovland and Judd, 1988; Hovland
etal., 2002; Judd et al., 2007; Cathles et al., 2010; Marcon et al., 2014) (Fig. 1.31). The typical
diameters of pockmarks ranges from a few meters to up to >300 m, and from 1 to 80 m in depth
but usually <10 m (Hovland and Judd, 1988; Hovland et al., 2002; Gay et al., 2006; Cathles et
al., 2010).

1.5.2.2 Chimneys and pipes

Chimneys and pipes form during vertically focused fluid flow and are recognised as
vertical extensive either low- or high-amplitude anomalies on seismic data (Heggland, 2005;
Laseth et al., 2009; Hustoft et al., 2010; Leseth et al., 2011; Ebrahimi et al., 2013; Heggland,
2013; Cartwright and Santamarina, 2015; Karstens and Berndt, 2015; Ré&ss et al., 2018;
Wangen, 2020; Robinson et al., 2021) (Fig. 1.31). Gas chimneys are usually related to dimmed
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and distorted amplitudes, whereas pipes may include vertically stacked either high- or low am-
plitude anomalies (e. g. Andresen, 2012). Several mechanisms related to fluid flow have been
proposed to explain the formation of chimneys and pipes, such as free gas migration and frac-
turing (e.g. Cartwright et al., 2007; Laseth et al., 2009; Cartwright and Santamarina, 2015; R&ss
etal., 2018).

1.5.2.3 Methane-derived authigenic carbonates

Methane-derived authigenic carbonates (MDAC) are associated with the seepage of
methane-rich fluids to the seafloor where anaerobic methane oxidation coupled with bacterial
sulphate reduction results in the precipitation of varying carbonates (e.g. Boetius et al., 2000;
Hovland, 2007; Judd et al., 2007; Magalhées et al., 2012) (Fig. 1.29). Several observations of
MDAC are described in provinces with other focused fluid flow features such as pockmarks
(e.g. Hovland et al., 2005; Judd et al., 2007; Andresen et al., 2008; Andresen, 2012).

1.5.3 Laterally extensive fluid flow features

1.5.3.1 Gas hydrates

Gas hydrates (ice-like crystals) are composed of water and gas, where gas molecules
are trapped within a framework of hydrogen-bonded water molecules (e.g. Kvenvolden, 1993;
Sloan Jr, 2003; Makogon, 2010; Koh et al., 2011; Andresen, 2012) (Fig. 1.29). Gas hydrates
and associated free gas zones and bottom simulating reflections (BSRs) are generated in spe-
cific temperature and pressure conditions (Kvenvolden, 1988). When the pressure and temper-
ature conditions are changed and the hydrates dissociate and/or dissolve, gas hydrates are likely
to start the massive gas release to the ocean and atmosphere (Kvenvolden, 1988; Kvenvolden,
1993). In seismic data, a reduction in p-wave velocity at the transition from gas hydrates in
sediments to shallow gas or water in the pore spaces below result in a ‘soft’ seismic reflection
- a BSR, or Bottom Simulating Reflector - which mimics the seafloor horizon (Popescu et al.,
2007; Andresen, 2012). Gas hydrates represent potential drilling hazards and are avoided in

well planning (Andresen, 2012).
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Fig. 1.30. Cartoon diagram showing the growth of a mud volcano in four different stages. Figure from Mazzini (2017).
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Fig. 1.31. Schematic illustration for the formation of gas chimneys and pockmarks. (A) Gas is
trapped below an anticline of a fine-grained sediment (dark grey) forming a capillary seal. (B)
Gas is released from a chimney due the seal fails when the gas accumulation accumulates to a
certain thickness. (C) The first pockmark forms when the chimney extends about halfway to
the seafloor. (D) More pockmarks are formed with more severe sediment deformation above
the chimney. (E) Many pockmarks merging into a large pockmark with dimensions like the
chimney. (F) When the chimney reaches the surface the gas pocket quickly drains. Figure from
Roelofse (2020) who modified it from Cathles et al. (2010).
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1.5.3.2 Diagenetic fronts

Diagenetic fronts such as the opal A-CT transition generally occurs during diagenesis
(Berndt et al., 2004; Davies, 2005; Cartwright, 2007) (Fig. 1.29). The front arises when opal-
A is dissolved and re-precipitated as opal-CT during burial, with this process being often asso-
ciated with the local production of fluid (Davies and Cartwright, 2007). Opal-CT has a higher
impedance contrast when compared to opal-A, resulting in the formation of a high-amplitude
reflection that is semi-parallel to the seafloor and often cross-cuts host seismic reflections
(Neagu et al., 2010). Focused fluid flow from deeper successions along faults has been sug-
gested as a mechanism possibly forming seed areas for the opal A/CT reaction and/or locally

enhancing the reaction rates (Davies and Cartwright, 2007).

1.5.3.3 Hydrocarbon-related diagenetic zones

Hydrocarbon-related diagenetic zones (HRDZs) are associated with hydrocarbon leak-
age where upward migrating hydrocarbons enter the shallower reservoir and become biode-
graded (Andresen, 2012) (Fig. 1.29). HRDZs represent high-amplitude anomalies in relation
to velocity pull-up and attenuation in the section below, as biological oxidation of the hydro-
carbons generates a strong cementation with high acoustic impedance during the biodegrada-
tion (e.g. Cowley and O'brien, 2000).

1.5.3.4 Polygonal fault systems

Polygonal faults systems are networks of non-tectonic normal faults, often tier-bound,
that are formed by the volumetric contraction of very fine-grained sediments that compact and
dewater during their initial burial (Cartwright and Lonergan, 1996; Cartwright, 1996;
Cartwright et al., 2003) (Fig. 1.29). Polygonal fault systems have typical polygonal planforms
in plan view and may act as fluid migration pathways, as proven by pockmarks located above
the triple-junction of polygonal faults (Gay et al., 2004). Polygonal fault systems have also
been observed in areas with diagenetic boundaries such as Opal A-CT boundaries (Cartwright,
2007).
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1.5.4 Direct hydrocarbon indicators

Direct hydrocarbon indicators (DHIs) in seismic data may be observed to indicate the
existence of fluid or fluid contacts, including bright, dim and flat spots, polarity reversal and
velocity push-down (Cox et al., 2020) (Fig. 1.32). These direct hydrocarbon indicators are
acoustic manifestations of hydrocarbons within the sedimentary succession, and often appear
as local amplitude anomalies. However, amplitude anomalies may also be caused by, for ex-
ample, cemented zones, overpressured sands, local lithological changes, or sedimentary dis-
ruption by previous episodes of fluid flow, so they should be interpreted with caution (An-
dresen et al., 2011).

Bright spots indicate local increases in seismic amplitude. They commonly relate to the
existence of gas in clastic reservoirs, resulting in a decrease in velocity when seismic waves
propagate from the overlying seal unit. This increases the negative impedance contrast and
brighten the sand reflections in this same reservoir (Cox et al., 2020) (Fig. 1.32a).

Dim spots are generally observed in low-porosity sandstones or carbonates that often
have large impedance contrasts from the overlying shale. Due to the presence of hydrocarbon
in the sands, it causes the reduction of velocity and density, but it may not decrease enough to
reverse the reflection coefficient polarity. Hence, the reduced acoustic impedance contrast be-
tween reservoir and seal will reduce the seismic amplitude, creating a ‘dim spot’ (Cox et al.,

2020) (Fig. 1.32h).

Flat spots represent fluid contacts between the different fluids, or fluid phases. In sub-
surface reservoirs, gas is found above oil and oil is found above water/brine due to differences
in fluid densities. In a dipping reservoir, the contact between the different fluids will form
crosscutting hard reflections due to relative downward increases in velocity and density of pore
fluids. The reflection amplitude is greater in highly porous reservoirs due to their low matrix
stiffness and high pore fluid content (Cox et al., 2020) (Fig. 1.32c).

Polarity reversal occurs in the presence of hydrocarbon fluids in intermediate porosity
reservoirs, with increases in hydrocarbon saturation resulting in local polarity reversals along
a single seismic reflector. All in all, the presence of hydrocarbon can decrease the acoustic
impedance of a top reservoir reflector, for instance, for acoustic impedance to become less than
the overlying seal. This usually results in an abrupt change in reflection polarity at this same
top reservoir horizon (Cox et al., 2020) (Fig. 1.32d).
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Fig. 1.32. Seismic examples of direct hydrocarbon indicators (DHIs). (A) Bright spot. (B) Dim
spot. (C) Flat spot. (D) Polarity reversal. (E) Velocity push-down. Figure from Cox et al.,
(2020).
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Velocity push-down (velocity shadow) relates to hydrocarbon fluids that cause a reduc-
tion in velocity, increasing p-wave travel times through a reservoir. This causes seismic reflec-
tions to be ‘pushed-down’ and appear deeper than they are in reality (Cox et al., 2020) (Fig.
1.32¢).

1.6 Thesis layout

This thesis is divided into eight chapters. The present chapter introduces the thesis, its
rationale and research aims. Chapter 1 also summarises the relevant background literature of
main themes covered in this thesis, including fault growth and propagation, mechanical stra-
tigraphy, salt tectonics, and fluid flow features. The geological settings of two study areas are
summarised in Chapter 2. The data and main methods used in the thesis are described in Chap-
ter 3, followed by the results of three cases studies in Chapters 4, 5 and 6. The distribution,
evolution history and significance of tectonic faulting in a salt minibasin offshore Espirito
Santo, SE Brazil are investigated in Chapter 4. Chapter 5 concerns a study of palaeostress states
around a rising salt diapir on the Cleaver Bank High, Southern North Sea. The influence of salt
structures and faults on the geothermal potential of the Cleaver Bank High, Southern North Sea
is investigated in Chapter 6. All results are discussed in Chapter 7, where fault families in two
different tectonic settings are compared and contrasted, and the importance of fault families to
fluid flow, storage and production in salt-rich basins is demonstrated. Final conclusions are

presented in Chapter 8.
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2 Geological setting of the studied areas

2.1 Introduction

This chapter reviews the geological settings of the two study areas considered in this
thesis, the Espirito Santo Basin, SE Brazil and the Cleaver Bank High, Southern North Sea.
Each section also summarises the structural and stratigraphic evolutions, and known petroleum

systems, in each study area.

2.2 Espirito Santo Basin, SE Brazil

The Espirito Santo Basin is located on the southeast continental margin of Brazil and
covers an area of ~125,000 km?, of which 107,000 km? are located offshore (Fiduk et al., 2004;
Gamboa et al., 2010) (Fig. 2.1). The basin is bounded to the north by the Abrolhos Plateau, a
volcanic ridge separating the Espirito Santo Basin from the Cumuruxatiba Basin. To the south,
it is separated from the Campos Basin by a largely political boundary, as there is a continuum
of rift, sub-salt and supra-salt units from the Santos to the Espirito Santo basins (Fiduk et al.,
2004; Gamboa et al., 2010; Mattos and Alves, 2018). Despite being less known than the Cam-
pos and Santos Basins to the south, the Espirito Santo Basin still has important hydrocarbon
reserves (e.g. Fiduk et al., 2004). This is partly due to its basin structure and tectonic evolution,
which are analogous to its counterparts to the south - the Campos and Santos Basins — both
recording great exploration success (Estrella et al., 1984; Bruhn and Walker, 1997; Katz and
Mello, 2000; Shenyan et al., 2011; Bruhn et al., 2017; Mello et al., 2021).

2.2.1 Tectonic evolution

The Espirito Santo Basin includes a series of rift basins, trending N-S to NNE-SSW,
that were formed during Late Jurassic-Early Cretaceous continental rifting and subsequent
breakup of the supercontinent Gondwana (Ojeda, 1982; Chang et al., 1992; Fiduk et al., 2004;
Mobhriak et al., 2008; Alves, 2012; Piedade and Alves, 2017). The tectonic evolution of the
Espirito Santo Basin is similar to most rift basins in the South Atlantic Ocean and can be di-
vided into four separate stages: rift onset, syn-rift, transitional, and drift (Chang et al., 1992;
Bruhn and Walker, 1997; Fiduk et al., 2004; Gamboa et al., 2012) (Fig. 2.2).
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2.2.1.1 Rift-related evolution of the Espirito Santo Basin

The rift onset stage of the Espirito Santo Basin occurred in the Late Jurassic-Early Cre-
taceous and was characterised by the onset of lithospheric extension at a regional scale (Ojeda,
1982; Cainelli and Mohriak, 1999; Fiduk et al., 2004; Mohriak et al., 2008). Moderate tec-
tonism and intense volcanism occurred at this stage throughout SE Brazil, with the Espirito
Santo Basin becoming rapidly filled with coarse-grained fluvial strata, alluvial fan deposits and
localised evaporites (Ojeda, 1982; Chang et al., 1992; Cainelli and Mohriak, 1999; Mohriak
and Rosendahl, 2003) (Fig. 2.2a).

The syn-rift stage lasted from late Berriasian/Valanginian to the early Aptian (Ojeda,
1982; Fiduk et al., 2004; Gamboa, 2011; Qin et al., 2016). It was marked by intense tectonism
due to enhanced lithospheric extension and asthenospheric uplift accompanying the formation
of the Eastern Brazilian Rift (Cainelli and Mohriak, 1999; Mohriak and Rosendahl, 2003). Syn-
rift units comprise lacustrine sediments in elongated and faulted sub-basins formed between
the Santos and the Sergipe/Alagoas Basins. Three main facies associations were deposited at
this stage: 1) alluvial fan/fan deltas and transitional deposits, 2) lacustrine marls and shales,
and 3) lacustrine pelecypod limestones, usually termed coquinas in the Brazilian geological
literature (Ojeda, 1982; Demercian et al., 1993; Cainelli and Mohriak, 1999) (Fig. 2.2a).

2.2.1.2 Halokinesis and Cenozoic evolution

The transitional stage occurred from early Aptian to late Aptian/early Albian, a period
of time associated with continental breakup occurring to the east (i.e. outboard) of the Espirito
Santo Basin (Ojeda, 1982; Fiduk et al., 2004; Alves et al., 2020). At this stage, the activity of
large faults became concentrated at the locus of continental breakup to the east. Lithospheric
extension significantly enhanced regional subsidence as recorded by the deposition of shallow
water microbial carbonates, itself followed by the precipitation and accumulation of >3000 m
of evaporites on the SE Brazil-West Africa conjugate margin (Davison et al., 2012). Such a
transitional unit reflects a continental-breakup sequence with a typical regressive-transgressive
cycle (Alves and Cunha, 2018; Alves et al., 2020) (Fig. 2.2b).

The drift stage spanned from the Albian to present-day and marks the main phase of
ocean spreading between South America and Africa (Ojeda, 1982; Fiduk et al., 2004; Gamboa,
2011). At this stage, tectonic activity was chiefly associated with thermal subsidence and ma-

rine deposition predominated in the Espirito Santo Basin (Chang et al., 1992; Cainelli and
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Mohriak, 1999). The drift stage comprises two distinct megasequences: an early drift trans-
gressive megasequence and a late drift regressive megasequence (Chang et al., 1992; Cainelli
and Mohriak, 1999). The early drift transgressive megasequence records the deposition of car-
bonate intervals below muddy and sandy turbidites, representing shallow water environments
that deepened upwards until the end of the Cretaceous (Ojeda, 1982; Chang et al., 1992;
Mobhriak et al., 2008; Qin et al., 2016) (Fig. 2.2c). The late drift regressive megasequence was
marked by open marine deposition, reflecting the progressive filling of the Espirito Santo
Basin's continental shelf and slope (Ojeda, 1982; Chang et al., 1992; Mohriak et al., 2008) (Fig.
2.2d). Additionally, intrusive magmas have been recorded by multiple studies in the northern
part of the Espirito Santo Basin, and their origin is associated with mantle plumes or hot spots
migrating from the Brazilian craton, across the rift basins, to oceanic crust (Meisling et al.,
2001; Cobbold et al., 2001; Fiduk et al., 2004). The Abrolhos Plateau, separating the Espirito
Santo Basin from the Cumuruxatiba Basin, was formed between 55 and 40 Ma due to the
movement of the Trindade Hot Spot across the northern Espirito Santo Basin (Fiduk et al.,
2004).

Due to regional extension and continuous subsidence, halokinesis occurred in the study
area in response to differential loading by overburden strata, gravity spreading and downslope
gravity gliding on top of evaporite successions (Demercian et al., 1993; Fiduk et al., 2004).
Significant uplift and tilting of the continental slope have also occurred during the emplacement
of the Abrolhos Plateau, which would have accelerated downslope gravity gliding and thus
explain the large number of deforming structures in the Early Cenozoic (Fiduk et al., 2004).
Halokinesis started straight after the deposition of salt during the Albian and peaked during the
Late Cenozoic (Fiduk et al., 2004; Alves, 2012). It divided the basin into three tectonic domains
with different structural styles: proximal extensional, transitional and distal compressional
(Rouby et al., 2003; Vendeville, 2005; Gamboa et al., 2010; Mohriak et al., 2012; Qin et al.,
2016) (Fig. 2.3). The proximal extensional domain includes salt rollers, salt walls along conju-
gate normal faults, turtle anticlines and rafts (Mohriak et al., 2008). The transitional domain is
characterised by salt diapirs, while the distal compressional domain is dominated by allochtho-
nous salt such as salt canopies and overhangs (Demercian et al., 1993; Davison, 2007). The
location of study area in Chapter 4 is between the transitional and the distal compressional
domains (Fig. 2.3).
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location of study area in Chapter 4 is shown by a black dashed rectangle. Figure modified from Gamboa (2011) and Fiduk et al. (2004).
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2.2.2 Stratigraphy

The stratigraphy of the Espirito Santo Basin can be divided into three groups: the Nativo
Group, Barra Nova Group and Espirito Santo Group in their chronostratigraphic order (Franca
etal., 2007) (Fig. 2.4).

2.2.2.1 The Nativo Group

The Nativo Group is bounded by a regional unconformity to the bottom, separating this unit
from the Pre-Cambrian basement, and is limited to the top by the Barra Nova Group. The Na-
tivo Group consists of the Cricaré and Mariricu Formations, which were deposited from the
Valanginian to the Aptian (Fig. 2.4). The Cricaré Formation can be subdivided into the Jaguaré
and Sernambi Members, while the Mariricu Formation can be subdivided into Mucuri and
Itainas Members. The Nativo Group comprises continental siliciclastic rocks interbedded with
volcaniclastic deposits at its bottom, and thick evaporitic deposits that are mainly composed of
halite and anhydrite at the top of the group (Asmus et al., 1971; Ojeda, 1982; Chang et al.,
1992; Mohriak and Rosendahl, 2003; Franca et al., 2007).

2.2.2.2 The Barra Nova Group

The Barra Nova Group is bounded by Pre-Urucutuca unconformities to its top and con-
sists of Albian to Cenomanian strata deposited over the Itainas Member evaporites (Fig. 2.4).
The Barra Nova Group comprises the Sdo Mateus and Regéncia Formations, which were de-
posited in a proximal marine setting (Sao Mateus Formation) and distal marine environment in
the case of the Regéncia Formation (Franca et al., 2007). The Sdo Mateus Formation includes
sandstones deposited over a succession of shales, siltstones and carbonates, while the Regéncia
Formation comprises relatively thick limestones, carbonate mudstones and wackestones with
ostracods (Asmus et al., 1971; Franca et al., 2007).

2.2.2.3 The Espirito Santo Group

The Espirito Santo Group comprises Cenomanian to Holocene strata deposited over the
Barra Nova Group, and is subdivided into five distinct formations: the Urucutuca, Abrolhos,

Caravelas, Rio Doce and Barreiras Formations. The Urucutuca Formation is composed of
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shales interbedded with conglomerates, limestones and sandstones, later deformed by salt tec-
tonics between the Cenomanian to the Coniacian in the proximal parts of the study area. On
the distal margin, dark shales and sands were deposited during this time (Cainelli and Mohriak,
1999; Franga et al., 2007). The Coniacian-Maastrichtian Urucutuca Formation includes sandy
turbidites at the bottom and significantly shales and sandstones on the proximal margin, whilst
marls were deposited in more distal parts. The volcaniclastic Abrolhos Formation was depos-
ited from the Selandian (Paleocene) to the Bartonian (Eocene), together with thick turbidite
successions in channelised bodies whose geometry and distribution were controlled by
halokinesis (Figueiredo and Mohriak, 1984; Cainelli and Mohriak, 1999; Franca et al., 2007).

The Caravelas Formation was deposited from the Bartonian (Eocene) to the Holocene
and comprises turbidites, calcarenites and calcareous mudstones, all deposited over the sedi-
ments of the Abrolhos Formation and interfingering with the upper part of the Urucutuca and
Rio Doce formations (Alves and Cartwright, 2009). The Rio Doce Formation was also depos-
ited from the Bartonian to the present day, and is formed of sandstones interbedded with shales
and siltstones that interfinger with the Caravelas Formation on the distal margin (Franga et al.,
2007). The Barreiras Formation comprises strata deposited in fluvial and alluvial environments

interfingering with the Rio Doce Formation on the proximal margin (Vieira et al., 1994).

2.2.3 Petroleum systems

The Espirito Santo Basin, as one of the typical salt-bearing basins in SE Brazil, reveals
a vibrant hydrocarbon potential. The first petroleum exploration success in the Espirito Santo
Basin was recorded onshore in 1969, and offshore exploration began in 1974 together with the
adjacent Santos and Campos Basins (Fiduk et al., 2004). For the last two decades, large petro-
leum fields have been discovered in deep water areas of the Espirito Santo Basin, particularly

around salt structures.

2.2.3.1 Source rocks

In the Espirito Santo Basin there are two source rock intervals within syn-rift strata
deposited in different environments. During late Berriasian to middle Barremian, lacustrine
shales containing Type | kerogen were deposited in deep, narrow and asymmetric fresh-water
rift basins. Here, the source potential is higher in the basin axes where several thin high-TOC
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layers are recorded (Fiduk et al., 2004). During middle to late Barremian, widespread thick-
bedded calcareous shales containing Type Il kerogen were deposited in broad, shallow, saline

lacustrine basins, giving rise to the dominant source rock in the basin (Fiduk et al., 2004).

Inside transitional stage strata there are thin black, organic-rich shales associated with
evaporite successions that contain Type Il kerogen. These were deposited in high-salinity, ox-
ygen-poor lagoonal conditions (Estrella et al., 1984; Fiduk et al., 2004). As for the drift strata,
organic-rich shales have been encountered when drilling Cenomanian to Turonian transgres-
sive marine intervals (Fiduk et al., 2004). These sequences contain Type 11l kerogen and have
reached thermal maturity in the Espirito Santo Basin (Cobbold et al., 2001; Gibbs et al., 2003).

2.2.3.2 Reservoir rocks

The main reservoir intervals in the Espirito Santo Basin include Albian carbonates in
the Regéncia Formation, Campanian and Maastrichtian sandstones in the Urucutuca For-
mation, and Cenozoic regressive sandstones in the Urucutuca, Rio Doce and Barreiras For-
mations (Fiduk et al., 2004). The Albian carbonates were deposited over underlying salt and
later formed rafts and large turtle-back structures (Figueiredo and Mohriak, 1984; Cainelli and
Mobhriak, 1999). Campanian and Maastrichtian sandstones are mainly turbidite deposits accu-
mulated in channels, canyons and fan complexes, thought to show the greatest reservoir poten-
tial in deep water areas of the basin (Franga et al., 2007). Cenozoic regressive sandstones were
mainly deposited in slope and deep basin environments, with channelized deposits within sub-
marine canyons, turbidites and basin floor fan deposits comprising the best reservoirs in distal
parts of the Espirito Santo Basin (Vieira et al., 1994; Franca et al., 2007).

2.2.3.3 Seal rocks

As source rocks can be also considered to be useful seal intervals for hydrocarbons, late
Berriasian to Barremian lacustrine shales, Aptian evaporites, and Cenomanian to Turonian ma-
rine shales are the main sealing units in the Espirito Santo Basin. Late Berriasian to Barremian
lacustrine shales are mainly considered as local cap rocks inside the basin axes (Franga et al.,
2007). However, the Aptian evaporites are a regional cap rock due to its low permeability,
significant thickness and wide distribution in basin (Chang et al., 1992; Fiduk et al., 2004).
Cenomanian to Turonian transgressive marine shales can also form competent cap rocks above

the Aptian salt, sealing channel fill and basin floor sandstones (Mohriak and Rosendahl, 2003).
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Fig. 2.4. a) Tectono-stratigraphic chart of the Espirito Santo Basin showing main depositional units and their depositional environments. Four
tectonic evolutionary stages, episodes of magmatism and five megasequences are highlighted in the figure. Figure modified from Mattos and Alves
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2.3 Cleaver Bank High, Southern North Sea

The Cleaver Bank High is an important gas producing area of the Southern North Sea.
It spans ~8000 km? and bounds the Broad Fourteens Basin to the north (Quirk, 1993) (Figs. 2.5
and 2.7). The Cleaver Bank High was first part of a foreland basin during the Variscan orogeny
and was later affected by multiple tectonic episodes (Ziegler, 1990; De Jager, 2007) (Fig. 2.6).
The Zechstein Group decouples the Permian Rotliegend Group below from Triassic-Holocene
strata above (Fig. 2.7; Stewart and Coward, 1995; Ten Veen et al., 2012; Alves and Elliott,
2014). Previous work identified multiple basement fault trends beneath the Zechstein Group,
the main evaporitic unit in the Southern North Sea (Schroot and Haan, 2003; Ligtenberg et al.,
2011).

2.3.1 Tectonic-stratigraphic evolution

2.3.1.1 Upper Palaeozoic

During the Carboniferous, the Cleaver Bank High was located in a foreland position
relative to the Variscan orogen and became the locus of important sedimentation (Limburg
Group; Ziegler, 1990; De Jager, 2007). The Variscan orogeny, as the tectonic event responsible
for the closure of the Proto-Tethys Ocean, imposed a general N-S compressional regime along
northern Europe at the end of the Paleozoic (Devonian and Early Carboniferous; Schroot and
Haan, 2003; Van Ojik et al., 2020). At this time, three different fault trends (E-W, NW-SE and
NE-SW) inherited from older basement weakness zones became active on the Cleaver Bank
High (Schroot and Haan, 2003). At the end of the Carboniferous, tectonic subsidence on the
edges of the Variscan orogen was followed by regional thermal uplift and igneous underplating,
a phenomenon resulting in the erosion of Upper Carboniferous strata (Fattah et al., 2012b). In
some areas, more than 1000 m of the Carboniferous Coal Measures were eroded below a re-
gional Base Permian Unconformity (Quirk, 1993). Older faults were also reactivated in the
latest Carboniferous-Early Permian, forming large-scale NE-SW and NW-SE conjugate sys-
tems (Ziegler, 1990).

Thermal relaxation and regional subsidence predominated on the Cleaver Bank High
after latest Carboniferous-Early Permian tectonics. A succession of aeolian, fluvial sediments
and desert-lake deposits was thus deposited in the Late Permian as part of the Rotliegend Group

(Van Wees et al., 2000; Doornenbal and Stevenson, 2010) and this was subsequently covered
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by evaporites, carbonates and clays in the Zechstein Group, reflecting a period of late crustal
extension and subsidence (Fattah et al., 2012b). On the Cleaver Bank High, tectonic extension
followed a E-W direction during the Permian (Van Ojik et al., 2020).

2.3.1.2 Mesozoic

The Triassic was also marked by E-W extension (Ziegler, 1990) and, consequently, the
Cleaver Bank High recorded at this time the accumulation of silty claystone, minor evaporites,
carbonates and sandstones, all part of the Upper and Lower Germanic Trias Group (Fig. 2.6).
During the Early Jurassic (Early Kimmerian tectonic phase), extension near the study area still
occurred along an E-W direction, and thus controlled the deposition of the Altena Group within
the Broad Fourteens Basin. Halokinesis started at this time, imposing an important structural
decoupling between sub- and supra-salt strata (James, 2003).

Thermal doming and uplift of the Cleaver Bank High occurred in the Middle and Late
Jurassic (Ziegler, 1990; De Jager, 2007). This tectonic phase was associated with continental
rifting and resulting sea-level fall, which caused widespread erosion over structural highs in
the Southern North Sea; the so-called Mid and Late Kimmerian phases (Ziegler, 1990; De
Jager, 2007; Ten Veen et al., 2012). On the Cleaver Bank High, Upper Triassic and Lower
Jurassic strata are completely absent (Quirk, 1993). Sea level rose once again during the Early
Cretaceous and the study area was gradually flooded; therefore, siliciclastic intervals in the
Rijnland Group accumulated over Triassic strata and, locally, the Zechstein Group (Schroot
and Haan, 2003). The main direction of extension was reoriented NE-SW from the Late Kim-

meridgian to the Early Cretaceous (Deckers and van der Voet, 2018).

Regional thermal subsidence prevailed in the Late Cretaceous and a thick succession of
limestones, the Chalk Group, was subsequently deposited (Fattah et al., 2012b). The Alpine
orogeny was initiated in Central Europe at this same time due to convergence of the African
and Arabian plates with Eurasia (De Jager, 2007; Fattah et al., 2012b). This resulted in the
onset of NW-SE tectonic compression on the Cleaver Bank High. Moderate halokinesis oc-
curred due to this same compression, as suggested by the local thinning of the Chalk Group

strata towards salt structures.
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Fig. 2.6. Tectono-stratigraphic chart for the Cleaver Bank High showing main stratigraphic units and formation characteristics (modified from

Harding and Huuse, 2015). Multiple tectonic events and four tectonic evolutionary phases are highlighted in the figure. Main seismic-stratigraphic
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Fig. 2.7. Main structural elements and salt structures in the Dutch sector of the North Sea Basin.
The red polygon shows the location of the 3D seismic volume in Chapters 5 and 6. Note that
Cleaver Bank High documented in this thesis is named as Cleaver Platform on this map pro-
duced by the Geological Survey of the Netherlands. Figure modified from Ten Veen et al.
(2012).
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2.3.1.3 Cenozoic

On the Cleaver Bank High, Cenozoic sediments are unconformable over the Chalk
Group. They consist of clays, silts and fine to coarse sands. Two important inversion episodes
affected the study area during the Paleogene, Mid-Paleogene Pyrenean and Late Paleogene
Savian tectonics. Apatite fission-track data show that the Cleaver Bank High was locally up-
lifted during the Pyrenean inversion (Alberts et al., 1991). In contrast, Savian tectonic inversion
is marked by a broad, regional unconformity separating Paleogene from Neogene strata (Chen,
2016). During the Cenozoic, the main direction of compression remained oriented NW-SE and
reverse faults, thrusts and pop-up structures were locally formed (Van Qjik et al., 2020). In
addition, salt movement occurred in the Eocene-Oligocene, accompanying tectonic inversion
(Glennie, 1997; Harding and Huuse, 2015; Deckers et al., 2022). Major fold structures cored
by salt pillows were initiated or amplified during the multiple Cenozoic tectonic phases occur-
ring during the Cenozoic (Stewart and Coward, 1995; Stewart, 2007; Ten Veen et al., 2012;
Hernandez et al., 2018).

2.3.2 Petroleum systems

Multiple gas plays have been found on the Cleaver Bank High, indicating the existence
of petroleum systems. Produced gas on the Cleaver Bank High constitutes a mixture of wet and
dry gas, which were generated from Westphalian Coal Measures and possibly also from pre-
Westphalian source rocks (Gerling et al., 1999; De Jager, 2007; Fattah et al., 2012a; Fattah et
al., 2012b).

2.3.2.1 Source rock

The Coal Measures of the Carboniferous Limburg Group is regarded as an important
source rock on the Cleaver Bank High. The Westphalian Coal Measures records the deposition
of fluvial-deltaic sediments consisting of clastic rocks interstratified with coal beds (Powell et
al., 2000). Type I1l kerogen is recorded in coal bearing source rocks of the Westphalian Maurits
and Klaverbank formations (Gerling et al., 1999). It started generating gas during the Upper
Triassic, with the increase of gas generation during the Paleogene and the gas generation con-
tinuing in present-day (Fattah et al., 2012a; Fattah et al., 2012b).
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Besides the Westphalian Coal Measures, pre-Westphalian marine deposits (Namurian
and Dinantian) are thought to have contributed to gas accumulations. The Dinantian source
rock in the study area comprises deltaic and coal bearing sediments, with Type 111 kerogen and
a total organic carbon (TOC) ranging from 0.9% to 1.9% (Gerling et al., 1999). Similarly to
the depositional settings in the Dinantian, the Namurian source rocks consist of marine and
deltaic sediments, and include source rocks with Type Il kerogen (Gerling et al., 1999). The
pre-Westphalian source rocks entered the hydrocarbon generation window in the Late Carbon-
iferous, which started producing gas in the Permian (Fattah et al., 2012a; Fattah et al., 2012b).

2.3.2.2 Reservoir rocks

The sand units of the Upper Rotliegend Group and Limburg Group are the main reser-
voir rocks on the Cleaver Bank High (Fattah et al., 2012a). The Slochteren Formation is an
important reservoir formation in the Rotliegend Group, consisting of sandstone-dominated suc-
cession locally containing a considerable proportion of interbedded conglomerates. It was de-
posited in aeolian and fluvial setting, acting as an important reservoir in the southern sector of
the Cleaver Bank High (Fattah et al., 2012a). Comparatively, the Westphalian Hospital Ground
Formation is the main reservoir in Carboniferous strata, consisting of sandstones deposited by

fluvial systems draining sediment from northern sources (De Jager, 2007).

2.3.2.3 Seal rocks

As salt rock is one of the best seal rocks in petroleum geology, the Zechstein evaporite
units covering large parts of the Cleaver Bank High are regarded as a key seal unit (Fattah et
al., 2012a; Fattah et al., 2012b). It includes sediments in repetitive cycles (Z1-Z5 in the Neth-
erlands), which were controlled by the interplay of transgressions from the Arctic and evapo-
ration of seawater in the arid Southern Permian Basin (Taylor, 1998; Peryt et al., 2010). In
addition, clays and evaporites of the Silverpit Formation, inter-Westphalian shales and faults

have also provided important local seals (De Jager and Geluk, 2007).

82



Chapter 3

Data and methods

83



Chapter 3 Data and methods

3 Data and methods

3.1 Introduction

This thesis uses three-dimensional (3D) seismic reflection data correlated with wells to
interpret subsurface geological structures, especially fault families around salt structures. The
interpreted seismic volumes and multiple wells were initially acquired and drilled for hydro-
carbon exploration. These data are now used for research at the 3D Seismic Laboratory, Cardiff
University. This chapter provides the detailed information about the seismic datasets used in
this thesis. Well data used in this thesis are also briefly introduced, helping to establish a robust
chronostratigraphic framework for the interpreted seismic units. Additionally, the general
methodology behind seismic interpretation, volume attributes mapping, structural and stress
analysis is presented here. Specific methods used for different dataset are introduced in Chap-
ters 4, 5 and 6.

3.2 3D Seismic and well data used in this thesis

This thesis focuses on two study areas that are the Espirito Santo Basin, SE Brazil and
the Cleaver Bank High, Southern North Sea. The details of 3D seismic and well data used

herein are summarised below.

3.2.1 Salt minibasin in the Espirito Santo Basin

The interpreted 3D seismic reflection data provided by CGG covers an area of 360 km?
across the Espirito Santo Basin, SE Brazil, at a water depth ranging from 1630 to 2050 m (Fig.
2.1). The seismic volume was acquired with a 6 x 5700 m array of streamers in 2004, and it
was pre-stacked time migrated with a 12.5 x 12.5 m grid line spacing. Seismic data processing
included resampling, spherical divergence corrections and zero-phase conversions, all under-
taken prior to data stacking (Fiduk et al., 2004; Alves, 2012; Ze and Alves, 2016; Piedade and
Alves, 2017). Data are displayed using the European SEG standard for polarity in which a
change in acoustic impedance from low to high is shown as a red seismic reflection, and from
high to low is shown in blue. The seismic volume was processed in the time domain following

a sampling rate of 2 ms, re-sampled at 4 ms, with a dominant frequency of 40 Hz. This resulted
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in a minimum vertical resolution (1/4 of the wavelet frequency, or A/4) ranging from 11 to 19

m at the depth of strata investigated in this work.

Two wells (3-BRSA-1229 and 1-BRSA-1143D) are located in vicinity of the study area
provide gamma-ray, lithology and V, (p-wave velocity) data (Biancardi et al., 2020). Wells 3-
BRSA-1229 and 1-BRSA-1143D have respectively a total depth of 4644 and 6493 m, and both
penetrate strata ranging from the Early Cretaceous to the Pliocene-Pleistocene. Well correla-
tions were also completed to identify lithological variations in the seismic-stratigraphic units
interpreted in this study, and a chronostratigraphic framework was established based on Ze and
Alves (2021) (Fig. 3.1).

3.2.2 Southern margin of the Cleaver Bank High

The seismic data used in this work includes a 3D seismic reflection volume and is lo-
cated at the southern margin of the Cleaver Bank High, Southern North Sea between 53.35°-
53.76°N and 3.81°-3.95°E. It was provided by Rock Rose NL CS5 BV, covering an area of
~2120 km? with an average water depth of 35 m (Fig. 2.5). Inline and crossline spacings of the
seismic data are 25 m, as they have been processed with a 25x25 m bin size. Stratigraphic and
P-wave velocity (Vp) data, obtained from boreholes tied to discrete seismic reflections, reveal
a minimum vertical resolution (A/4) ~40 m below the main salt unit in the study area, and ~12
m in the shallowest Cenozoic strata. The seismic data are zero-phased and displayed using the
European SEG polarity convention, in which an increase in acoustic impedance is shown as a
red seismic reflection, while a decrease in acoustic impedance coincides with black seismic

reflections.

Forty-eight (48) wells are located in the study area, providing Gamma Ray (GR), Li-
thology, Density (RHOB), Sonic (DT) and Bottom-hole temperature (BHT) data. Most wells
penetrate strata ranging from the Carboniferous (Limburg Group) to the Quaternary (North Sea
Group). Well correlations are completed in this study area to identify lithological variations
and establish a chronostratigraphic framework for the interpreted seismic-stratigraphic units
(Fig. 3.2).

85



Data and methods

1-BRSA-1143D

GR(API Vp(m/s)
o ;_)150 Lithology |,000 000

Chapter 3
3-BRSA-1229
GR(AP) [ Litholo Vp(m/s) Seafloor __|
Seafloor 0 ——'150 9 12000———86000)
SF 2080 m —— 2080m  SF2047m
-
Horizon H6 )
Horizon H5 ‘_‘__B_a’si_“ﬂo,cﬂ‘i——"'
Horizon H4
______ . . - BaseEocene ==
Horizon H3 ]
Horizon H2
Horizon H1
Horizon HO — Base Paleocene
3800 m 3800 Top Aptian

Clay Shale Mudstone Marl

~
~

Sandstone Anhydrite  Halite

4100 m=—

2047 m

g nun —l

[+ nun ——p-zmn-S—

— 4100 m

Fig. 3.1. Well profile correlation for Wells 3-BRSA-1229 and 1-BRSA-1143D located near the study area. Chronostratigraphic framework, li-
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3.3 Seismic data interpretation

Seismic data interpretation in this thesis is entirely completed on Schlumberger Petrel
2019. The methods used to interpret faults and horizons in the study area are described below,

and main seismic attributes used to reveal key geological features are also introduced.

3.3.1 Horizon and fault interpretation

A number of seismic reflections were mapped as horizons representing stratigraphic
boundaries in the two study areas. Horizons interpreted in Chapters 4, 5 and 6 were correlated
with industry wells drilled in/around the study areas, and the process that is known as well tie
to seismic has been finished by using check-shot data recorded on wells. Key horizons were
first manually interpreted along the inline and crossline directions, and the spacing chosen to
interpret each horizon varied according to the complexity of specific areas. In the areas with
laterally continuous reflections, the horizons were mapped using a 20- to 10-line spacing. In
the areas of high structural complexity such as those affected by halokinesis, the horizons were

mapped using spacing that ranges from 2 to 5 lines.

Automatic horizon tracking was used to interpret horizons, considering the manually
picked seismic reflections as seed points. The auto-tracking (or auto-picking) option on Petrel
2019 involves the algorithm operation that tracks reflections with similar features in terms of
phase and amplitude in surrounding seismic traces. The 3D auto-tracking is occasionally inter-
rupted by changes in seismic attributes, which could be associated with faults, fluid low and
stratigraphic unconformities. Hence, manual checking and constant edits of the auto tracked
horizons are thus necessary to establish a locally continuous and reliable stratigraphic frame-
work (Hart, 1999).

Faults were interpreted along inlines, crosslines and arbitrary lines, and they were in-
terpreted using different line spacing depending on the nature and complexity of the investi-
gated structures. The line spacing most frequently adopted were 2, 4 and 10, and a tight spacing
is used to provide reliable displacement analyses for selected faults. The number of fault sticks
for each fault varied according to its length, but there are at least three fault sticks for each

interpreted fault.
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3.3.2 Seismic attribute analyses

Volume and surface seismic attributes are used to visualise and constrain interpretations
in three dimensions on structural and stratigraphic studies. A wide variety of seismic attributes
are available in Petrel®, and in this thesis several seismic attributes, especially variance attrib-

ute, were used and were described below.

Variance (or coherence): Variance is a measure of the waveform similarity, recording
how similar a given trace is to its neighbouring trace. Similar traces are mapped as low variance
values, while discontinuities have high variance values (Brown, 2011). The variance attribute
highlights irregularities such as faults, depressions, chaotic pipe interiors and salt walls.

Isochron maps: They are also known as thickness maps, recording the time difference
between two given horizons or surfaces. They are key in this thesis for showing the thickness

variation of seismic units in the study areas.

Ant tracking: It is developed based on the concept of ant colony systems to determine
discontinuities such as faults in 3D seismic data. This attribute uses the principles of swarm
intelligence, which explains the collective behaviour of social insects in finding the shortest
path between the nest and a food by communicating via a chemical substance known as Pher-
omone (Ngeri et al., 2015).

3.4 Well data: Interpretation and data provided

Well data analysis in this thesis mainly includes the well correlation and bottom-hole

temperatures correction, which are described in detail below.

3.4.1 Well correlation profiles

Well correlation is an important process that involves establishing the relationship be-
tween different subsurface rock layers or formation encountered in wells. Two well correlation
profiles are mapped in two study areas (Figs. 3.1 and 3.2), helping to identify the vertical and
lateral extent of various stratigraphic formations. In more detail, well correlation profile in
Chapter 4 was plotted by using two wells, and their complete well profiles were provided by

the Brazil oil company - Petrobras, including lithology and its corresponding Gamma-Ray
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curves. P-wave curve was calculated and plotted by the colleague Cerys Biancardi on Rok-
Doc®, providing the information about rock properties. Later, the stratigraphic boundaries were
identified on wells based on lithology variations, and two wells correlation was finished on
CoreIDRAW®., Similarly, the well correlation profile in Chapters 5 and 6 was mapped by using
four wells, and well data and profiles were available on the websites of Dutch Oil and Gas
portal (DLOG). Finally, the well correlation profile was also finished on CorelDRAW®, help-
ing to establish the chronostratigraphic framework.

3.4.2 Bottom-hole temperatures (BHTS) correction

Bottom-hole temperature recorded on log-headers can be unreliable, but they are often
used to constrain the subsurface thermal regime due to the absence of better-quality data.
Hence, BHTs must be corrected to suggest the real subsurface temperature regime. In this the-
sis, three correction methods provided by ZetaWare, Inc (Corrigan, 2003) were applied, de-
pending on the type of information available. The Horner correction can be used when three of
more self-consistent BHTs from a given depth are available, with this correction involving the
plotting of BTHSs in a given well vs. time (Chapman et al., 1984). Based on a study of 983 BHT
and associated equilibrium temperature estimates (Teq), the Teq uncertainty (1 sigma) using the
Horner correction is £ 8°C (Corrigan, 1997). Time-Since-Circulation corrections are suggested
when time-since-circulation information is available but deemed unsuitable for the Horner cor-
rection (Corrigan, 2003). With the Time-Since-Circulation correction, uncertainty in Teq esti-
mates (1 sigma) is in the order of + 6-12 °C with a post-circulation time of 10 hours, decreasing
to + 3-6°C with a post-circulation time of 30 hours (Corrigan, 2003). When only BHTSs are
available with no time-since-circulation information, a Last-Resort correction is recommended
by simply adding 18°C to the original temperatures (Corrigan, 2003). For the Last-Resort cor-
rection, the expected Teq uncertainty is £ 9°C (Corrigan, 2003). Based on the Teq uncertainty
caused due to three correction methods, the Horner correction for BHTs performs better than
the Time-Since-Circulation correction. The Time-Since-Circulation correction for BHTs has a
lower uncertainty in Teq than the Last-Resort correction. Thus, the Horner correction for BHTS
is chosen over the Time-Since-Circulation correction, and the latter is chosen over the Last-

Resort correction.
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3.5 Structural analyses

After the interpretation of faults on the seismic profiles on Petrel®, faults were imported
into Move® as fault 3D surfaces that consist of fault-point data. These fault-point data were
received by discretising faults interpreted into facets, and time-depth conversions were imple-
mented for these data on Move® (See 3D depth conversion on Move® tutorial). Key fault at-
tributes, including dip, strike and azimuth were calculated on Move® for each fault vertex using
the Attribute Analyser Toolbar. Later, fault surfaces were imported into stress analysis module
for stress modelling. In addition, fault displacement -length, fault displacement-depth and

stress analyses were completed in this thesis.

3.5.1 Fault displacement vs. length and depth analyses

The relationship between maximum displacement (Dmax) and length (L) of a fault trace
provides key insights into the mechanisms of fault initiation, growth and evolution through
time (Watterson, 1986; Walsh and Watterson, 1988; Peacock and Sanderson, 1991; Cowie and
Scholz, 1992a; Kim and Sanderson, 2005). In parallel, the relationship between fault displace-
ment (D) and depth (Z) provides insights into fault reactivation and a fault’s nucleation position
(Mansfield and Cartwright, 1996; Cartwright and Mansfield, 1998; Baudon and Cartwright,
2008a, b). In this thesis, fault displacement was calculated using trigonometry rules to discern
the throw and heave for a fault (Fig. 3.3), considering the fault as a pure dip-slip fault. Throw
and heave were measured at cut-off horizons for selected faults on Petrel®, and the measure-
ment complies with the minimum sampling interval defined in Tao and Alves (2019). The latter
authors proposed that minimum throw/displacement sampling intervals are related to the length
of a fault; sampling intervals should be less than 5% of the fault length when the latter is <
3500 m, or 3% of the fault length when this is > 3500 m (Ze and Alves, 2019). After the meas-
urement, displacement data originally gathered in two-way travel time were converted to me-
ters by using time-depth data. Plots of maximum displacement (Dmax) against length (L) and
depth (2Z) for the selected faults in each study case were then compared to previous published

data for normal, strike-slip and reverse faults (e.g. Kim et al., 2005).
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() Footwall cut-off
@ Hanging-wall cut-off

Fig. 3.3. Seismic example illustrating the technique used to measure the throw and heave by
the difference between footwall (represented by the white dots) and hanging-wall (represented
by black dots) cut-offs. Dip displacement is calculated using trigonometry rules that take into

account the throw and heave of a fault. Figure from Mattos (2017).
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3.5.2 Stress analysis

Stress inversions were applied in Chapters 4 and 5 to estimate palaeostress tensors from
faults interpreted in each study area. Such a method relies on the basic assumption that slip on
each fault plane occurs in the direction of maximum resolved regional shear stress (Pollard et
al., 1993), and was completed using the Stress Analysis Module on Move®. This module is
based on the direct inversion method of Angelier (1990), and uses dip-slip data of the inter-
preted faults, including dip and dip azimuth. It is important to note that stress inversions for the
faults interpreted in this thesis were applied by assuming all interpreted faults as dip-slip faults,
indicating that stress inversion results may not be the true palaeostress state.

Slip tendency and leakage factors computed in Chapter 4 on Move's® Stress Analysis
Module also used the palaeostress azimuths obtained from stress inversions. Normalised leak-
age factors values were calculated, estimating favourable fluid pathways. As the palaeostress
tensors obtained from stress inversion are not those representing the present-day stress regime,
the slip tendency and leakage factor results in Chapter 4 have certain limitations, and do not
fully indicate the most favourable fluid pathways at present. However, they represent the
stresses that generated the interpreted faults, and highlight any changes in the azimuth of such

stresses in time and space.

Slip tendency (Ts) indicates the likelihood of a fault to slip, and is defined as the ratio
of resolved shear (1) to normal stress (on) (Equation 3.3; Morris et al., 1996; Lisle and
Srivastava, 2004). It has no units and ranges from 0 to 1, where higher values indicate a higher
likelihood of a fault to slip. It is dependent on the differential stress ratio and on the orientation
of the fault surface in relation to the orientation of a given stress field. Therefore, the slip ten-

dency can be expressed as:

Ts=v0n Equation 3.1

Leakage factor (L) is a measure of the fluid transmissivity of faults and is defined as
the ratio of pore pressure (Pp) to the difference between normal (on) and shear stresses (t) on a
particular fault surface (Equation 3.4; see stress analysis on Move® tutorial). Normalised leak-
age factor represents the ratio of leakage factor to the maximum value of leakage factor from
a set of faults. Pore pressure used in this study is the normal hydrostatic pressure calculated
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based on the depth at which the fault have first nucleated. Leakage factor determines the like-
lihood of fault-seal failure; the higher the value, the greater the likelihood of a fault to act as a

pathway for fluid. Therefore, the leakage factor can be written as:

L=Py/(on - 1) Equation 3.2
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4 Fault analysis of a salt minibasin offshore Es-

pirito Santo, SE Brazil

4.1 Abstract

High-quality 3D seismic reflection and well data are used to investigate the distribution,
evolution history and significance of tectonic faulting in a salt minibasin offshore Espirito
Santo, SE Brazil. Displacement-length (Dmax-L) plots, displacement-depth (D-Z) plots and
structural maps are compiled to understand the growth history of distinct fault families. Inter-
preted structures include crestal, corridor, listric and keystone faults. Their geometry, orienta-
tion and relative distribution reveal important differences. In detail, listric faults were formed
following a NW to WNW strike, and show multiple bright spots and pockmarks around them.
The strata into which listric faults sole out have similar seismic, lithological and petrophysical
characters to known Cenomanian to Turonian source rocks, which comprise shales and marls
with high gamma-ray values. Low-amplitude to transparent seismic facies further indicate the
presence of ductile, highly likely organic-rich shales and marls. As a result, three evolutionary
stages can be identified: a) Stage 1 is characterised by the formation of NW- or WNW-striking
listric faults, keystone faults and the onset of reactive diapirism; b) Stages 2 and 3 record active
diapirism due to a relative increase in sediment loading, documenting the formation of many
crestal, corridor and keystone faults. Normalised leakage factor analyses reveal keystone faults
to be the most favourable pathways to fluid migrating in the investigated salt minibasin. Con-
versely, listric faults are likely to form barriers and baffles to fluid in their lower parts.

4.2 Introduction

Salt minibasins are small basins, or depressions, surrounded by upwelling salt whose
movement is dependent on the loading of synkinematic strata onto relatively thick evaporite
successions (Jackson and Talbot, 1986; Jackson and Hudec, 2017). This forms a feedback loop
between continuous sedimentation in salt minibasins and halokinesis. Primary and secondary
minibasins are two fundamental types of basins identified in such settings, resting either on

autochthonous or allochthonous salt, or on an equivalent salt weld. Consequently, secondary
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minibasins do not contain the oldest supra-salt stratigraphy that marks the early stages of
halokinesis (Pilcher et al., 2011; Jackson and Hudec, 2017).

An important aspect is that distinct fault families may occur around salt minibasins,
with their geometry, orientation and distribution being closely related to the growth of a mini-
basin per se (Lopez, 1990; Rowan et al., 1999). For example, crestal faults are commonly de-
veloped above salt structures that surround minibasins, and they usually form planar growth
faults rooting into the crests of diapirs, generating symmetric grabens above the latter (Rowan
et al., 1999; van den Berg et al., 2004). In parallel, corridor faults pertain to faults generated
above buried salt pillows, observed to connect discrete, but distant, salt structures. Corridor
faults are often planar and comprise structural corridors that are preferential pathways for fluid
(Mattos and Alves, 2018). Listric faults are another type commonly observed in salt minibasins
(Lopez, 1990; Diegel et al., 1995; Rowan et al., 1999). Their dip becomes gentler with depth,
resulting in their characteristic concave-upwards shape (e.g. Bally et al., 1981; Shelton, 1984;
Imber et al., 2003). The generation of listric faults in salt minibasins is commonly associated
with viscous or ductile layers at depth (Shelton, 1984; Dula Jr, 1991; Imber et al., 2003; Brun
and Mauduit, 2008; Bose and Mitra, 2009) or, instead, local overpressure build-up due to ab-
normal pore pressure gradients in faulted stratigraphic intervals (McNeill et al., 1997; Mandl,
1999; Hillis, 2003; Suppe, 2014; Yuan et al., 2020). Sediment compaction also plays an im-
portant role in forming listric faults, as these must flatten after they are buried by continued
sedimentation, due to sediment compaction (Davison, 1987; Xiao and Suppe, 1989; Cartwright
and Lonergan, 1996; Cartwright and Mansfield, 1998). The development of all these fault fam-
ilies in salt minibasins, especially listric faults, is significant for hydrocarbon exploration, fluid-
flow characterisation and carbon and energy storage, as they can act as effective fluid pathways
or, instead, can form favourable traps for fluid (Rowan et al., 1999; Cox et al., 2001a; Gartrell
etal., 2004).

As a typical salt-bearing basin in SE Brazil, the Espirito Santo Basin comprises multiple
fault families developed in the vicinity of growing salt structures (Fiduk et al., 2004; Mattos
and Alves, 2018). In this same basin, Demercian et al. (1993) and Fiduk et al. (2004) have
related the largest listric faults to tectonic extension accommodated on the proximal parts of
the margin due to gravitational spreading and gliding of overburden rocks over Aptian salt. Ze
and Alves (2016) have shown that relatively small listric faults accommodate strain and stress
on the crests of the salt structures. Ze and Alves (2021) have also revealed the existence of

fluid flow through strata-bound domino faults in vicinity of the study area, whereas Mattos
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(2018) has studied the fault families around salt diapirs to show that fault corridors linking
adjacent salt structures are favourable fluid migration pathways. Nevertheless, little is known
about the distribution and evolution history of different fault families in large areas of SE Bra-
zil, and the South Atlantic region as a whole.

The aim of this work is to investigate the distribution, evolution history and significance
of distinct fault families in a salt minibasin formed in deep-water sectors of the Espirito Santo
Basin (Fig. 2.1). This work will also implement stress analyses to the interpreted fault families
and indicate the potential fluid flow pathways in salt minibasins. In summary, this work ad-

dresses the following research questions:

a) What is the importance of listric faults and their soling out intervals as structures

signing the presence of rheologically weak, muddy successions in salt minibasins?

b) What is the chronology of faulting around salt structures when comparing them to

other fault families in the Espirito Santo Basin?

c) Which of the interpreted fault families is more favourable to form fluid-flow path-

ways in salt minibasins?

4.3 Database and chapter-specific methods

The main data for this chapter is a 3D seismic volume from the offshore Espirito Santo
Basin, SE Brazil, and two wells (3-BRSA-1229 and 1-BRSA-1143D) located near the seismic
volume are also used. For a full description of the seismic and well data, see Section 3.3.1. The
seismic interpretation, well correlation and stress analyses applied in this chapter are described
in Sections 3.4, 3.5 and 3.6 (Fig. 3.1). It is important to note that the vertical extent is delimited
by its bottom boundary at the depth of ~4600 ms. This imposes a limitation on studying salt-
related faults, as a greater depth range would have provided a better opportunity to map salt
structures and sub-salt stratigraphic units, study the spatial and temporal evolution of salt struc-

tures, and analyse the development of sub-salt faults.

The study area comprises a 20 km long, 6 km wide, NE-striking salt minibasin bounded
to the west by two salt diapirs (A and B), and by a salt wall to the east (Fig. 4.1). Eight (8) key
seismic-stratigraphic reflections, including the seafloor, were interpreted every ten lines (125
m) in seismic volume (Fig. 4.2-4.5). Three principal stratigraphic units were defined based on

their internal seismic reflection characters, bounding reflection terminations, and their
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Fig. 4.1. Variance time-slice (Z=-3000 ms two-way time) of the study area highlighting the
four fault families and salt structures interpreted in this Chapter. Red, green, yellow, and blue
lines indicate listric faults (LFs), crestal faults (CFs), corridor faults (CoFs), and keystone faults
(KFs). The seismic profiles shown in Figs. 4.2-4.5 and 4.12 are shown by thin black lines. Eight
representative faults from four fault families, shown with bold lines, were selected to carry out

displacement-depth (D-Z) and displacement-length (Dmax-L) analyses (see Figs. 4.8-4.11).
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relationship with main structural features. Variance time-slices were used to identify relevant

fault families around salt structures (Fig. 4.1).

Eight representative faults from the four interpreted fault families were selected to
compile displacement-length along fault (Dmax-L) and displacement-depth (D-Z) plots, which
were used to evaluate fault growth history in the investigated minibasin. In addition, stress
inversions were completed to estimate the orientation and distribution of palaeostress tensors
responsible for the formation of each fault family observed in the study area, with the exception
of listric faults. Listric and keystone faults were formed under the same stress field in the
minibasin, suggesting that the palaeostress tensors obtained from keystone faults can be applied
to listric faults. Furthermore, slip tendency and leakage factors were also computed to indicate

the likelihood of slip and estimate favourable fluid pathways amongst the four fault families.

4.4 Seismic stratigraphy

4.4.1 Unit 1 (horizons HO to H3)

Unit 1 is the primary seismic interval of interest, comprising a package of low ampli-
tude to transparent seismic reflections somewhat similar to its underlying supra-salt strata
(Figs. 4.2-4.5). The base of Unit 1 is marked by horizon HO, a low-to moderate-amplitude
negative reflection tied to the base of Paleocene strata, whereas the top of Unit 1 is bounded
by a high-amplitude negative reflection defined as horizon H3. Between horizons HO and H3,
two other horizons (H1 and H2) are mapped with moderate-amplitude positive reflections.
These two horizons (H1 and H2) divide Unit 1 into three different sub-units, respectively
named Unit 1a, 1b and 1c. The seismic amplitude of internal reflections in Unit 1a is slightly
higher than in Unit 1b and 1c. Faulting is common inside Unit 1, but most faults do not propa-
gate below its lower boundary (horizon HO). This is likely due to the relatively higher ductility
of strata in Unit 1 when compared to the intervals above and below, a character resulting in
faults terminating at this level. Unit 1 is up to 600 ms thick in the salt minibasin of interest, but

this value decreases slightly towards the flanks of adjacent salt structures (Fig. 4.6).

Unit 1 is composed of shale in its upper part (Unit 1b and 1c¢) and marl in its lower part
(Unit 1a), with varying thickness and relative proportions of shale vs. marl at various locations
(Fig. 3.1). Thin mudstone layers occur as intercalations in the essentially marly Unit 1a. Due

to lithological changes, gamma-ray values reveal significant variations at depth. Unit 1b and
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1c record high gamma-ray values, especially Unit 1c, but they gradually decrease towards the
base of Unit 1b. There is an increase in gamma-ray values from Unit 1a to 1b, and this increase
correlates with the boundary between shale to marl in well data (e.g., well 1-BRSA-1143D;
Fig. 3.1). Unit 1a presents higher gamma-ray values than Units 1b and 1c above, indicating
Unit 1a contains a higher volume of shale than these former. In addition, gamma-ray values
continue to increase below horizon HO towards the top of the Aptian salt, although values in

Unit 1 are similar to the underlying supra-salt strata (Fig. 3.1).

4.4.2 Unit 2 (horizons H3 to H4)

Unit 2 is bounded at its base by horizon H3, and at the top by horizon H4, a moderate-
to high-amplitude positive reflection (Figs. 4.2-4.5). At the middle of Unit 2 there is one high-
amplitude negative reflection that correlates with the base of Eocene strata. This unit comprises
a 200-500 ms thick package, which is the thickest (~500 ms) in the studied salt minibasin (Fig.
4.6). Unit 2 is the thinnest (~200 ms) above the salt diapirs. The unit shows low-amplitude to
transparent seismic reflections in its lower part, but its upper part is marked by moderate-to
high-amplitude seismic reflections. Faulting is common, with most faults propagating upwards

and downwards into Unit 2.

The lithology of Unit 2 is very similar to the interval between horizon H1 and H3 (Unit
1b and 1c), as both are composed of shale. However, Unit 2 does not show marked changes in
lithology and gamma-ray curves remain high and relatively constant (Fig. 3.1).

4.4.3 Unit 3 (horizon H4 to the seafloor)

Unit 3 is bounded at its base by horizon H4, whereas its top coincides with the seafloor.
Its thickness ranges from 400 to 800 ms, and shows low-amplitude to transparent internal re-
flections incised by submarine channels in some areas (Figs. 4.2-4.5). Two other horizons H5
and H6 were interpreted in this unit. Horizon H5 is a high-amplitude positive seismic reflection
tied to the base of the Miocene, which is located two reflections above horizon H4. Horizon
H6 is a high-amplitude positive reflection under another prominent high-amplitude negative
reflection (Figs. 4.2-4.5). Most faults in the study area offset horizons H4 to H6, and many are
truncated on their upper tips by mass-transport deposits (MTDs), which mark the remobilisa-
tion of seafloor strata due to the influence of gravity forces.
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Fig. 4.2. Seismic profiles showing representative crestal faults 1 (CF1) and 2 (CF2) in the study

area. Red bold and black lines represent faults, while other coloured lines mark the different

seismic-stratigraphic horizons interpreted in the study area. The location of the seismic profile

is shown in Fig. 4.1. SF=Seafloor.
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Fig. 4.3. Seismic profiles showing representative corridor faults 1 (CoF1) and 2 (CoF2) in the
study area. Red bold and black lines represent faults, while the other coloured lines mark the
seismic-stratigraphic horizons interpreted in the study area. Bright spots are indicated in the
figure. The location of the seismic profile is shown in Fig. 4.1. SF=Seafloor.
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Fig. 4.4. Seismic profiles showing representative listric fault 1 (LF1) and keystone fault 1

(KF1). Red bold and black lines represent faults, while other coloured lines mark the different
seismic-stratigraphic horizons interpreted in the study area. Bright spots and pockmarks are
indicated in the figure. The location of the seismic profile is shown in Fig. 4.1. SF=Seafloor;
KF=Keystone fault.
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Fig. 4.5. Seismic profiles showing representative listric fault 2 (LF2) and keystone fault 2
(KF2). Red bold and black lines represent faults, while other coloured lines mark the different
seismic-stratigraphic horizons interpreted in the study area. Bright spots and pockmarks are
also indicated in the figure. The location of the seismic profile is shown in Fig. 4.1. SF=Sea-

floor; KF=Keystone fault.
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Unit 3 is mainly composed of clay and shows high, relative constant gamma-ray values
in its lower part, especially between horizons H4 and H6 (Fig. 3.1). Its top part comprises a

large volume of turbidites, which present relative low gamma-ray values.

4.5 Fault families around salt structures

Faults developed in the study area comprise four (4) fault families based on their ge-
ometry, orientation, distribution and relationship with main salt structures: a) crestal faults, b)
corridor faults, c) listric faults, and d) keystone faults (Figs. 4.1 and 4.7). Crestal faults include
radial and concentric faults developed above salt structures. Corridor faults pertain to faults
connecting different salt structures, forming structural corridors that are preferential pathways
for fluid (Mattos and Alves, 2018). Keystone faults were formed in the syncline of the salt
minibasin in the form of antithetic arrays, forming symmetric extensional grabens between
them (Figs. 4.4 and 4.5). Listric faults were also developed in salt minibasins, but their geom-
etries and periods of activity showed significant differences with keystone faults. In this sec-
tion, eight (8) representative faults were selected from the four fault families to compile dis-
placement-length (Dmax-L) and displacement-depth (D-Z) plots (Figs. 4.8-4.11). These data are
used to evaluate the growth history of faults.

4.5.1 Crestal faults

A total of 239 crestal faults were manually mapped over salt diapir A, which is located
in the northern part of the study area (Fig. 4.1). Crestal faults are well developed above this
diapir, offsetting horizons H4 to H6 upwards to a depth just below a near-seafloor MTD (Figs.
4.1 and 4.2). Downwards, they terminate in Unit 1 to form graben structures above diapir A
(Fig. 4.2). Crestal faults strike towards the NNE and have dips over 42° (Figs. 4.6 and 4.7).

Crestal faults 1 (CF1) and 2 (CF2) are respectively 1.5 km and 1.8 km long, N-striking,
but show opposite dips; CF1 dips to the east, while CF2 dips to the west (Fig. 4.2). Their
maximum displacement reaches 135 m and 153 m, respectively (Fig. 4.8). Crestal fault CF1
grew by the lateral linkage of distinct segments, as shown by the rugged profile of its Dmax-L
plot. A prominent linkage point is located around the position of Profile e (Fig. 4.8). It is also

clear from D-Z data that the maximum displacement of CF1 occurs around horizon H3, with a
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Fig. 4.6. TWT structural and isochron maps for representative horizons and intervals in the
study area. a), ), and e) TWT structure of horizons H4, H3, and HO, respectively. b), d), and
f) Isochron maps for intervals between the SF (seafloor) and horizon H4, between horizons H4
and H3, and between horizons H3 and HO.
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Fig. 4.7. Rose diagrams and histograms of strike and dip for each fault family in the study area

plotted by using fault-point data. Crestal faults are predominantly NNE-striking and their dips

range from 22.6° to 58.7°. Corridor faults are NE-striking and their dips vary from 23.8° to

58.2°. Listric faults are mainly NW-striking, but their dips range from 2.3° to 22.9°. Keystone

faults are NW-striking with dips varying from 29.7° to 64.0°. Note the radius value of the rose

diagram is plotted as a ratio of equal area.
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decrease in displacement occurring between horizons H3 and H4 (Fig. 4.8). This suggests fault

reactivation during the deposition of Unit 2.

Crestal fault CF2 is an isolated fault revealing a rugged ‘C’ type in Dmax-L data (Fig.
4.8b). However, similarly to CF1, it shows multiple displacement minima values in its T-Z
plots, implying that it was likely to be formed by dip linkage. The maximum displacement of
CF2 occurs below horizon H3, showing that it first nucleated at this depth (Fig. 4.8). Interest-
ingly, there are marked drops in displacement from 110 m to 32 m around horizon H3 at the
position of profile g (Fig. 4.8g), suggesting that fault reactivation occurred at this level.

4.5.2 Corridor faults

Forty-five (45) corridor faults were recognised in the region between salt diapirs A and
B, in the northwest part of the study area (Fig. 4.1). Corridor faults are NE-striking, with dips
over 39°, and offset strata between horizons H1 to H6 (Figs. 4.3 and 4.7). Some of the largest
corridor faults also offset strata at horizon HO and below (Fig. 4.3). They strike in a similar

direction to the radial faults formed between diapirs A and B (Fig. 4.1).

Corridor faults 1 (CoF1) and 2 (CoF2) were chosen as representative corridor faults in
the study area (Fig. 4.1). They are 2.5 km and 2.2 km long and dip to the northwest, with
displacement maxima of 97 m and 99 m, respectively (Fig. 4.9). CoF1 offsets strata at horizon
H1 and terminates below the near-seafloor MTDs, while CoF2 offsets strata between HO and
H6. Both faults are single, isolated faults, as they have typical ‘C-type’ profiles in Dmax-L plots
(Fig. 4.9). Their displacement maxima mainly occur around horizon H3, indicating they are
likely to nucleate around horizon H3. In addition, both faults record a decrease in displacement
between horizons H3 and H4 (Fig. 4.9). This suggests that fault reactivation occurred at the
level of Unit 2.

4.5.3 Listric faults

Ten (10) listric faults were mapped as NW- to WNW-striking structures dipping to the
northeast (Figs. 4.1, 4.4, 4.5 and 4.6). In plan-view, listric faults are curved, show variable
lengths, and are cross-cut by adjacent faults (Fig. 4.6). On vertical seismic profiles, they are
steep in their upper part but gradually sole out into Unit 1 (Figs. 4.4 and 4.5). Their dip ranges
from 2° to 23° (Fig. 4.7), as they are gentler than the other fault families. Most listric faults are
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growth faults, i.e. they show thickening in strata adjacent to hanging-wall depocenters, a char-
acter that can be used to indicate their relative ages (Childs et al., 2003; Childs et al., 2017).
Listric faults also reveal larger displacements when compared to the other fault families; they
can be interpreted as structures accommodating extension along a NE-SW direction (Figs. 4.6
and 4.10).

Representative listric faults 1 (LF1) and 2 (LF2) are 2.4 km and 3.2 km long, with
displacement maxima of 1254 m and 717 m, respectively (Fig. 4.10). They offset strata be-
tween horizons H4 and H6, soling out in the uppermost part of Unit 1 (Figs. 4.4, 4.5 and 4.10).
Both listric faults are offset by other faults, especially LF1, indicating they were formed earlier
than the faults that offset them. Because of these offsetting faults, LF1 and LF2 show rugged
shapes in their Dmax-L plots (Fig. 4.10). For instance, the marked displacement minima rec-
orded between horizons H3 and H4 in D-Z profiles were likely to be caused by younger faults
offsetting them (Fig. 4.10). Displacement maxima in both LF1 and LF2 are recorded below
horizon H4, implying that the two faults nucleated below the latter horizon (Fig. 4.10). Inter-
estingly, the positions of displacement maxima are recorded close to the listric faults’ lower
tips (Fig. 4.10), indicating they were not formed by the linkage between a steeply dipping fault
and a gently dipping detachment. They nucleated around their lower tips, and propagated up-

wards (with minor downward propagation) to generate their present-day curvature.

4.5.4 Keystone faults

Two-hundred and forty (240) keystone faults were mapped in the salt minibasin of in-
terest, and they offset variable strata spanning horizons HO to H6 (Figs. 4.4 and 4.5). Keystone
faults are mainly NW-striking, relatively steep (>46.8°), with a few NE-striking faults occur-

ring in the southern part of the minibasin (Fig. 4.5).

Keystone faults 1 (KF1) and 2 (KF2) were chosen as representative faults in this work.
They are 1.4 km and 3.1 km long, with displacement maxima of 114 m and 110 m, respectively
(Fig. 4.11). Both faults strike to the NW and dip to the southwest; they are also relatively steep
and offset strata between horizons H1 to H6 (Figs. 4.4 and 4.5). KF1 records a displacement
maximum around horizon H3 (Fig. 4.11), indicating that it first nucleated at this level. There
are also significant displacement minima below horizon H4 (Fig. 4.11f), suggesting KF1 might

have experienced some degree of reactivation at this level. KF2 is formed by lateral segment

110



Chapter 4 Fault analysis of a salt minibasin offshore Espirito Santo

160 CF 1 180 ¢ CF 2
a b
140} 160
£ 100} £ 120F
aE> 80 5 100 F
E g sof
g °r & 60F
A 4P O 40} '
2 i | i i ) i i |
g 300 400 600 800 7000 1200 1400 L 300 500 500 7260 1500 1800
Length (m) Length (m)
Displacement (m) Displacement (m)
22002 —+—32, .2.°.“t°°.'°‘.2.6.4f. 2zoo°.6.4.1.28°.6.°.1?g°.4.0.‘?‘?0.4.0.8.‘?.
2300
2400 R s Fac
2500 ---H4
EZSOO
=y
5 2700
a
2800
2900 s s HS
3000
3100F | vl A
3200 il e H1 3200l
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stratigraphic horizons interpreted in this study.
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linkage as there is significant displacement minima along its striking direction, and this minima
correlate with the linkage points observed in variance time-slices (Fig. 4.1). The maximum
displacement value for KF2 occurs near horizon H2 (Fig. 4.11), implying that it first nucleated

at this level.

4.6 3D visualisation of listric faults and investigated

relationship with specific shale units

Listric faults are well developed in the investigated salt minibasin and their lengths vary
from 1.0 to 7.2 km. They are also observed at different depths in the study area (Figs. 4.4-4.6
and 4.12). It is clear that listric faults developed in the south of the minibasin are deeper when
compared to similar faults to the north (Figs. 4.1-4.3 and 4.12). In addition, growth strata reveal
that listric faults in the south were formed earlier than those in the north. Two listric faults in
the south of the minibasin were developed in Unit 1, with strata thickening in their hanging-
wall depocenters (Fig. 4.12). In contrast, in the north of the minibasin, LF1 and LF2 sole out
at the top interval of Unit 1 (Figs. 4.4 and 4.5), and growth strata indicate they were formed
after the deposition of Unit 1.

A key characteristic is that all listric faults analysed in this work sole out at the level of
Unit 1, a package of low amplitude to transparent seismic reflections (Figs. 4.4, 4.5 and 4.12).
Furthermore, borehole data show that Unit 1 is composed of shale and marl with high gamma-
ray values. Overpressure in Unit 1 is suggested by the existence of large pockmarks close to
the upper tips of listric faults rooting at depth in this unit (Figs. 4.4 and 4.5). In fact, large-scale
pockmarks have been previously considered to indicate the episodic loss of fluid due to over-
pressure build-up in underlying strata (Mller et al., 2018). Additionally, listric faults in the
study area sole out into Unit 1, but they have not offset its lower boundary.

This work interprets the formation of listric faults as related to local overpressure based
on the mechanism proposed by Yuan et al. (2020). This may also explain the fact that listric
faults in the south of minibasin formed earlier and deeper than those in the north, since Unit 1
is deepening to the south and local overpressures were putatively reached earlier in this part of

the investigated salt minibasin when compared to its northern part.
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2.00 -2.00

Fig. 4.12. Seismic profiles highlighting the distribution of listric faults in the study area. Red
bold and black lines represent faults, while other coloured lines mark the different seismic-
stratigraphic horizons interpreted in the study area. Bright spots are indicated in this figure.

The location of the seismic profile is shown in Fig. 4.1. SF=Seafloor.
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4.7 Fluid-flow potential in distinct fault families

To understand the orientation and distribution of the principal palaeostress tensors in
the study area, stress inversions were completed for all interpreted fault families. Stress inver-
sion results for the 534 faults interpreted in the study area show a stress tensor with a sub-
vertical 61 plunging 86.8° along the azimuth of 39.2°. A sub-horizontal 62 plunges —2.1° along
the azimuth of 349.3°, accompanied by 63 plunging —2.5° along the azimuth of 79.4°. However,
as there are more than two preferential strike directions for faults in the study area due to
halokinesis, stress inversions were completed separately for each fault family to obtain their
own principal palaeostress tensors except listric faults (Table 4.1). Listric faults and keystone
faults were formed under the same stress field in minibasin, and most listric faults were offset
by keystone faults, suggesting that the palaeostress tensors obtained from keystone faults can
be applied to listric faults. Stress inversions results were thus used to complement slip tendency

and leakage factor analyses for each fault family (Figs. 4.13 and 4.14).

Slip tendency models reveal marked differences among the four interpreted fault fami-
lies (Fig. 4.13). Keystone faults record the largest average slip tendency (0.65), with values
varying from 0.38 to 0.95 (Fig. 4.13e). In addition, NW-striking keystone faults record signif-
icantly higher slip tendency values than NE-striking keystone faults, meaning that the former
(keystone) faults have the highest probability to slip. Corridor faults show the second largest
average slip tendency (0.63), with ranges in slip tendency similar to keystone faults, from 0.38
to 0.9 (Fig. 4.13c). Crestal faults have lower average slip tendency than corridor faults (0.55),
and values range from 0.3 to 0.83 (Fig. 4.13b). Listric faults become the lowest average slip
tendency (0.15), with values ranging from 0.06 to 0.25 (Fig. 4.13d). These observations suggest

that listric faults have the lowest tendency to slip.

Normalised leakage factors were also calculated based on the stress tensor considered
for each fault family, and they show similar trends to slip tendency (Fig. 4.14). The normalised
leakage factor values for keystone faults mainly range from 0.45 to 0.95 with an average value
of 0.72 (Fig. 4.14e), showing that these faults have the highest probability of conducting fluid
among the four fault families. Corridor and crestal faults record similar average normalised
leakage factor (0.71 and 0.66), with values ranging from 0.45 to 0.94 and 0.33 to 0.91, respec-
tively (Figs. 4.14b and c). Listric faults show the lowest average normalised leakage factor

(0.3), with values ranging from 0.11 to 0.56.
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Number of Gl 62
Faults fault
autts Plunge Azimuth Plunge Azimuth Plunge Azimuth
Total faults
(Including listric 534 86.8 39.2 -2.1 349.3 -2.5 79.4
faults)

Crestal faults 239 88.8 56.0 -0.8 11.5 -0.8 101.5
Corridor faults 45 88.9 78.4 -0.9 43.0 -0.7 133.0
Keystone faults 240 -89.4 88.6 0.4 133.6 0.4 43.6

Table 4.1. Stress inversion values obtained considering the total number of faults and each fault family separately. Results from palaeostress

inversions suggest a sub-vertical o1 and sub-horizontal 3. Note that a negative value of plunge indicates that the plunge is measured below the

reference plane.
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Fig. 4.13. a) Slip tendency analysis for the four fault families in this article considering the
palaeostress tensor obtained separately from each family. b)-e) Slip tendency analysis for

crestal, corridor, listric, and keystone faults.
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Fig. 4.14. a) Normalised leakage factor analysis for the four fault families in this article con-
sidering the palaeostress tensor obtained separately from each family. b)-e) Normalised leakage

factor analysis for crestal, corridor, listric, and keystone faults.
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According to the data described above, keystone faults record the highest values for
slip tendency and normalised leakage factors, and NW-striking keystone faults show larger
values than other directions of keystone faults. Corridor and crestal faults have similar values
for slip tendency and leakage factor. Conversely, listric faults show the lowest values in both
slip tendency and leakage factors. Moreover, the dip and depth of faults significantly influences
the calculated slip tendency and leakage factor values, as high angle and shallow faults record

higher values for both parameters than low angle and deep faults.

4.8 Discussion

4.8.1 Significance of listric faults and their soling out intervals

One of the key questions arising from this study concerns the significance of listric
faults in salt minibasins. As previously mentioned, listric faults sole out in Unit 1, which is
composed of shale and marl with high gamma-ray values in borehole data (Fig. 3.1). In addi-
tion, multiple bright spots, one known indicator of hydrocarbons, are observed in the lower
part of listric faults (Figs. 4.4, 4.5 and 4.12), a character showing that the lower part of listric
faults acts as a barrier or seal to hydrocarbons and other fluids. Large pockmarks are also ob-
served close to the upper tip of listric faults, indicating the existence of local strata overpres-

Sures.

The strata in which listric faults sole out overlies thick salt, indicating that potential
overpressure occurs in supra-salt strata. These overpressures may be caused by dehydration at
smectite-illite transition depths, or by the generation of hydrocarbons from source rocks, both
occurring after specific threshold temperatures are reached (Bruce, 1984). The supra-salt strata
below Unit 1 were deposited in the early-drift stage, and correlate with upper Cretaceous inter-
vals in the Lower Urucutuca Formation. They comprise Cenomanian to Turonian transgressive
marine deposits with Type Il kerogen, capable of producing high-API oil and gas (Mello and
Maxwell, 1990; Fiduk et al., 2004). This kerogen should have reached thermal maturity -
though buried at a relative shallow depth of around 1300-2000m - because a major thermal
pulse in the early to middle Eocene has been recognised on multiple well data from the conti-
nental shelf. This thermal pulse is associated with the emplacement of the Abrolhos volcanic
Plateau (Cobbold et al., 2001; Meisling et al., 2001; Gibbs et al., 2003; Fiduk et al., 2004). Due
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to the presence of bright spots in the lower part of listric faults, this work suggests that over-
pressure in the study area was caused by the cracking of hydrocarbons in Cenomanian to Tu-

ronian strata, which was locally heated due to the high thermal conductivity of underlying salt.

The Lower Urucutuca formation is composed of shale and marl, documenting the high-
est gamma-ray values in the study area (Fig. 3.1). At the same time, it comprises low amplitude
to transparent seismic reflections in seismic data (Figs. 4.2-4.5 and 4.12). The interval into
which listric faults sole out has similar seismic, lithological and petrophysical characters to
Lower Urucutuca strata (Figs. 4.2-4.5 and 4.12). In parallel, the interval in question was de-
posited in an evolving salt minibasin, in which strata is potentially rich in organic carbon due
to its restricted ocean circulation (Dow, 1984; Lopez, 1990). Thus, it is highly likely that listric
fault sole out in ductile, potentially organic-rich shales and marls, though drilled wells crossing
such horizon did not provide total organic carbon (TOC) data. The soling out intervals directly
overlie Lower Urucutuca source rocks deposited in the Cenomanian-Turonian (Cobbold et al.,
2001; Gibbs et al., 2003; Fiduk et al., 2004), suggesting they add to the known source-rock

potential of the Espirito Santo Basin.

4.8.2 Faults as markers of distinct stages of halokinesis

Tectonic faults are one of the most common brittle structures in sedimentary basins. As
part of a typical salt-bearing basin, the formation and evolution of faults in the study area have
been strongly influenced by halokinesis. Three evolutionary stages were identified between
horizon HO and the seafloor, i.e. within the drift stage of the Espirito Santo Basin (Fig. 4.15).

Stage 1 (Paleocene), between seismic horizons HO and H3, is characterised by the
formation of a few NW- or WNW-striking listric faults, keystone faults (Fig. 4.6e), and marks
the onset of diapirism in the study area. Several WNW-striking listric faults revealing signifi-
cant strata thickening in their hanging walls were formed during this stage (Figs. 4.6f and
4.12), and accommodated displacement along a NE-SW direction. At this same time, NW- to
WNW-striking keystone faults were also developed, responding to the establishment of a NE-
SW direction of extension (Fig. 4.6e). However, the activity of salt diapirs and walls was minor
during Stage 1 as only few crestal faults and corridor faults were formed around these same
structures. Corroborating this interpretation, the thickness of strata between horizons HO and
H3 is relatively constant in the study area (Fig. 4.6f), and no significant erosion occurred on

top of salt structures (Fig. 4.15a). This relatively weak halokinesis can be explained by the
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NE-SW direction of extension
Weak halokinesis

Afew NW or
WNW-striking listric and
keystone faults are developed
in the salt minibasin. Few crestal and

corridor faults are also formed at this stage. a)

NE-SW extension with
local NW-SE extension
Intensified halokinesis

and NW-striking keystone faults
are formed. Some crestal faults and NE-
striking corridor faults are formed at this stage. b)

NE-SW extension with
local NW-SE extension
ntensified halokinesis
o~

Most crestal and
NE-striking keystone
faults are developed around salt
structures. NE- and NW- striking keystone

faults are formed in the salt minibasin at this stage. c)
Salt Pre-unit1 Unit1 Unit2 Unit3

Fig. 4.15. Schematic block diagram model of the three evolution stages interpreted in the study
area. a) Stage 1 (Paleocene); b) Stage 2 (Late Paleocene-Early Oligocene); ¢) Stage 3 (Late

Oligocene-Recent).
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absence of significant sediment loading and, as a result, NE-SW extension predominated in the

study area during Stage 1.

Stage 2 (Late Paleocene-Early Oligocene), marked by strata deposited between hori-
zons H3 and H4, records active diapirism as a consequence of enhanced sediment loading over
the salt, and lead to the development of crestal and NE-striking corridor faults (Figs. 4.6¢c and
4.15b). A few NE- and NW-striking keystone faults, plus NW-striking listric faults, were also
developed during this stage (Fig. 4.6¢). Halokinesis was intensified with increasing sediment
loads, with salt diapirs and walls developing by active diapirism. NE-striking corridor faults
started to form at this stage, synchronously with crestal faults (Fig. 4.6¢). In contrast to Stage
1, strata are thicker in salt minibasins (up to 450 m) compared to the units accumulated on top
of salt structures (less than 200 m), proving that significant erosion, or non-deposition, occurred
above the latter (Fig. 4.6d). The development of several NW-striking listric faults and multiple
NW-striking keystone faults still denote a predominant NE-SW direction of extension in the

investigated salt minibasin (Fig. 4.6c).

With continuing halokinesis, the salt underlying the studied minibasins was withdrawn
to feed the surrounding salt diapirs and walls, promoting moderate extension along a NW-SE
direction (Fig. 4.15b). This eventually formed NE-striking faults, which intersected the NW-
striking keystone and listric faults (Fig. 4.6¢). Such a cross-cutting relationship is obvious in
the southern part of the main salt minibasin in the study area, as large volumes of salt were
withdrawn in this region. Conversely, in the northern half of the minibasin there is only one
small salt diapir below horizon H3, leading to the generation of crestal faults with different
strikes (Fig. 4.15b).

Stage 3 (Late Oligocene-Recent), spanning strata between horizon H4 and the seafloor,
is characterised by more intense (active) diapirism due to increased sediment loading, a process
resulting in the formation of multiple crestal faults around salt structures, NE-striking corridor
faults, NW- and NE-striking keystone faults (Fig. 4.6a). These faults present variable geome-
tries, although the main salt minibasin was still controlled by a NE-SW direction of extension,
as NW-striking keystone faults were developed during this stage (Fig. 4.6a). There was also
NW-SE extension in the southern part of the salt minibasin, which led to the generation of the
NE-striking faults that intersect NW-striking keystone faults (Fig. 4.15c). In addition, these
same keystone faults were formed after the listric faults considered in this work, and they offset
the latter in the study area. Later in the evolution of the salt minibasin, a large mass-transport

deposit (MTD) was accumulated near the seafloor due to widespread gravity spreading and
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downslope sediment movement (Figs. 4.2-4.4). MTDs exhibit a high variability in size and
internal character in the study area (Biancardi et al., 2020), and truncate the upper tip of several

faults, especially crestal faults developed above salt diapirs (Fig. 4.2).

4.8.3 Implications for the establishment of favourable fluid path-
ways

Faults can act as effective conduits for fluid in sedimentary basins but, conversely, they
can also locally act as barriers to fluid along fault zones (Cox et al., 2001a; Gartrell et al., 2004).
In practice, it is commonly difficult to determine whether a fault acts as conduit or barrier to
fluid flow, as its sealing competence is influenced by multiple factors such as the lithology of
the strata crossed by the fault, its displacement, fault-gouge geometry, fault geometry in rela-
tion to local stress fields, post-deformation cementation, interactions between fluids and host
rock, and other processes (Caine et al., 1996; Fisher and Knipe, 2001; Koledoye et al., 2003;
Manzocchi et al., 2010). In the study area, four (4) fault families are developed around salt
structures, and it is of great importance to identify and model the favourable pathways for fluid
migrating from deeper strata (e.g. Gartrell et al., 2004; Hovland, 2007; Davison, 2009;
Andresen et al., 2011). Fault and fluid flow mapping can also be helpful to predict geohazards
associated with fluid flow and seafloor leakage such as submarine slope instability, or the sud-
den formation of pockmarks and near-seafloor fluid pipes (Elger et al., 2018; Cartwright et al.,
2021). In this study, a normalised leakage factor was estimated for each of the four fault fami-

lies to provide information about which is the most favourable fluid pathways.

Normalised leakage factors are the highest for keystone faults, ranging from 0.45 to
0.95 for an average value of 0.73 (Fig. 4.14e). Keystone faults are thus highly likely to act as
conduits for fluid. In addition, keystone faults were active during all three evolution stages
considered in this work, propagating into Unit 1 — regarded as a potential source interval. This
means keystone faults are more likely to contribute to the migration of fluid from deeply-buried
source rocks to shallow reservoirs. Corridor and crestal faults show leakage factor values var-
ying from 0.45 to 0.94 and 0.37 to 0.91, respectively, with average values of 0.71 and 0.66
(Fig. 4.14). The leakage factor values for corridor and crestal faults are similar to those of
keystone faults, suggesting they are also likely to act as pathways for fluid. Most of these faults
were formed during Stages 2 and 3 under the effect of active diapirism and have propagated at
different depths, including into Unit 1. They were also developed on top of salt diapirs where
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hydrocarbon tends to accumulate, so the reservoirs close to the upper part of crestal faults and

corridor faults are possible exploration targets.

Listric faults have the lowest normalised leakage factor value ranging from 0.11 to 0.56,
with an average of 0.4, indicating that they are more likely to act as barriers and baffles to fluid.
This character explains the multiple bright spots encountered in the lower part of listric faults.
However, listric faults are usually growth faults in the study area, and were mainly formed
during Stages 1 and 2. They continued to be active for a long period, promoting the leakage of
fluid in their upper parts, and generating large pockmarks above their upper tips. Therefore,
based on the leakage factor data, keystone faults constitute the most favourable fluid pathways
in the study area. Corridor and crestal faults also show potential to form pathways for fluid

flow, but listric faults are likely barriers to fluid, particularly in their lower parts.

4.9 Chapter-specific conclusions

Chapter 4 aimed at understanding the distribution, evolution history and significance of
different fault families in a salt minibasin, and any favourable fluid pathways offshore Espirito

Santo Basin (SE Brazil). The main conclusions of this work can be summarised as follows:

a) Four fault families are identified based on their geometry, orientation, distribution
and relationship with main salt structures. Crestal faults were formed around salt structures
together with radial and concentric faults. Corridor faults were developed among discrete salt
diapirs, linking them through long corridors of oriented, conjugate fault families. Listric and
keystone faults were formed in salt minibasins and were related to important extensional

stresses.

b) The development of listric faults can indicate the existence of subsurface overpres-
sure in strata. Moreover, the intervals into which listric faults sole out comprise soft and ductile
strata, which is highly likely associated with source rocks. These intervals may be added to the
known source-rock potential of a given basin, identifying their depth and relative thickness.

¢) Three fault evolution stages are identified in the study area. Stage 1 records the for-
mation of a few NW- and WNW-striking listric and keystone faults in response to the onset of
reactive diapirism. Stages 2 and 3 mark a shift to active diapirism in the study area promoted
by increasing sediment loading, and lead to the formation of crestal, corridor and keystone

faults.
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d) Normalised leakage factors show that keystone faults are the most favourable fluid
pathways in the study area. Corridor and crestal faults also show potential as pathways for
fluid. Conversely, listric faults are likely barriers and baffles to fluid, particularly in their lower

parts.
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S Palaeostress state around a rising salt diapir

inferred from seismic reflection data

5.1 Abstract

A 3D seismic volume and borehole data from the Dutch North Sea are used to investi-
gate the palaeostress state around a rising salt diapir. The results show radial, polygonal and
keystone faults around the diapir of interest, which are separated into eight zones based on their
geometry, strike and overall distribution. Principal fault families include: a) 400—-3500 m long
radial faults developed in flanking and corner areas of the salt diapir, and known to have ac-
commodated the stretching resulting from its rise, b) 200-1500 m long polygonal faults provid-
ing a record of the stress conditions farther from radial faults, and ¢) 1000-1800 m long key-
stone faults controlled by the rise of a buried salt pillow during Paleogene tectonic inversion.
Stress inversions for 10,401 interpreted faults reveal that the maximum principal palaeostress
(o1) is close to vertical, whereas intermediate and minimum principal palaeostresses (o2 and
03) are sub-horizontal, though variable in their magnitudes and orientations. Palaeostresses in
flanking zones of the salt diapir show marked differences when compared with corner zones,
but the combination of minimum principal palaeostresses from all flanking and corner zones
formed a triangular stress ring around the salt diapir. The width of this stress ring was not only
associated with the rise of the salt diapir, but also largely influenced by adjacent salt structures.
Minimum principal palaeostresses estimated from polygonal fault systems are nearly normal
to the boundary between polygonal and radial faults, implying that the rise of the salt diapir
influenced the stress field in the outer part of its flanks. Stress inversion is shown here as a key
method to understand the palaeostress state around the salt diapirs with triangular geometry
and multiple growth stages, providing insights into their evolving stress states. This work also
has implications to the analysis of salt diapirs, and their adjacent strata, in areas posed for

carbon sequestration, gas storage, and the production of oil and gas.

5.2 Introduction

Salt diapirs are common structures of sedimentary basins in which evaporites are thick,

mobile, and pierce their overburden strata (Jackson and Talbot, 1986; Jackson and Hudec,
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2017). The strata above and flanking salt diapirs are usually deformed, forming arched roofs
crossed by multiple salt-related fault families (Alsop, 1996; Davison et al., 1996; Rowan et al.,
1999; Davison et al., 2000a). The formation and growth of these salt-related faults are
controlled by the stress conditions associated with the salt diapirism per se (Vendeville and
Jackson, 1992b; Carruthers et al., 2013; Wenau and Alves, 2020; Zhang et al., 2022). For in-
stance, radial faults extend outwards from salt diapirs to accommodate the circumferential
stretching of their arched roofs (Jackson et al., 1994; Mandl, 1999; Stewart, 2006; Yin and
Groshong, 2007), whereas keystone faults develop in the hinge zone of salt diapirs and form
symmetric extensional grabens above them (Harding and Lowell, 1979; Rowan et al., 1999;
Alves, 2012).

A significant aspect is that salt-related faults may become favourable fluid flow paths,
or seals, for fluid accumulated in subsurface reservoirs (Davison et al., 2000b; Cox et al.,
2001a; Gartrell et al., 2004). However, boreholes drilled near these reservoirs often record
technical problems, leading to unforeseen costs or even their complete abandonment (Bradley,
1978; Langer and Heusermann, 2001; Dusseault et al., 2004). Most issues occur because rising
salt diapirs impose significant stress perturbations on adjacent strata (Seymour et al., 1993;
Dusseault et al., 2004; Sanz and Dasari, 2010a; van-der-Zee et al., 2011; Nikolinakou et al.,
2014). In recent years, numerical and geomechanical models have been increasingly used to
figure out the stress conditions around salt diapirs, the main motivation for this work being
conventional oil and gas exploration (Luo et al., 2012; Nikolinakou et al., 2012; Nikolinakou
et al., 2014; Teofilo et al., 2018; Hooghvorst et al., 2020), the need to find new options regard-
ing CO2 and H: storage (Chiaramonte et al., 2008; Chang et al., 2011; Ouellet et al., 2011;
Ozarslan, 2012; Maia da Costa et al., 2019), and analyses of seal competence above and within
salt structures regarded as potential and feasible storage sites for compressed air (Warren, 2017;
Gasanzade et al., 2021). Also known from the literature are structural analyses of mining pro-
spects within, or near, halokinetic structures (Davison et al., 1996; Behlau and Mingerzahn,
2001; Van Gent et al., 2011). As key examples of recent work, Hooghvorst et al. (2020) used
3D static geomechanical models to predict stresses around salt diapirs in the Tarfaya Salt Basin,
Morocco. In addition, Lagrangian finite element forward models were used to discern the effect
of deposition and salt movement in local stresses around a hypothetical salt diapir (Nikolinakou
et al., 2014). Finally, 3D geomechanical models of salt structures were deemed useful to map
out 3D stress fields around diapirs with multiple shapes (van-der-Zee et al., 2011). However,

despite all this published work, fault or fracture analyses based on seismic-reflection or outcrop
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data have been sparsely used to reveal the palaeostress state around salt diapirs, though these
approaches may provide more objective results (Quinta et al., 2012; Carruthers et al., 2013).
Only limited seismic interpretative work has so far been focused on understanding the stress
state around circular or sub-circular salt diapirs (e.g. Carruthers et al., 2013). Their study was
focused on two small adjoining salt stocks, each one 2 to 3 km in diameter. In nature, many
salt diapirs are larger than those in Caruthers et al. (2013) and show irregular shapes, so little
is known about the palaeostress state surrounding the great majority of salt diapirs that are not

small or concentric in their shape.

Salt diapirs formed in the Dutch North Sea are often surrounded by laterally extensive
polygonal fault systems in Cenozoic claystone and shale (Cartwright, 2011; Carruthers et al.,
2013). Polygonal faults are regarded as non-tectonic faults, formed by the volumetric contrac-
tion of very fine-grained sediments that compact and dewater during their initial burial
(Cartwright and Lonergan, 1996; Cartwright et al., 2003). Yet, abrupt changes from a typical
polygonal fault pattern to arrays of radial faults are observed around the flanks of diapirs
(Davison et al., 2000b; Stewart, 2006; Stewart, 2007; Carruthers et al., 2013). These radial
faults are formed by the circumferential stretching of strata when the salt diapirs grow (Jackson
et al., 1994; Stewart, 2006; Yin and Groshong, 2007) or via stock widening (‘stem push’), a
mechanism that is capable to reactivate pre-existing radial faults, or form new ones under
changing stress conditions (Coleman et al., 2018). Faults developed around salt diapirs are
therefore capable of providing a relatively accurate record of the stress states associated with
halokinesis (Quinta et al., 2012; Carruthers et al., 2013; Coleman et al., 2018).

Carruthers et al. (2013) applied the geometry of polygonal fault patterns to reconstruct
the evolving stress state of two salt diapirs in the UK Central Graben. Their work was based
on the conclusion that polygonal faults are sensitive to local perturbations in horizontal stresses.
Two possible mechanisms are proposed to explain the position of radial-polygonal fault bound-
aries: (1) the cessation of stretching caused by arching during diapir rise (Davison et al., 2000b;
Carruthers et al., 2013), or (2) the limit of hoop stresses produced by radial loading of the
overburden from a pressurised salt stock (Carruthers et al., 2013).

This work investigates the palaeostress state around a large triangular salt diapir in plan
view on the Cleaver Bank High, around 12.5 km wide, surrounded by polygonal faults. All
seismically resolved faults (10,401 in total) were manually mapped around this salt diapir using
high-quality 3D seismic data. Stress inversions were then applied to reveal the palaeostress

state around the diapir of interest. This work provides insights into the evolving stress state
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around a large rising triangular salt diapir, an approach with implications to the analysis of salt
structures and their adjacent strata in areas posed for carbon, hydrogen and natural gas storage,
as well as the production of subsurface oil and gas. In summary, this work addresses the fol-

lowing research questions:

a) What is the structural evolution history of irregularly shaped salt structures?

b) How does halokinesis control the formation and development of the fault families
surrounding the salt diapir of interest?

c) What are the differences in stress state amongst the different zones surrounding ir-

regularly shaped salt diapirs?

5.3 Database and chapter-specific methods

The main data for this chapter is a 3D seismic volume from the southern margin of the
Cleaver Bank High, Southern North Sea, and seven (7) wells drilled in the study area are also
used (Fig. 5.1). For a full description of the seismic and well data, see section 3.3.2. The seismic
interpretation, well correlation and stress analyses applied in this chapter are described in sec-
tions 3.4, 3.5 and 3.6.

In this work, eight key seismic-stratigraphic horizons are interpreted and correlated
with borehole data, showing the main chronostratigraphic framework (Fig. 3.2). Seven other
seismic horizons are interpreted within the Lower North Sea Group (Figs. 5.2-5.5). In addition,
graphs recording the number of faults offsetting the interpreted seismic horizons are compiled
to identify tier boundaries in polygonal fault systems (Figs. 5.2-5.5). This is because polygonal
fault tiers are generally identified by comparing the polygonal planforms of faults at different
horizons and by analysing the clustering of basal and upper fault tips at specific horizons
(Cartwright and Lonergan, 1996; Carruthers et al., 2013). Thus, plots of the number of faults
intersecting each seismic horizon are useful to identify the positions of each tier and their re-
spective boundaries (Carruthers et al., 2013). In this work, three principal seismic-stratigraphic
units are defined in Cenozoic strata based on the tier boundaries of polygonal fault systems
(horizon H5) and regional stratigraphic unconformities (horizon H9) (Fig. 3.2). Isochron maps
for these three seismic-stratigraphic units, and the Late Cretaceous Chalk Group, are plotted to
understand the growth history of the salt diapir of interest to this study.
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K09-01
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Fig. 5.1. a) Variance map (Z = -1100 ms two-way time) highlighting the location of b), which

is bounded by red polygon. b) Variance time-slice (Z=-1100 ms two-way time) of the study
area, highlighting eight zones and salt structures interpreted in this work. Six flanking or corner
zones are separated by orange dash lines and labelled 1 to 6. Zones where polygonal and key-
stone faults were developed are bounded by red or green lines, which are labelled 7 and 8,
respectively. Boreholes are separately shown by a red cross and circle. The seismic profiles
shown in Figs. 5.2-5.5 and 5.14 are shown by black lines. Ten faults in total from eight zones,
shown with purple lines, were selected for throw-length (Tmax-L) and throw-depth (T-Z) anal-
yses (see Figs. 5.9-5.11).
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The study area comprises a large triangular salt diapir that bounds gas field K09-ab-B
to the west. To this diapir is given the name diapir K09 based on the quadrant of the Southern
North Sea in which it mostly occurs (Fig. 5.1). Diapir K09 is surrounded by three salt with-
drawal basins along its three distinct flanks (Figs. 5.1-5.5). Radial faults are well developed
near diapir K09, with polygonal and keystone faults developed further away from this structure
(Fig. 5.1). Variance time-slices were used to identify the fault families developed around diapir
K09 (Fig. 5.1).

A total of 10,401 faults were manually interpreted every two crosslines/inline (50 m)
around this same diapir (See Appendix A). Fault-point data were obtained by discretising the
faults interpreted on Petrel® into facets, and time-depth conversions were applied to these data
on Move®. Rose diagrams representing the distribution of fault strikes for each zone were plot-
ted using fault-point data on Move®; the radius value of the rose diagrams is plotted as a ratio
of equal area. The mapped faults were used to identify eight zones based on their geometry,
strike and overall distribution (Fig. 5.1; Table 5.1). Additionally, ten faults in total from the
eight zones were selected to compile throw-length (Tmax-L) and throw-depth (T-Z) plots, which
were later used to study the faults’ growth history (Watterson, 1986; Walsh and Watterson,
1988; Cowie and Scholz, 1992a; Kim and Sanderson, 2005; Omosanya et al., 2015; Omosanya,
2020). The criteria of Tao and Alves (2019) was used to record throw data for distinct fault
segments. Tao and Alves (2019) proposed that minimum throw/displacement sampling inter-
vals are related to the length of a fault; sampling intervals should be less than 5% of the fault
length when the latter is < 3500 m, or 3% of the fault length when this length is > 3500 m.

Stress inversions are applied in this work to estimate palaeostress tensors from faults
interpreted in each zone. Ant tracking maps were compiled to highlight changes in the width
of flanking and corner zones around salt diapir K09. Additionally, dip maps for four key hori-

zons were plotted to compare flanking with corner zones.

5.4 Seismic stratigraphy

5.4.1 Unit 1 (horizons HO to H5)

Unit 1 consists of a package with low- to moderate-amplitude internal seismic reflec-
tions (Figs. 5.2-5.5). It is bounded at its base by horizon HO (or Base NL, Lower North Sea

Group), a high-amplitude reflector that correlates with the base of Paleogene strata. Its top is
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bounded by a moderate- to high-amplitude reflector named horizon H5 (Figs. 5.2-5.5). The
thickness of Unit 1 varies between 20 and 470 ms, with strata in the eastern part of the study
area being thicker than in the west (Fig. 5.7). In addition, four seismic reflections were inter-
preted between horizons HO and H5, dividing Unit 1 into five different sub-units.

Unit 1 is composed of clay and shale with moderate gamma-ray values (~50 API), but
low-density values (~1.9 g/cmq) (Fig. 3.2). Faults are common inside Unit 1 but rarely propa-
gate below its base (Figs. 5.2-5.5). This is because the underlying Chalk Group is composed of
chalk and other carbonate rocks that are relatively hard (Rafavich et al., 1984; Ferrill and
Morris, 2008; Ferrill et al., 2017). Conversely, there are multiple faults propagating upwards
into Unit 2 (Figs. 5.2-5.5).

5.4.2 Unit 2 (horizons H5 to HI)

Unit 2 is bounded at its base by horizon H5 and at its top by horizon H9 (or Base NM,
Middle North Sea Group), a low- to moderate-amplitude reflector that correlates with the base
of the Middle North Sea Group (Figs. 5.2-5.5). Three seismic reflections are interpreted be-
tween horizons H5 and H9, dividing Unit 2 into sub-units, 2a to 2d. Sub-units 2a, 2c and 2d
consist of distinct low amplitude or transparent seismic reflections, whereas sub-unit 2b in-
cludes a package of moderate- to high-amplitude seismic reflections (Figs. 5.2-5.5). The thick-
ness of the entire Unit 2 varies from 87 to 540 ms, decreasing towards the flanks of diapir K09
(Fig. 5.7). Unit 2 is also composed of clay and shale with moderate gamma-ray (~50 API) and
low density values (~2.0 g/cm®) (Fig. 3.2). Faulting is ubiquitous in this interval; although a
few faults propagate upwards into Unit 3, most faults terminate near horizon H9 (Figs. 5.2-
5.5).

5.4.3 Unit 3 (horizon H9 to the Seafloor)

The base of Unit 3 coincides with horizon H9, whereas its top is delimited by the
seafloor (Figs. 5.2-5.5). Its thickness ranges from 470 to 860 ms, comprising an interval with
moderate- to high-amplitude seismic reflections. Unit 3 includes the Middle and Upper North
Sea groups, which are separated by horizon Base NU, Upper North Sea group (Figs. 5.2-5.5).
Unit 3 is composed of clay, sandy clay, silty sandstone and sandstone, recording gamma-ray

values of ~60 API in its lower part and low gamma-ray values (~25 API) in its upper part
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Fig. 5.2. Seismic profile across the salt pillow and salt withdrawal basin A highlighting the
presence of keystone faults and radial faults. Eight seismic horizons correlated with well K09-
07 are shown by different colour lines and labels, whereas seven other horizons are shown by
black dash lines and labels. Faults are represented by black or red lines, including keystone
fault 1 (KF1) and radial fault 1 (RF1). Well (K09-07) is shown by a red bold line. Plot on the
right of seismic section highlights the number of faults intersecting different horizons on the
seismic profile. The location of the seismic profile is shown in Fig. 5.1. CU-Chalk Group
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Fig. 5.3. Seismic profile across the salt pillow and salt withdrawal basin C highlighting the
presence of keystone and radial faults. Eight seismic horizons correlated with wells K08-15
and K08-11 are shown by different colour lines and labels, whereas seven other horizons are
shown by black dash lines and labels. Faults are represented by black or red lines, including
radial fault 5 (RF5). Wells K08-15 and K08-11 are shown by red bold lines. A salt weld is
highlighted by two black circles. Plot on the right of seismic section shows the number of faults
intersecting different horizons on the seismic profile. The location of the seismic profile is
shown in Fig. 5.1. CU-Chalk Group
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Fig. 5.4. Seismic profile across salt withdrawal basin B highlighting the presence of radial

faults. Eight seismic horizons are shown by different colour lines and labels, whereas seven
other horizons are shown by black dash lines and labels. Faults are represented by black or red
lines, including radial fault 3 (RF3). A salt weld is highlighted by two black circles. Plot on the
right of seismic section shows the number of faults intersecting different horizons on the seis-
mic profile. The location of the seismic profile is shown in Fig. 5.1. CU-Chalk Group
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Fig. 5.5. Seismic profile across salt withdrawal basin B showing polygonal faults. Eight seismic
horizons correlated with well K12-02 are shown by different colour lines and labels, whereas
seven other horizons are shown by black dash lines and labels. Faults are represented by black
lines. Well K12-02 is shown by a red bold line. A salt weld is shown by two black circles. Plot
on the right of seismic section shows the number of faults intersecting different horizons on
the seismic profile. The location of the seismic profile is shown in Fig. 5.1. CU-Chalk Group
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(Fig. 3.2). A few faults are developed in the Middle North Sea Group, between horizons H9
and NU, but are rarely observed between horizon NU and the seafloor (Upper North Sea Group)
(Figs. 5.2-5.5).

5.5 Salt structures and surrounding fault families

5.5.1 Geometry of salt structures

Diapir K09 is a large triangular diapir in plan view, spanning an area of around 95 km?
at the depth of -1100 ms two-way time (Fig. 5.1). It penetrates Triassic to Holocene strata
overlying large basement faults (Fig. 5.14). Diapir K09 is surrounded by three salt-withdrawal
basins along its north, east and southwest flanks; respectively basins A, B and C (Fig. 5.1). In
this same area, diapir K09 is separated from basin B by a large NE-striking Mesozoic fault
crossing the entire seismic volume (Figs. 2.7 and 5.3), as also shown in Fig. 1 of Ten Veen et
al. (2012).

Basins A to C were mainly developed in the Paleogene, as marked thickening occurs in
the Lower North Sea Group between horizons HO and H9 (Fig. 5.7). On seismic profiles, salt
welds are observed below these basins (Figs. 5.3-5.5). In addition, basin B is wider than basins
A and C, partly because the two latter are limited by other salt structures, not only by diapir
K09 (Figs. 5.6 and 5.7). For instance, basin C is also bounded by the relatively large diapir KO8
to the west, while a S-shape salt pillow developed near the northwest flank of diapir K09,

covering an area of around 38 km? at the depth of -1100 ms two-way time (Fig. 5.1).

5.5.2 Fault families developed around diapir K09

Faults developed near diapir K09 include radial, polygonal and keystone faults (Figs.
5.1 and 5.6). Eight (8) distinct zones are recognised based on the geometry, strike and distri-
bution of such faults (Fig. 5.1). Flanking zones concern the areas where radial faults are
developed along the flanks of diapir K09, with these faults showing similar strikes, particularly
in zones 1, 3 and 5, with average orientations of N182, N107 and N63 (Figs. 5.1 and 5.6).
Comparatively, corner zones comprise radial faults developed around the corners of diapir
K09 (Figs. 5.1 and 5.6). The strike of these radial faults varies as one travels from one flank to
the other, along the diapir corners, as in zones 2, 4 and 6 (Fig. 5.1). In addition, polygonal
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Fig. 5.6. TWT structural and fault maps for four horizons in the study area, highlighting the
variation of faults at different horizons. a), c), €) and g) TWT structure of horizons H7, H5, H3
and H1, respectively. b), d), f) and h) Faults at horizons H7, H5, H3 and H1, respectively.
Faults are shown by black lines in fault maps. Zone where keystone faults were developed are
bounded by green dash lines, and zones where radial and polygonal faults were developed are
separated by a red dash line. The seismic profiles shown in Figs. 5.2-5.5 and 5.14 are shown

by white or blue lines.
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Isochron map for interval HO- Base CU

Diapir K09

Fig. 5.7. Isochron maps for seismic intervals in the study area. a-d) Isochron maps for seismic intervals between horizon HO and Base CU, between
horizons H5 and HO, between horizons H9 and H5, and between the Seafloor and horizon H9. The seismic profiles shown in Figs. 5.2-5.5 and
5.14 are shown by white lines. CU-Chalk Group
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Faults in eight zones Nu;: 111)1‘;: of Main Strike Mean strike Mean dip Dip range
Radial faults in flanking zone 1 938 N-S 181.7 56.1 474 -65.4
Radial faults in corner zone 2 201 SW-NE 136.4 55.5 47.6 - 65.2
Radial faults in flanking zone 3 1248 NW-SE 107.0 57.9 51.1-66.3
Radial faults in corner zone 4 226 SW-NE 355.1 56.7 46.2 - 66.9
Radial faults in flanking zone 5 445 SW-NE 62.6 52.8 47.3-68.1
Radial faults in corner zone 6 192 NW-SE 165.0 54.7 46.3 - 65.0
Polygonal faults (Tier 1) in zone 7 4788 SW-NE 58.4 56.0 48.4-65.2
Polygonal faults (Tier 2) in zone 7 1571 SW-NE 61.4 54.7 473 -64.3
Keystone faults in zone 8 792 SW-NE 152.8 53.3 45.8-63.3

Table 5.1. Summary of fault attributes compiled within the eight zones developed around salt diapir K09.
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faults were developed in zone 7, next to flanking zone 3 (Figs. 5.1 and 5.6). The timing of
formation of radial and polygonal faults is likely to be the same, as they both were constrained
to Paleogene strata (Figs. 5.2-5.5). Keystone faults were formed in zone 8 above the salt pillow,
with strikes parallel to this latter (Figs. 5.1 and 5.6).

5.5.2.1 Radial faults

Radial faults are well developed in the vicinity of diapir K09 (Figs. 5.1 and 5.6). In plan
view, their distribution and number show significant differences with depth, a character asso-
ciated with the growth history of diapir K09 itself (Fig. 5.6). For example, radial faults occur
over a wider area at horizons H3, H5 and H7 when compared to horizon H1 (Fig. 5.6). Their
spacing at the level of horizons H3, H5 and H7 is also broader than at horizon H1 (Fig. 5.6).
The strike and number of radial faults vary in distinct zones (Fig. 5.6; Table 5.1). The strike of
radial faults in flanking zones are clearly oriented when compared with the variably striking of
radial faults in corner zones. Radial faults are near-normal to the flank of diapir K09 in flanking
zones, whereas they are roughly parallel to the direction of its corner bisector in corner zones
(Fig. 5.8). Furthermore, the number of flanking radial faults is usually greater than corner radial
faults (Table 5.1).

In seismic data, most radial faults are similar to polygonal faults, i.e., they are restricted
to shale or clay intervals in the Lower North Sea Group (Figs. 5.2-5.5). However, plots of the
number of radial faults at each seismic horizon show important differences when compared to
polygonal faults (Figs. 5.2-5.5). In the study area, radial faults are not tier bounded as polygonal
faults are. Radial faults have also different length, throw and spacing values when compared
to polygonal faults. The length of radial faults ranges from 400 to 3500 m, and throws vary
from 9 to 45 m. The spacing of radial faults varies from 10 to 140 m, values that are larger than

those of polygonal faults (Fig. 5.6).

Six radial faults were selected to compile throw-length (Tmax-L) and throw-depth (T-2)
plots; radial fault 1 (RF1) to radial fault 6 (RF6) (Fig. 5.9). RF1, RF3 and RF5 are 800, 2080
and 1020 m long, respectively dipping to the W, NNE, and SE (Fig. 5.1). RF1 was formed by
the lateral propagation and linkage of fault segments, as distinct throw minima are shown in
the Tmax-L plot in Fig. 5.10a. In contrast, RF3 and RF5 are isolated faults as shown by their
rugged curve profiles, which reveal the highest throw near their centre but the lowest throw at

their lateral tips (Figs. 5.9k and u). The maximum throw of RF1 occurs near horizon H5, while
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throw maxima for RF3 and RF5 occur around horizon H6. Multiple throw minima are observed

on their T-Z plots, suggesting they were likely to be formed by dip linkage (Fig. 5.9).

Corner radial faults RF2, RF4 and RF6 are 1104, 1700 and 875 m long, dipping respec-
tively to the SE, SE, and NNE (Fig. 5.1). RF2 is an isolated fault, showing a rugged curve
profile that shows the highest throw near the center position of RF2 but the lowest throw at
both sides in Tmax-L data (Fig. 5.9b). RF4 and RF6 were formed by the lateral propagation and
linkage of fault segments, as distinct throw minima are shown in their Tmax-L plots (Fig. 5.91
and 5.9v). The maximum throw of RF2 occurs near horizon H3, while throw maxima for RF2
and RF3 occur around horizon H6. Similarly to RF1, RF3 and RF5, multiple throw minima in

T-Z plots suggest they were likely to be formed by dip linkage (Fig. 5.9).

5.5.2.2 Polygonal faults

Polygonal fault systems are typically characterised by their geometric planforms, which
are often restricted to specific tiers (Cartwright, 1994). In the study area distinct polygonal
planforms are observed in basin B within shale or clay intervals of the Lower North Sea Group
(Figs. 5.1 and 5.6). The area occupied by the polygonal faults changes with depth (Figs. 5.6
and 5.13), reflecting variations in the span of radial faults during the rise of diapir K09. In
addition, plots recording the number of faults intersecting each seismic horizon show minimum
values (curve minima) in horizons HO, H5 and H9, whereas maximum values (curve maxima)
are recorded in horizons H3 and H6 (Fig. 5.5). This reveals the presence of two distinct polyg-
onal fault tiers in the study area; Tier 1 occurs between horizons HO and H5, while Tier 2 spans
the interval between horizons H5 and H9 (Fig. 5.5). The boundary between Tiers 1 and 2 is
located at horizon H5, where most faults tip out, though a few polygonal faults are linked across
this same horizon (Fig. 5.5).

A total of 4,788 polygonal faults were interpreted in Tier 1, and 1,571 polygonal faults
were interpreted in Tier 2 (Table 5.1). The thickness of Tiers 1 and 2 is around 500 and 450 m,
respectively (Fig. 5.7). Polygonal faults in Tier 1 are shorter than those in Tier 2, ranging from
200 to 1200 m (Tier 1) and 350 to 1500 m (Tier 2). Fault throws in Tier 1 are similar to Tier 2,
varying from 5 to 35 m. In parallel, polygonal faults in Tier 1 are formed closer than in Tier 2,
with their spacing ranging from 140 to 400 m in Tier 1 and from 300 to 500 m in Tier 2. In
addition, polygonal faults in Tiers 1 and 2 are aligned, although appearing to be randomly

distributed on the structural maps in Fig. 5.6.
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Polygonal faults in Tier 1 strike to the NE, mainly from NO to N60, and their dips range
from 48.4° to 65.2° (Fig. 5.8h; Table 5.1). Similarly, polygonal faults in Tier 2 also strike to
the NE, mainly from NO to N60, and their dips range from 47.3° to 64.3° (Fig. 5.8i; Table 5.1).
This indicates that polygonal faults were influenced by the stress field surrounding diapir K09,
which promoted their preferential alignment. However, this surrounding stress field did not
significantly change when polygonal faults were formed as they show similar strikes across
horizon H5 in both Tiers 1 and 2 (Figs. 5.8h and 1).

Two polygonal faults were selected to compile throw-length (Tmax-L) and throw-depth
(T-2) plots, polygonal fault 1 (PF1) and 2 (PF2) (Fig. 5.10). PF1 and PF2 are 1260 m and 830
m long, dipping respectively to the SE and NNE (Fig. 5.10). PF1 is an isolated fault, showing
a rugged curve profile with its maximum throw value near the centre of PF1. Throw minima
occur near its lateral tips, though its eastern half is intersected by another fault (Fig. 5.10a).
PF2 grew via the lateral propagation and linkage of fault segments, as distinct throw minima
occur in Tmax-L data between the positions of profiles i and j (Fig. 5.10b). PF1 offsets strata
between horizons H1 and H9, while PF2 offsets strata between horizons H1 and H7.

Throw maxima in PF1 occur just below horizon H3, suggesting it probably first nucle-
ated at this depth (Fig. 5.10). Interestingly, multiple throw minima are observed on the T-Z
profiles of PF1 (Figs. 5.10c, d and e), suggesting it was formed by dip linkage. The throw
maxima of PF2 occurs around horizon H4, indicating it nucleated around this horizon (Fig.
5.10). Multiple throw minima are also observed in T-Z data for PF2 (Figs. 5.10g-j), also sug-
gesting it was formed by dip linkage. Throw minima occur around horizon H5, which separates
Tiers 1 and 2 (Figs. 5.10d, e and j). This implies PF1 and PF2 were formed by the linkage of

polygonal faults growing separately in both tiers.

5.5.2.3 Keystone faults

Keystone faults were developed above a salt pillow next to flanking zone 1 and corner
zone 6 (Fig. 5.1). In plan view, their strikes are parallel to the salt pillow, i.e., NNE to NE with
an average N153 strike (Fig. 5.1; Table 5.1). Their length ranges from 1000 to 1800 m, while
throws vary from 5 to 40 m. The number of keystone faults is greater at horizons H1 and H5
than near horizons H3 and H7, which are ~500 and ~390 in former and ~260 and ~230 in latter,
respectively (Fig. 5.6). Consequently, keystone faults’ spacing at horizons HI and H5 is much

smaller than at horizons H3 and H7 (Fig. 5.6). On seismic profiles, keystone faults form small
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Fig. 5.8. Rose diagrams showing the strike of faults in each interpreted zone, plotted using
fault-point data. a) Radial faults in flanking zone 1. b) Radial faults in corner zone 2. ¢) Radial
faults in flanking zone 3. d) Radial faults in corner zone 4. e) Radial faults in flanking zone 5.
f) Radial faults in corner zone 6. g) Polygonal faults (Tier 1) in zone 7; h) Polygonal faults
(Tier 2) in zone 7; i) Keystone faults in zone 8. Note that the radius value of the rose diagram

is plotted as a ratio of equal area.

Fig. 5.9. (Next page) Throw-length along fault (Tmax-L) and throw-depth (T-Z) plots for radial
fault 1 (RF1) to radial fault 6 (RF6), which are shown in Figs. 5.1 and 5.2-5.4. The vertical
dashed lines c-j, m-t and w-ad in the Tmax-L plots above indicate the location of the T-Z plots.

Dashed lines mark the seismic-stratigraphic horizons interpreted in this study.
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Fig. 5.10. Throw-length along fault (Tmax-L) and throw-depth (T-Z) plots for polygonal faults 1 (PF1) and 2 (PF1), which are shown in Figs. 5.1
and 5.13. The vertical dashed lines c-j in the Tmax-L plots above indicate the location of the T-Z plots. Dashed lines mark the seismic-stratigraphic

horizons interpreted in this study.
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Fig. 5.11. Throw-length along fault (Tmax-L) and throw-depth (T-Z) plots for keystone faults 1 (KF1) and 2 (KF2), as shown in Figs. 5.1 and 5.2.
The vertical dashed lines c-j in the Tmax-L plots above indicate the location of the T-Z plots. Dashed lines mark the seismic-stratigraphic horizons

interpreted in this study.

150



Chapter 5 Palaeostress state around a rising salt diapir

symmetric grabens above a salt pillow (Figs. 5.2 and 5.3). Fault dips range from 45.8° to 63.3°,
for a mean dip of 53.3°. Most keystone faults are restricted to the relatively muddier Lower

North Sea Group, though a few propagate into the Middle North Sea Group (Figs. 5.2 and 5.3).

Two NE- and N-striking keystone faults were selected to compile throw-length (Tmax-
L) and throw-depth (T-Z) plots, keystone fault 1 (KF1) and 2 (KF2) (Fig. 5.1). They are 1280
and 1760 m long, and dip respectively to the NEE and NW (Fig. 5.1). Both are isolated faults,
as they have rugged curve profiles that show the highest throw near the centre but the lowest
throw at the fault tips in Tmax-L data (Figs. 5.11a and b). Fault KF1 offsets the strata between
horizons HO and H9, while KF2 offsets strata between horizons HO and NU (Upper North Sea
Group). The upper part of KF1 is bounded by horizons H8 or H9, while the upper part of KF2
is limited by horizon NU. Both faults record throw maxima near horizon H6 (Fig. 5.11), indi-
cating they probably first nucleated at this horizon. Multiple throw minima are visible on T-Z

plots, implying they were formed by the dip linkage of distinct fault segments (Fig. 5.11).

5.6 Stress inversion for faults developed around dia-
pir K09

Radial faults around salt diapirs can be useful to understand the orientation of principal
palaeostress tensors (e.g. Quinta et al., 2012). Radial faults are ubiquitous around diapir K09
and can be divided into six zones based on their geometry, orientation and distribution (Fig.
5.1). In parallel, polygonal faults are aligned (Figs. 5.8h and i), indicating they have been in-
fluenced by the superposition of regional and local stresses. As local stresses in the study area
were mainly caused by the rise of diapir K09, stress inversions for these polygonal faults pro-
vide useful data to understand the stress state around the diapir of interest, though polygonal
faults are regarded as non-tectonic faults. Considering polygonal faults occur in two distinct
tiers, palaeostress conditions were inverted separately for each tier, i.e. for 4788 faults in Tier
1and 1571 faults in Tier 2 (Fig. 5.12; Table 5.2). Stress inversions were also applied to the 792
keystone faults mapped close to diapir K09 (Fig. 5.12; Table 5.2).

The results of stress inversion show that maximum principal stress tensors (c1) are
nearly vertical in all eight zones (Table 5.2). Accordingly, intermediate (c2) and minimum (o3)
principal stress tensors are nearly horizontal (Table 5.2). It is important to note that the mini-

mum principal stresses obtained from all flanking and corner zones form a triangular stress
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ring around diapir K09 (Fig. 5.12). The width of this stress ring correlates with the width of
flanking or corner zones developed around the diapir, but with marked variations. Also, the
width of flanking and corner zones developed around diapir K09 varies with depth (Figs. 5.6
and 5.13). For instance, the width of flanking zone 3 is around 2.2 km near horizon 1 (Fig.
5.6h), but increases to around 4.4 and 3.3 km at horizons H3, H5 and H7, respectively (Figs.
5.6b, d and f). The width of flanking and corner zones is also different among the six zones
(Figs. 5.6 and 5.13), a character that is mainly associated with presence of adjacent salt struc-
tures. For example, flanking zones 1 and 5 are wider than flanking zone 3 at different depths
(Fig. 5.13). In addition, minimum principal stresses obtained from radial faults in zones 1, 3
and 5 are parallel to the flanks of diapir K09 (Fig. 5.12). Conversely, minimum principal
stresses obtained from corner zones 2, 4 and 6 are normal to the directions of its corner bisector
(Fig. 5.12). Interestingly, the minimum principal stresses obtained from the two tiers of polyg-
onal faults have similar directions, and they are nearly normal to the boundary between the
polygonal and radial faults (Fig. 5.12). Finally, the minimum principal stresses estimated from

keystone faults are near-normal to the strike of their underlying salt pillow (Fig. 5.12).

5.7 Discussion

5.7.1 Structural evolution of salt structures

As the largest salt structure in the study area, diapir K09 has experienced several phases
of growth since the Late Permian. Halokinesis first occurred from Middle Triassic to Early
Cretaceous, as indicated by thinning of strata between the top salt and CU horizons towards
the flanks of the diapir (Figs. 5.7 and 5.14). The precise time for the onset of halokinesis is not
clear due to the large depositional hiatus spanning part of the Triassic and the whole of Jurassic
strata on the Cleaver Bank High, a character resulting from Mid and Late Kimmerian erosion
(Remmelts, 1995). Halokinesis, nonetheless, also occurred during the Late Cretaceous, as
shown by the thinning of the Chalk Group towards the diapir (Figs. 5.14 and 5.15). This
halokinesis likely responded to active diapirism driven by Late Cretaceous tectonic inversion
(Laramide Inversion; De Jager, 2007; Fattah et al., 2012b; Harding and Huuse, 2015). Over-
burden loading was probably a secondary process driving halokinesis at this time, and was in
great part promoted by the presence of a relatively thick (1300 m) Chalk Group (see well K09-
01).
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G1 G2 63

Faults in eight zones
Plunge Azimuth Plunge Azimuth Plunge Azimuth

Radial faults in flanking zone 1 -87.4 89.6 0.2 174.4 2.6 84.4
Radial faults in corner zone 2 87.9 51.9 -2.0 33.2 -0.7 123.2
Radial faults in flanking zone 3 -86.0 199.7 -0.8 301.0 -4.0 31.1
Radial faults in corner zone 4 87.8 183.5 2.0 30.6 -1.0 120.5
Radial faults in flanking zone 5 -84.2 136.9 0.6 53.3 5.8 143.3
Radial faults in corner zone 6 -88.6 103.6 1.4 114.6 -0.3 204.6
Polygonal faults (Tier 1) in zone 7 88.3 356.9 -1.4 29.6 0.9 119.6
Polygonal faults (Tier 2) in zone 7 88.5 8.0 -1.4 28.4 0.5 118.3
Keystone faults in zone 8 88.9 358.4 -1.0 20.8 0.4 110.8

Table 5.2. Principal palaeostress tensors obtained from stress inversions in the eight zones developed around salt diapir K09. Results show o1 is
nearly vertical, whereas o2 and o2 are sub-horizontal. Note that a negative value of plunge indicates that the plunge is measured below the refer-

ence plane.
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Fig. 5.12. Variance time-slice (Z= -1100 ms two-way time) showing the minimum principal palacostress tensors (o3) obtained from stress inver-
sions for each zone. The direction of minimum principal palaeostress for each zone is highlighted by blue arrows. Six flanking or corner zones are
separated by orange dash lines and labelled 1 to 6. Zones where polygonal and keystone faults were developed are bounded by red or green lines,

which are labelled 7 and 8, respectively. The seismic profiles shown in Figs. 5.2-5.5 and 5.14 are shown by black lines.
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Fig. 5.13. Ant tracking maps at different depths in the study area, showing the width change of flanking and corner zones around salt diapir K09
with depth. Contour lines developed around diapir K09 indicates the areas in which strata are more folded and rarely crossed by faults. Six flanking
or corner zones are separated by orange dash lines. The zones where polygonal and keystone faults were developed are bounded by red or green
lines. a-d) Ant tracking maps at -500, -800, -1100 and -1400 ms, respectively. The seismic profiles shown in Figs. 5.2-5.5 and 5.14 are shown by
black lines.
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Diapir K09 continued its growth in the Paleogene, forming three salt-withdrawal basins
around its flanks (Figs. 5.14 and 5.15). Significant halokinesis occurred between the Eocene
and Oligocene in association with Pyrenean tectonic inversion (Harding and Huuse, 2015),
indicating the occurrence of active diapirism. It generated an angular unconformity between
the Lower and the Middle North Sea Groups (Horizon H9) (Figs. 5.14 and 5.15). It also caused
local stress perturbations around diapir KO9 during its rise, resulting in the alignment of adja-
cent polygonal faults (Fig. 5.8), and suggesting that diapir KO9 was at or near the surface at
this time (Fig. 5.15¢).

Important halokinesis driven by active diapirism also occurred in the Oligocene and
Miocene in association with Savian tectonic inversion, as revealed by the angular unconformity
separating Paleogene from Neogene strata at the base of the Upper North Sea Group (Fig. 5.14).
At this time, the three salt-withdrawal basins in the study area became shallower, denoting the
gradual burial of diapir K09 (Figs. 5.2, 5.3, 5.14 and 5.15). With increasing deposition, diapir
K09 was gradually covered by Neogene strata. It nevertheless continued to grow due to active
diapirism in the Late Neocene and Quaternary, leading to important thinning of the Upper
North Sea Group (Figs. 5.14 and 5.15a).

The triangular shape, in plan view, of diapir K09 is attributed to the existence of a large
NE-striking Mesozoic fault zone and adjacent salt-withdrawal basins (Fig. 5.14). A large NE-
striking fault zone controlled the morphology of the eastern flank of diapir KO9 during the
Mesozoic. With the later (Cenozoic) rise of diapir KO9 and adjacent salt structures, its north
and southwest flanks were formed due to the development of salt-withdrawal basins A and C.
This also explains why the east flank of diapir K09 is less curved than its north and southwest
flanks (Fig. 5.13).

As for the salt pillow in the study area, it was formed during Late Cretaceous tectonic
inversion (Figs. 5.14 and 5.15), as suggested by the fact that the Chalk Group is relatively thin
above this pillow. The salt pillow continued growing during the Paleogene, resulting in the
further thinning of Lower North Sea Group above it (Figs. 5.14 and 5.15).

5.7.2 A model explaining how halokinesis controlled the formation

and development of surrounding fault families

Halokinesis exerts an important control on the fault families surrounding diapir K09,
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Fig. 5.14. Seismic profile across salt diapir KO9 highlighting the thinning of strata towards it.
Eight seismic horizons correlated with wells K08-02 and K09-01 are shown by different colour
lines and labels, whereas seven other horizons are shown by black dash lines and labels. Faults
are represented by black or red lines, including polygonal fault 1 (PF1). Wells K08-02 and
K09-01 are shown by red bold lines. A salt weld is shown by two black circles. Plot on the
right of seismic section shows the number of faults intersecting different horizons on the seis-
mic profile. The location of the seismic profile is shown in Fig. 5.1. CU-Chalk Group
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including on their geometries and strikes. In the study area, faults are well developed in Paleo-
gene clay or shale, but their geometry, orientation and spacing show marked differences with
depth (Fig. 5.6). Faults developed around diapir K09 have also experienced multiple evolution
stages. This work suggests that halokinesis controlled the formation and growth of the inter-

preted fault families in three distinct stages (Fig. 5.15).

Stage 1, represented by the interval between horizons HO and H5, records important
halokinesis due to an increase in the thickness of sediment loading the salt-withdrawal basins
surrounding diapir K09 (Fig. 5.15c). At the start of Stage 1, between horizons HO and H2,
halokinesis was moderate as limited Paleogene strata were deposited around diapir K09. Po-
lygonal faulting predominated at this time, covering a large area of salt-withdrawal basin B and
parts of salt-withdrawal basins A and C (Figs. 5.6g and h). These polygonal faults were ran-
domly distributed in terms of their locations and strikes at this stage, but closely spaced and
with small throws. Radial faults were limited to a small area near diapir K09, particularly within
salt-withdrawal basin B (Figs. 5.6g and h). This basin was at this time only bounded by diapir
K09, a character resulting in limited stretching during the rise of this salt structure (Figs. 5.1
and 5.6). Comparatively, salt-withdrawal basins A and C were also bounded by other salt
structures; stretching associated with the rise of diapir KO9 and adjacent salt structures affected

a relatively large area in the two latter basins (Figs. 5.1 and 5.6).

Halokinesis was intensified between horizons H2 and H5 due to the deposition of in-
creasing volumes of sediment around diapir K09. Thinning of strata is observed towards diapir
K09 at a level between the two latter horizons (Fig. 5.14). Radial faults spanned a relatively
wide area at this time as stretching produced by the rise of diapir K09 was also intensified
(Figs. 5.6¢-f). Some of these radial faults started to link with polygonal faults, as suggested by
their T-Z plots, proving that radial faults were formed by distinct dip linkage of segments (Fig.
5.9). Comparatively, polygonal faults were limited to the eastern part of basin B (Figs. 5.6e
and f). In addition, the length and spacing of polygonal faults were enhanced at the level of
horizon H5 (Figs. 5.6e and f), where polygonal planforms are clearly observed (Figs. 5.6¢ and
d). Polygonal faults in Tier 1 were aligned to the NE (Figs. 5.6e, 5.6f and 5.8h), a direction

related to NW-SE extension caused by underlying salt withdrawal towards diapir K09.

Stage 2, represented by strata and structures between horizons H5 and H9, records sig-
nificant halokinesis — likely due to the combined effect of Pyrenean tectonic inversion and
sediment loading (Harding and Huuse, 2015) (Fig. 5.15b). Radial faults were developed in a

relatively small area, and their number sharply decreased at this stage, likely due to the rapid
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rise of diapir K09, which facilitated the folding of clayey and shaley strata adjacent to this
structure, but inhibited the development of radial faults (Figs. 5.14 and 5.15) (e.g. Alsop et al.,
2000). Moreover, the increase in overburden loading around diapir K09 resulted in a slight
decrease in the width of the flanking and corner zones, as overburden loading controls the
lateral limit of hoop stresses around salt diapirs (Carruthers et al., 2013). Hence, fewer radial
faults were developed during Stage 2 when compared to Stage 1, while radial faults were de-
veloped in a smaller area. Radial faults were also linked to other faults in greater numbers,
forming linked structures during Stage 2 (Fig. 5.4). These large radial faults offset horizons HO
to H9, with throw minima occurring near horizon H9 (Fig. 5.9). These throw minima suggest
their upper tips are truncated by horizon 9, the regional unconformity associated with the Pyr-

enean inversion episode.

Similarly to Stage 1, polygonal faults were developed in the eastern part of basin B, and
their number is higher at horizon H7 compared to horizons H3 and H5 (Fig. 5.6a and b). This
is because many polygonal faults in Tier 2 crosscut horizon H7. Additionally, several polygo-
nal faults were dip-linked with other polygonal faults, as shown by their T-Z plots (Fig. 5.10).
During Stage 2, Polygonal faults in Tier 2 were also aligned to the NE due to halokinesis.
Finally, keystone faults were developed above the salt pillow during this stage, accompanying
Pyrenean tectonic inversion, and agreeing with the observation that most keystone faults are
bounded by horizon H9. Keystone faults were also linked to other faults during Stage 2, as
shown in T-Z data (Fig. 5.11).

Stage 3, comprising strata between horizon H9 and the seafloor, is characterised by a
relative quiescence of halokinesis (Fig. 5.15a), as there was no major influence of tectonic
inversion on the study area (Harding and Huuse, 2015). Although Savian tectonic inversion
occurred at this stage, it had a minor influence when compared to the Pyrenean inversion (De
Jager, 2003; De Lugt et al., 2003; De Lugt, 2007). Locally, sedimentation rates exceeded the
rate of salt rise, resulting in the blanketing of diapir K09 by strata (Fig. 5.14). As a result, faults
were mainly developed below horizon NU, the unconformity separating Paleogene and Neo-
gene strata. Very few radial faults were formed around diapir K09, as halokinesis was minor,
while polygonal faults stopped forming as relatively coarse sandy clay, silty sandstone and
sandstone were deposited between horizon H9 and the seafloor. A few large keystone faults
were developed by dip linkage during Savian tectonic inversion (Fig. 5.11), but their number
is markedly lower than in Stage 2. Their upper tips were truncated by horizon NU, accompa-

nying the abrupt throw minima observed in Fig. 5.11.
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Fig. 5.15. Section showing the Cenozoic evolution of salt diapir KO9 and surrounding faults in
three structural stages. a) Stage 3 (between horizon H9 and the Seafloor) marks a relative qui-
escence of halokinesis, forming a few radial faults and keystone faults. b) Stage 2 (between
horizons H5 and H9) records significant halokinesis, leading to the formation of a great number
of radial faults and keystone faults, whereas polygonal faults are only limited to the southeast
part of the section. c) Stage 1 (between horizons HO and H5) is characterised by important
halokinesis, causing the increasing number of radial faults, and polygonal faults start limiting
to the southeast part of the section. The location of the section, depicted from Fig. 5.14, is
shown in Fig. 5.1. Note this structural evolution only considers vertical movement, without

considering lateral salt flow and compression due to structural inversion. CU-Chalk Group
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5.7.3 Stress state around triangular salt diapirs

Diapir K09 developed as a rising triangular salt structure and was affected by two Ce-
nozoic episodes of tectonic inversion. This led to the formation and development of multiple
faults under a complex stress field. Stress inversions for the interpreted faults show that maxi-
mum principal palaeostresses (c1) were nearly vertical in all eight zones, whereas intermediate
(c2) and least principal palaeostresses (o3) were sub-horizontal (Fig. 5.12; Table 5.2). This in-
dicates that maximum principal stresses in all eight zones resulted from overburden loading. In
addition, the combination of all minimum principal stresses obtained from radial faults show a
triangular stress ring around diapir K09 (Fig. 5.12), implying that minimum principal stresses
in all flanking and corner zones derived from local triangular stretching related to the rise of
this diapir. Against this backdrop, strain in flanking zones shows marked differences when
compared with corner zones. Strain in the flanking zones spans a much larger area than in
corner zones (Fig. 5.12). The number of radial faults developed in flanking zones is also greater
than in corner zones of diapir K09 (Table 5.1), proving that greater stretching occurred in the
former (flanking) zones. Minimum principal stresses in flanking zones are naturally parallel to
the flank of diapir K09, whereas in corner zones are normal to the direction of the corner bi-
sector (Fig. 5.12). The corner radial faults are thus formed in a transition zone between two
contiguous flanking zones. In addition, strata folding is more likely to be observed in flanking
zones compared with corner zones, as shown by the distinct contour lines developed around
diapir K09 (Fig. 5.13). These contour lines highlight the areas in which strata are more folded
and rarely crossed by faults (Figs. 5.13, 5.14 and 5.16). Furthermore, flanking radial faults are
usually deeper than corner radial faults (Fig. 5.6), and they are also steeper than the latter (Fig.
5.16). It implies that there are differential loading and compaction between flanking and corner
zones, imposing important influences on their stress fields. Hence, the stress field around a
triangular salt diapir is complex and significantly different to the relative homogeneous stress

field of a circular salt diapir.

The width of the perturbed stress field around diapir K09 varied at different stages,
leading to changes in the width of flanking and corner zones (Figs. 5.6 and 5.13). As the salt
movement intensified, the width of flanking and corner zones increased (Figs. 5.6 and 5.13),
indicating that the triangular-shaped stress rim also increased around the diapir. However, over-
burden loading can also impose an important influence on the width of the stress field around
diapir K09. With the increase loading from overburden strata, a slight decrease in the width of

this stress field is observed around this diapir (Figs. 5.6b and d). A character agrees with the
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mechanism proposed by Carruthers et al. (2013) in which radial loading of overburden around
a circular salt diapir controls the lateral limit of hoop stresses. However, in contrast to Car-
ruthers et al. (2013), salt structures developed adjacent to diapir KO9 have also largely influ-
enced the stress field around this latter structure, though their importance was dependent on
their position, distance and strike. For example, flanking zones 1 and 5 spanned a much broader
area than zone 3 (Fig. 5.6), showing that the overlapping hoop stresses produced by adjacent
salt structures and diapir K09, along similar strikes, increased the width of the stretching stress
field in flanking radial zones 1 and 5. Comparatively, the stress field above the salt pillow was
rarely influenced by diapir K09, as the minimum principal stress was nearly normal to the strike
of the pillow (Fig. 5.12). The development of this salt pillow nevertheless limited the width of
the extensional stress field produced by diapir K09 (Fig. 5.12).

Polygonal faults are mainly aligned in a NE-SW direction (Figs. 5.6, 5.8h and 5.8i),
indicating they were influenced by local stresses. In the Paleogene, regional tectonic stresses
in the study area were dominated by NW-SE compression (Ligtenberg et al., 2011; Van Ojik
et al., 2020), which had a limited influence on fault strikes. However, minimum principal
stresses estimated for the two polygonal fault tiers are also NW-SE striking, a direction normal
to the boundary between the polygonal faults and flanking zone 3 (Fig. 5.12). As the forming
time of radial faults and polygonal faults is contemporaneous, it shows the existence of stress
compartmentalisation around salt structures. The extension direction estimated from polygonal
faults corresponds to the movement direction of underlying salt, suggesting that the strike of
polygonal faults was controlled by the movement of underlying salt towards diapir K09 (Fig.
5.15). Therefore, the rise of diapir K09 indirectly influenced the stress field in the outer part of

flanking zone 3, resulting in the preferred alignment of polygonal faults in a NE-SW direction.

5.8 Chapter-specific conclusions

Chapter 5 aimed at understanding the palaeostress state around a rising triangular salt
diapir, information with key implications to the carbon sequestration, gas storage and the pro-
duction of subsurface oil and gas around salt diapirs. Faults developed around the rising diapir
K09, located on the Cleaver Bank High, southern North Sea, were analysed in detail, and stress
inversions were completed to reveal the palaeostress state around this salt structure. The main

conclusions of this work can be summarised as follows:
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Fig. 5.16. Dip maps of key horizons in the study area, highlighting that dips in flanking zones are much larger than in corner zones at different
horizons. a-d) Dip maps of horizons HO, H3, H5 and Base NU, respectively. The seismic profiles shown in Figs. 5.2-5.5 and 5.14 are shown by

black lines. NU-Upper North Sea Group
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a) Structures around diapir K09 include radial, polygonal and keystone faults, which
are separated into eight distinct zones based on their geometry, strike and overall distribution.
Radial faults were developed in flanking or corner zones as a way to accommodate stretching
during the rise of diapir K09. Polygonal faults were preferentially aligned in the outer part of
flanking zones. Keystone faults were mainly controlled by the rise of a salt pillow during Paleo-

gene tectonic inversion.

b) Diapir K09 has experienced multiple phases of growth, with two of these being as-
sociated with Cenozoic tectonic inversion. Three salt-withdrawal basins were formed along the
flanks of diapir K09. A salt pillow was developed during Late Cretaceous tectonic inversion

and was amplified during Pyrenean and Savian tectonic inversion.

c) Halokinesis controlled the generation and growth of fault families in three structural
stages. Stage 1 recorded the gradual intensification of halokinesis, resulting in an increase in
the number of radial faults, while polygonal faults were limited to a small area. Stage 2 was
characterised by significant halokinesis, leading to the formation of a great number of radial
faults and keystone faults, whereas polygonal faults remained limited to a small area. Stage 3
marks the moderate halokinesis, forming a few radial faults and keystone faults.

d) Stress inversions for structures interpreted in each zone reveal that the maximum
principal palaeostress is nearly vertical, whereas intermediate and minimum principal pal-
aeostress are sub-horizontal. Palaeostresses in flanking zones are different from corner zones.
The combination of minimum principal palaeostresses from all flanking and corner zones

forms a triangular-shaped hoop stress ring around diapir K09.

e) The width of stress ring was not only associated with the growth of salt diapir, but
also strongly influenced by adjacent salt structures. Minimum principal palaeostresses obtained
from two tiers of polygonal faults were nearly normal to the boundary between the polygonal
and radial faults due to local extension caused by halokinesis. Comparatively, the minimum
principal palaeostress in the zone where keystone faults were developed is nearly normal to the
strike of the salt pillow below, indicating they were nearly free of any stress perturbations
caused by the rise of diapir K09.
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6 Contrasting influence of salt structures and
faults on the geothermal potential of regional

structural highs

6.1 Abstract

High-quality 3D seismic reflection data, complemented by 448 bottom-hole tempera-
tures (BHTSs) from 48 boreholes, are used to investigate the influence of salt structures and
faults on the geothermal potential of the Cleaver Bank High, Southern North Sea. Developed
salt structures include multiple salt diapirs, salt pillows and a salt wall, with their presence
influencing local geothermal potential; strata deposited above the Zechstein Group record ge-
othermal gradients that are enhanced proportionally to the thickness of this salt unit. Con-
versely, strata buried below the Zechstein Group reveal a moderate decreasing trend in geo-
thermal gradients as salt thickens. In parallel, large supra-salt faults can act as fluid paths to
deep and hot fluid into shallow strata, resulting in the presence of the high geothermal gradients
in shallow strata. Geothermal gradients on the footwall of these faults are much higher than
that on the corresponding hanging-wall, decreasing as one moves away from them. For exam-
ple, average geothermal gradients on the footwall of the largest supra-salt fault (Fault A) are,
relative to its immediate hanging-wall, 105% higher in the North Sea Group, 26% higher in the
Chalk Group, and 41% higher in the Rijnland, Upper and Lower Germanic Trias Groups. Ad-
ditionally, sub-salt faults influence the geothermal gradient of supra-salt strata in parts of the
study area where there is very thin, or even absent, salt (<100 ms; or ~230 m), forming distinct
low-amplitude trails of fluid above these same faults. They also indirectly influence geothermal
gradient by controlling the position, geometry and distribution pattern of salt structures. As a
corollary, three potential geothermal exploration targets are suggested on the Cleaver Bank
High, one located on the footwall of a large supra-salt fault, one above thick salt, and a third
target above very thin Zechstein strata where low-amplitude fluid chimneys are found. The
results in this work can be applied to similar salt-bearing structural highs in Northern Europe

and worldwide.
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6.2 Introduction

The use of geothermal energy for industrial and domestic purposes has increased for
the past 35-40 years, accompanying an ever-rising demand for low-carbon energy (e.g. Gallup,
2009). Geothermal energy is commonly considered as an important and potential resource in
many sedimentary basins (Erdlac Jr et al., 2007; Busby, 2014; Daniilidis and Herber, 2017;
Alves et al., 2022), but its deployment is still limited when compared to other sources of energy
due to its inherent high production and maintenance costs (Younger et al., 2012; Mijnlieff,
2020). Geothermal energy sites are also often affected by some of the drilling hazards occurring
in conventional oil and gas fields, at the same time requiring reliable, long lasting hydraulic
yields and appropriate water temperatures (ideally beyond 150°C) to produce energy (Glaas et
al., 2018; Vidal and Genter, 2018; Reinecker et al., 2019). Local geothermal gradient, reservoir
architecture, lithology and industrial-scale water flow rate (or hydraulic yield) are particularly
known geological factors controlling thermal energy output in many geothermal projects (Yang
et al., 2000; Van Wees et al., 2012; Daniilidis and Herber, 2017; Reinecker et al., 2021).

A positive aspect concerns the fact that local geothermal gradients in sedimentary ba-
sins are greatly enhanced by the presence of buried salt intervals. This means that higher-than-
normal temperatures occur above thick salt, and lower temperatures below, a phenomenon
known as the ‘chimney effect’ (Jensen, 1983; Jensen, 1990; Wilson and Ruppel, 2007; Canova
et al., 2018; Nolan, 2021). Such an effect results from salt having a thermal conductivity that
is two to four times greater than in other sedimentary rocks (Zhuo et al., 2016; Jackson and
Hudec, 2017; Raymond et al., 2022). In parallel, faults in sedimentary basins, including salt-
rich basins, can play an important role in focusing heat and fluid in the upper crust. They may
act as favourable migration paths for deep and hot fluid, resulting in local temperature anoma-
lies at shallow depths (Wood et al., 2001; Cloetingh et al., 2010; Hinz et al., 2014; McLean et
al., 2018).

Salt structures are well developed on the Cleaver Bank High and include salt diapirs,
pillows and walls. Salt diapirs and walls reflect the presence of ductile salt masses piercing
their overburden, with salt walls being more elongated than salt diapirs (e.g. Jackson and
Hudec, 2017). Salt pillows are upwellings of salt with a concordant overburden that is parallel
to the upper salt contact (e.g. Jackson and Hudec, 2017). Salt structures on the Cleaver Bank
High experienced multiple phases of growth, and their distribution was controlled by NW-
striking sub-salt faults (Oudmayer and De Jager, 1993; Remmelts, 1995). These NW-striking
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sub-salt faults were intersected by conjugate NE-striking sub-salt faults, all of which record
multiple phases of tectonic reactivation (Schroot and Haan, 2003; Ligtenberg et al., 2011; Van
Ojik et al., 2020; Preiss and Adam, 2021; Brennan et al., 2023; Gaitan and Adam, 2023). In
addition, a large number of supra-salt faults are observed on the Cleaver Bank High, having

accommodated local stresses resulting from prolonged halokinesis (Ten Veen et al., 2012).

The aim of this work is to investigate the influence of salt structures and faults on the
geothermal potential of the Cleaver Bank High, as an example of a regional structural high in
the Southern North Sea. In summary, this work addresses the following research questions:

a) Is there an influence of salt structures on the geothermal potential of regional struc-

tural highs, such as the Cleaver Bank High?

b) How do faults developed on structural highs control the geothermal potential of sub-
and supra-salt strata?

¢) What potential geothermal exploration targets can be identified on the Cleaver Bank
High?

6.3 Database and chapter-specific methods

The main data for this chapter is a 3D seismic volume from the southern margin of the
Cleaver Bank High, Southern North Sea, and forty-eight (48) wells drilled in the study area are
also used to provide geothermal data (Fig. 6.1). For a full description of the seismic and well
data, see section 3.3.2. The seismic interpretation and well correlation applied in this chapter
are described in sections 3.4 and 3.5. Five (5) key seismic-stratigraphic units are defined and
correlated with borehole data (Figs. 3.2). Thickness maps for four (4) of these units are com-
piled to show major thickness variations associated with halokinesis and tectonic inversion. In
addition, fault maps from four (4) key horizons, superimposed on the areas where the Zechstein

Group is >400 ms, highlight the close relationship between faults and salt structures.

A total of 448 BHTSs are gathered and analysed in this work based on the log header
files and final borehole completion reports from 48 wells. Due to the fact that raw BHTs ob-
tained from the well geophysical logs are usually cooler than true formation temperatures,
BHTs are systematically corrected in this work (e.g. Chapman et al., 1984; Deming, 1989). A
total of 12 BHTSs (out of 448) acquired from sonic cement bond logs (CBLS) effectively repre-
sent the true formation temperature - CBLs commonly run from days to years after drilling,
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recording the maximum BHT read by a thermometer, or probe (Holgate, 2005). The remaining
436 BHTSs (out of 448) are corrected by applying the modelling tools provided by ZetaWare,
Inc (Corrigan, 2003). The tools include three correction methods for BHTS, the Horner correc-
tion, the Time-Since-Circulation correction and the Last-Resort correction (Corrigan, 2003).

In this work, only three (3) out of 436 BHTs data are suitable for the Horner correction
method. A total of 242 BHTSs are suitable to be corrected by using the Time-Since-Circulation
method, and the remaining 191 BHTSs are simply corrected based on the Last-Resort correction
method. In addition, measured depths (MDs) of 96 BHT data recorded from inclined boreholes
are converted into true vertical depths (TVDs). Finally, corrected BHTSs are tied in this work to
the five interpreted seismic-stratigraphic units, so as to ensure that each of these units has more
than 20 corrected BHTS.

Most wells terminate in the Upper Rotliegend or Limburg Groups, and gather most
BHTSs below the Zechstein Group, so this work was able to separate the Upper Rotliegend and
Limburg Groups in terms of their geothermal potential. Geothermal gradients are calculated
considering the seafloor temperature as 7.8°C at a present-day water depth of 35 m (Defant,
1961; Evans and Coleman, 1974). Normal probability plots are compiled to calculate P90, P50
and P10 probabilities for the corrected BHTs and geothermal gradients in each stratigraphic
unit (Table 6.1). P90 means that there is, at least, a 90% probability that the values will equal
or exceed the low estimate for BHTs or geothermal gradients; P50 indicates at least a 50%
probability that the values estimated will equal or exceed the best estimate for BHTs and geo-
thermal gradients; P10 represents a 10% probability of the calculated values to equal or exceed
the higher estimate for BHTs and geothermal gradients. In addition, vertical depth is plotted

against corrected BHT and geothermal gradient to highlight any depth-dependent changes.

Subsidence and thermal models (1D modelling on PetroMod® 2021) for wells K11-10,
K11-02 and K12-12 are used to investigate the burial and thermal histories of the Cleaver Bank
High. Stratigraphic units recorded in well completion logs, and their corresponding lithologies,
are obtained from the Dutch Oil and Gas portal (NLOG). Main uplift and erosion phases are
considered in the study area, especially the Saalian and Mid-Late Kimmerian events. The
amount of eroded material is estimated based on the erosion maps published by Fattah et al.
(2012b), assuming that the depositional thicknesses of the Step Graben Formation, the Hospital
Ground Formation, the Altena Group, the Upper Germanic Trias Group and the Lower Ger-
manic Trias Group are 50, 200, 200, 400 and 500 m, respectively. Palaeo water depth curves

are compiled based on the published literature (Fattah et al., 2012b) as well as the lithologies

169



Chapter 6 Influence of salt structures and faults on geothermal potential

and depositional environments recognised for specific units. The palaeo temperature at the sed-
iment water interface (SWIT) is calculated with an integrated PetroMod tool, which considers
the palaeo water depth and the evolution of ocean surface temperatures through time depending
on palaeo-latitude of the study area.

Basal heat flow is obtained from Fattah et al. (2012b) where basal heat flow for well
K01-02 is calculated using the 1D tectonic heat flow modelling tool PetroProb (Van Wees et
al., 2009). This is because well KO1-02 is close to (~45 km in distance) wells K11-10, K11-02
and K12-12 in this work, with very similar geological conditions and burial histories on the
Cleaver Bank High. Thermal conductivity values are calculated in this work based on a pre-
defined thermal conductivity model - the Sekiguchi Model on PetroMod® 2021. The radiogenic
heat production is calculated for the rock matrices for each of the lithologies. The compaction
model is based on the Hydrostatic Athy’s law Model where the porosity versus depth curve is
a theoretical curve that assumes a hydrostatic pressure and a uniform lithological column. The
initial geological model does not include faults and assumes open fluid flow boundaries. Tem-
perature simulations run assuming hydrostatic conditions and only conductive heat flow is as-
sumed in the model. Salt movement and, as a consequence, any related thermal effects are not
considered in the models. Nevertheless, modelled present-day temperatures and corrected
BHTs are provided, and these are able to highlight the temperature differences between them,
and the influence of faults on local temperatures. Vertical thermal conductivities are shown,
indicating the influence of lithology variations on geothermal gradients.

Temperature and geothermal gradient maps, which are compiled for specific strati-
graphic intervals so to highlight the influence of salt structures on geothermal potential. Tem-
perature maps are calculated using BHTs gathered around the horizon of interest, within an
interval 200 m above or below this latter. Average geothermal gradients are used to compile
geothermal gradient maps when there is more than one temperature measurement for a partic-
ular stratigraphic interval. This work notes that anisotropy effects of deviated wells were not
considered when compiling these maps; hence, temperature and geothermal gradient maps
compiled in this work are not 100% accurate. Nevertheless, corrected BHTs and geothermal
gradients from wells located around faults are recorded in two specific tables, highlighting the

influence of faults on the geothermal potential of the study area (Tables 6.2 and 6.3).
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Fig. 6.1. Variance map (Z = -1800 ms two-way time) of the study area, highlighting the position of different salt structures developed in the study
area. Boreholes are separately shown by a red cross and circle, and the seismic profiles in Figs. 6.2-6.4 are shown as black lines. The location of
this map is indicated in Fig. 2.5.
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6.4 Seismic stratigraphy

6.4.1 Unit 1 (Pre-Zechstein Group)

Unit 1 is bounded at its top by horizon HO, a high-amplitude seismic reflection that
correlates with the base of the Zechstein Group (Figs. 6.2-6.4). Its base is delimited by the
acoustic basement, which occurs at a depth of ~3000 ms two-way travel time (twtt). Unit 1
comprises a ~750 ms thick package with low- to high-amplitude seismic reflections. Sub-salt
strata, especially those below thick salt, are usually of low amplitude and show local velocity
pull-ups (Figs. 6.2-6.4).

Most wells drilled in the study area terminate within the Upper Rotliegend or Limburg
Groups. Dominant lithologies include sandstone, sandy clay and shale. Gamma-ray and density
values change dramatically with depth, indicating sharp lithological changes in these two strat-
igraphic groups (Fig. 3.2). Sub-salt faults are ubiquitous, and most propagate upwards through
horizon HO. However, their lower tips are usually hard to observe in seismic data as many sub-

salt faults propagate below the acoustic basement (Figs. 6.2-6.4).

6.4.2 Unit 2 (Zechstein Group)

Unit 2 is the primary seismic interval of interest to this study, correlating directly with
the Zechstein Group. Its base coincides with horizon HO, whereas its top is horizon H1, a high-
amplitude reflection (Figs. 6.2-6.4). Unit 2 consists of chaotic to transparent seismic reflec-
tions, though it locally shows distinct high-amplitude reflections. The thickness of Unit 2 varies

from 0 ms in salt welds to over 1600 ms in salt diapirs (Figs. 6.2-6.4 and 6.6).

Unit 2 is mainly composed of salt with low gamma-ray and density values (Fig. 3.2).
However, its upper boundary includes a thin layer of claystone, which in some areas presents
high gamma-ray values and low density values (Fig. 3.2). Dolomite stringers — the high-ampli-
tude features previously mentioned as occurring within salt — are also observed in Unit 2, but
are fragmented and gently folded. Faulting is common at its base, but its top is less compart-
mentalised, except in the northern part (Figs. 6.5 and 6.7). In some areas where thin salt exists,
large sub-salt faults propagate into supra-salt strata (Figs. 6.2-6.4).
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Fig. 6.2. (Previous page) TWTT seismic profiles across the largest NE-striking supra-salt fault
(Fault A), showing multiple salt structures, faults and fluid flow paths. Eight seismic horizons
correlated with eight wells are shown by different colour lines and labels, and faults are pre-
sented with black lines. The figures highlight the two largest salt diapirs in the study area,
which are bounded by a large supra-salt fault, Fault A. This fault separates the Cleaver Bank
High from the Broad Fourteens Basin. Salt diapirs have irregular geometries, different heights
and widths. The location of the seismic profiles is shown in Fig. 6.1. Labels on the borehole
trajectories indicate the depth of BHTs numbered in Appendix B. HLF=Hard-linked fault

6.4.3 Unit 3 (Rijnland, Upper and Lower Germanic Trias Groups)

Unit 3 is bounded at its base by horizon H1, whereas its top is delimited by horizon H4,
a high-amplitude reflection correlating with the base of the Chalk Group (Figs. 6.2-6.4). On
the Cleaver Bank High, Unit 3 includes the Rijnland (KN), Upper (RN) and Lower (RB) Ger-
manic Trias groups, plus the Altena Group (AT) in the small portion of the Broad Fourteens
Basin covered by the 3D seismic volume (Fig. 6.2a). The Altena and Rijnland Groups are
bounded at their bases by horizons H2, H3, respectively (Figs. 6.2-6.4). Unit 3 consists of low-
amplitude to transparent seismic reflections in its lower part, changing to high-amplitude seis-
mic reflections at its top (Figs. 6.2-6.4). Seismic reflections are often truncated beneath the
Rijnland Group, marking an angular discontinuity between the Rijnland and the Germanic
Trias Groups (Figs. 6.2-6.4). The thickness of Unit 3 ranges from 0 to 900 ms, showing a

marked increase towards the south (Fig. 6.6).

Unit 3 consists of shales and marls, but thin anhydrite has also been recorded at bore-
hole (Fig. 3.2). Variable gamma-ray and density values dominate this unit. Faults are not com-
mon, except for a few large faults, and crestal faults above salt structures (Figs. 6.2-6.5). Nev-
ertheless, small faults are developed around the base of Unit 3 in the northern part of the study
area (Figs. 6.5 and 6.7).

6.4.4 Unit 4 (Chalk Group)

The base of Unit 4 coincides with horizon H4, and its top is horizon H5, a high-
amplitude reflection that correlates with the base of the Lower North Sea Group (Figs. 6.2-
6.4). Unit 4 comprises low-amplitude to transparent seismic reflections in the eastern part of
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Fig. 6.3. TWTT seismic profile across the largest NE-striking hard-linked fault (Fault B), showing multiple salt structures, faults and fluid flow
paths. Seven seismic horizons correlated with four wells are shown by different colour lines and labels, and faults are presented with black lines.
Fault B is a large NE-striking dextral strike-slip fault, which is near vertical and propagated from sub-salt units into the North Sea Group. Salt
pillows and wall have shown different geometries, heights and widths. The location of the seismic profile is shown in Fig. 6.1. Labels on the

borehole trajectories indicate the depth of BHTs numbered in Appendix B.
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Fig. 6.4. TWTT seismic profile across the large NW-striking crestal faults, showing multiple salt structures and faults. Seven seismic horizons
correlated with four wells are shown by different colour lines and labels, and faults are presented with black lines. Two large crestal faults are
imaged near Well KO7-FD-105, propagating into the Upper North Sea Group. These crestal faults influence the geothermal gradient distribution
around the salt pillows in the figure, as Table 6.3 denotes high geothermal gradients next to these faults. The location of the seismic profile is
shown in Fig. 6.1. Labels on the borehole trajectories indicate the depth of BHTs numbered in Appendix B. HLF=Hard-linked fault
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the study area, changing to moderate- to high-amplitude seismic reflections in the west (Figs.
6.2-6.4). Its thickness is relative uniform, with an average value of 650 ms, though local strata

thinning is observed near salt structures (Figs. 6.2-6.4).

Unit 4 is mainly composed of chalk and limestone with low gamma-ray and high den-
sity values (Fig. 3.2). Thin marl intervals have also been drilled in this unit. Similarly to Unit
3, faulting is scarce, except for a few large faults, and crestal faults above salt structures (Figs.
6.2-6.5).

6.4.5 Unit 5 (North Sea Group)

Unit 5 is bounded at its base by horizon H5, whereas its top coincides with the seafloor
(Figs. 6.2-6.4). This unit includes the Upper (NU), Middle (NM) and Lower (NL) North Sea
Groups. The base of the Upper North Sea Group is marked by horizon H6. Its thickness ranges
from 100 to over 1600 ms, showing low-amplitude to transparent seismic reflections in its
lower part, but moderate- to high-amplitude seismic reflections towards the top (Figs. 6.2-6.4).
Strata in Unit 5 thins out on the flanks of salt structures, especially next to the large salt diapirs
(Figs. 6.2-6.4 and 6.6).

Unit 5 is composed of siliciclastic sediments, with high gamma-ray and low density
values in its lower part, but low gamma-ray in its upper part (Fig. 3.2). The unit comprises
claystone and shale in its lower part, but sandy clay and sandstone in its upper part. Faulting is
common in its lower part, especially where polygonal faults are present, but most are delimited
by horizon H6 (Figs. 6.2-6.4). There are also multiple crestal faults above salt structures, prop-
agating from Unit 4 (Figs. 6.2-6.5).

6.5 Salt structures and fault families on the Cleaver
Bank High

6.5.1 Geometry and spatial pattern of salt structures

Salt structures on the Cleaver Bank High have experienced multiple phases of growth,
with their geometry and distribution revealing important differences. Salt diapirs are mainly

developed in the eastern and south eastern sectors of the study area, showing triangular or sub-

177



Chapter 6 Influence of salt structures and faults on geothermal potential
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Fig. 6.5. (Previous page) TWTT structural maps for four key horizons in the study area, in-
cluding the base of the North Sea Group (Horizon H5), Chalk Group (Horizon H4), Lower
Germanic Trias Group (Horizon H1) and Zechstein Group (Horizon HO), respectively. a-c)
Maps with the position and spatial distribution of salt structures and supra-salt faults, highlight-
ing the influence of halokinesis on the depth variation of overlying horizons. d) Map showing
the spatial distribution of sub-salt faults that mainly consist of NW- and NE-striking faults. The
location of the seismic profiles shown in Figs. 6.2-6.4 is shown by the white lines. The position

and distribution of salt structures and faults in this figure is indicated in Fig. 6.7.

circular shapes in plan view (Fig. 6.1). The distribution of salt diapirs mainly strikes to the NW
and NE, similarly to sub-salt faults (Figs. 6.5-6.7). The two largest salt diapirs in the study area
are bounded by a large NE-striking supra-salt fault separating the Cleaver Bank High from the
Broad Fourteens Basin (Figs. 6.2, 6.5 and 6.7). This fault is herein named ‘Fault A’ as it is one
of the main structures in the study area (Fig. 6.7). On seismic profiles, salt diapirs have irregular
geometries with differing heights and widths (Fig. 6.2). Their height ranges from ~700 to over
1600 ms twtt that is much higher than salt pillows (Fig. 6.6d).

Salt pillows are developed in the western and middle sector of the study area, showing
rhomboid to rectangular shapes in plan view (Fig. 6.1). Similarly to the salt diapirs mentioned
above, they are also NW- to NE-striking. On seismic profiles, they overlie many NW- and NE-
striking sub-salt faults (Figs. 6.2-6.4 and 6.7). Their heights vary from 200 to 850 ms twitt,
values that are lower than those of the salt diapirs (Figs. 6.3 and 6.4). In addition, a single salt
wall occurs in the western sector of the study area in association with a large NE-SW strike-
slip fault (Figs. 6.1 and 6.3). This large strike-slip fault is herein named ‘Fault B’ as it is one
of the main structures in the study area (Fig. 6.7). The salt wall has a width of ~2.5 km, spanning
a limited area in the study area. The salt wall shows a taper shape on seismic profiles, and is
~700 ms twitt tall (Figs. 6.2-6.4).

6.5.2 Faults developed on the Cleaver Bank High

Faults are common on the Cleaver Bank High and can be separated into three groups
based on their spatial distribution and stratigraphic position relative to the Zechstein Group: a)

sub-salt, b) supra-salt and c¢) hard-linked faults. Supra-salt faults are faults developed above the
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Fig. 6.6. (Previous page) Isochron maps for four key seismic-stratigraphic units in the study
area, including the North Sea Group (Seismic unit 5), Chalk Group (Seismic unit 4), Rijnland,
Upper and Lower Germanic Trias Groups (Seismic unit 3) and Zechstein Group (Seismic unit
2), respectively. a-c) Maps showing the thickness variation in three supra-salt stratigraphic
units, marking the thinning of strata towards salt structures. d) Map highlighting the thickness
variation in the Zechstein salt, and the distribution of salt structures. The location of the seismic

profiles in Figs. 6.2-6.4 is shown by the white lines.

Zechstein Group. Sub-salt faults are faults developed beneath the Zechstein Group, and do not
cross its top boundary. Hard-linked faults are faults originating beneath the Zechstein Group
that propagate directly, or are linked, to structures in supra-salt strata.

6.5.2.1 Supra-salt faults

A large number of supra-salt faults are developed in the study area, but most are re-
stricted to the North Sea Group, especially the Middle and Lower North Sea Groups (Figs. 6.2-
6.5). Faults in the North Sea Group were formed in the Cenozoic, including salt-related and
polygonal faults (Figs. 6.2-6.5 and 6.7). Salt-related faults are developed around salt structures,
accommodating the stress produced due to the growth of these structures. Conversely, polygo-
nal faults are usually developed away from salt structures, formed by the volumetric contrac-
tion of very fine-grained sediments compacting and dewatering during the initial burial phases
of strata (Cartwright and Lonergan, 1996; Cartwright et al., 2003). Although faults are abun-
dant in the North Sea Group, they are developed in strata at a depth shallower than ~1670 ms
twtt (Figs. 6.2-6.5).

A few large supra-salt faults cross strata above the Zechstein Group (Figs. 6.2-6.5).
They detach on the top of the Zechstein Group evaporites and may even propagate into these
latter (Figs. 6.2-6.5). These large supra-salt faults are mainly NE- and NW-striking, the largest
of which are NE-striking and formed due to NW-SE Mesozoic extension (Figs. 6.7a-c). They
have also experienced multiple phases of activity during the Mesozoic and Cenozoic (Figs. 6.2
and 6.3). The larger NE-striking faults are mainly located along the boundary of thick salt
intervals (>400 ms) (Figs. 6.2-6.5 and 6.7). Comparatively, NW-striking supra-salt faults are

usually developed above salt structures, locally showing en echelon arrangement (Figs. 6.2-
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Faults at the base of the North Sea Group (Horizon 5) and Zechstein salt (>400 ms thick)
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Fig. 6.7. (Previous page) Fault maps at four key horizons superimposed on the areas of the
Zechstein salt (>400 ms thick), including the base of the North Sea Group (Horizon H5), Chalk
Group (Horizon H4), Lower Germanic Trias Group (Horizon H1) and Zechstein Group (Hori-
zon HO), respectively. a-c) Maps with the distribution of supra-salt faults, highlighting that
thick Zechstein salt controls the formation and development of supra-salt faults. Additionally,
large supra-salt and hard-linked faults bound the thick Zechstein salt. d) Map with the distri-
bution of sub-salt faults, highlighting the control of sub-salt faults on the position and distribu-
tion of overlying salt structures. NW-striking faults are shown by thin red lines. NE-striking
faults are shown by thin blue lines, except for Faults A and B marked by thick blue lines. Grey
areas represent the regions with Zechstein salt where its thickness is >400 ms. The location of

seismic profiles in Figs. 6.2-6.4 is shown by black lines.

6.5 and 6.7). They are crestal faults whose formation is associated with the growth of salt struc-
tures. In the northern sector of the study area there is also a cluster of small supra-salt faults
developed above thin salt (<400 ms), revealing random strikes (Figs. 6.4, 6.5 and 6.7). These
faults were likely formed due to salt movement during the Early Jurassic, as they have small
throws and show local thickening of strata at their immediate hanging-wall, at the level of
horizon H1 (Fig. 6.4).

6.5.2.2 Sub-salt faults

Sub-salt faults are well developed on the Cleaver Bank High, striking to the NW and
NE (Figs. 6.2-6.5 and 6.7). They are longer than supra-salt faults; 0.7 to 15.8 km long (Figs.
6.5 and 6.7). NE-striking faults intersect NW-striking faults, forming rhomboid or rectangular
shapes in plan view. Many of these sub-salt faults bound the area where thick (>400 ms) Zech-
stein salt is observed, and their strikes are similar to those of overlying salt structures (Figs.
6.5-6.7). This implies that sub-salt faults controlled the position and distribution of salt struc-

tures in the study area.

In seismic data, sub-salt faults are usually steep and with small throws (Figs. 6.2-6.4).
They were mainly formed in the Upper Palaeozoic, and likely inherited from pre-existing
weakness zones in the Paleozoic basement (Ziegler, 1990; Schroot and Haan, 2003). These
faults have experienced multiple phases of reactivation, resulting in their high length-throw
ratios (Ligtenberg et al., 2011; Van Ojik et al., 2020; Alves et al., 2022).
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6.5.2.3 Hard-linked faults

There are only a few hard-linked faults in the study area, and most of them show a
prevalent NE strike (Figs. 6.3, 6.5 and 6.7). This can be explained by the Mesozoic reactivation
of NE-striking sub-salt faults, which caused these to propagate across the Zechstein Group to
form hard-linked faults. The largest hard-linked fault (Fault B) is located in the western sector
of the study area, and it is a large NE-striking dextral strike-slip fault with a length of 19.4 km
(Figs. 6.3, 6.5 and 6.7). Lateral offset in Fault B reaches a maximum of ~9.1 km based on the
distance between two equivalent NW-striking faults that were offset by it (Figs. 6.5-6.7). Fault
B is nearly vertical and propagated from the sub-salt Rotliegend Group into the relatively shal-
low North Sea Group (Fig. 6.3).

6.6 Subsurface temperature and geothermal gradi-

ents

BHT data reveal corrected temperatures ranging from 26.6°C to 145.7°C, with a near-
linear positive correlation with depth (Fig. 6.8a). The temperature trendline in Fig. 6.8a shows
a gradient of 38.54°C/km. In contrast, geothermal gradients vary from 26.27°C/km to
121.81°C/km, showing a negative correlation with depth following a power law relationship
(Fig. 6.8b). The lowest figure (P90), median (P50) and the highest figure (P10) of corrected
BHTSs and geothermal gradients are shown to vary in different stratigraphic units (Table 6.1).
The P90, P50 and P10 BHTs of supra-salt strata are higher than those in the Zechstein Group
and sub-salt strata (Table 1). Conversely, the P90, P50 and P10 of geothermal gradients in
supra-salt strata are much lower than those in the Zechstein Group and sub-salt strata (Table
6.1).

The Limburg Group records the highest P90, P50 and P10 BHTSs, respectively 114.6°C,
125.3°C and 136.0°C (Table 6.1). The Upper Rotliegend Group has the second highest P90,
P50 and P10 BHTSs, which are respectively 112.6°C, 121.7°C and 130.9°C. Conversely, the
North Sea and Chalk Groups have the lowest P90, P50 and P10 BHTs (Table 1). The P90, P50
and P10 BHTs in the Zechstein Group (Seismic Unit 2) are slightly higher than in the Rijnland,
Upper and Lower Germanic Trias Groups (Seismic Unit 3).
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Fig. 6.8. Corrected BHT in five seismic-stratigraphic units recorded from the 48 exploration
wells analysed in the study area. The trendline of all (448) corrected BHTs (See Appendix B)
shows a near-linear positive correlation with depth, with an average geothermal gradient of
38.54°C/km. b) Geothermal gradient calculated from all (448) corrected BHTSs in five seismic-
stratigraphic units in the study area. The trendline of all (448) geothermal gradients shows a
near-power law decreasing trend in geothermal gradient with depth. Note the trendlines in both

figures represent the best fit lines for these data from a mathematical point of view.
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P90 P50 P10
Well Number of

Number  BHT data Corrected  Gradient Corrected  Gradient  Corrected  Gradient
BHT(C) (ckm) BHT(C) (ckm) BHT(C) (‘Clkm)

Stratigraphy units

i North Sea Group (Seismic Unit 5) 13 22 50.7 42.0 61.4 63.1 72.1 84.1
Su;)trr:;alt Chalk Group (Seismic Unit 4) 23 42 57.8 33.3 76.2 47.0 94.7 60.6
e taeioms mt oy e 14 24 760 329 945 406 1131 484

Zecsf;?:ein Zechstein Group (Seismic Unit 2) 39 123 92.6 30.1 108.5 35.2 124.4 40.2
Subsalt R Upper Rotliegend Group (Seismic Unit 1) 28 74 112.6 30.3 121.7 32.8 130.9 35.2
et Limburg Group (Seismic Unit 1) 44 163 114.6 30.6 125.3 32.9 136.0 35.2
R Supra-salt strata 35 88 54.4 31.7 775 49.3 100.7 66.8

Sub-salt strata 48 237 113.8 30.5 124.2 32.9 134.6 35.2

All stratigraphic groups 48 448 84.7 27.2 110.7 36.7 136.7 46.2

Table 6.1. Corrected BHTs and geothermal gradients for different stratigraphic units calculated using normal probability plots.
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Fig. 6.9. (Previous page) Temperature maps superimposed on the areas of the Zechstein salt
(>400 ms thick) at four key horizons, highlighting the subsurface temperature variations in the
study area. a-d) Temperature at the base of the North Sea Group (Horizon H5), Chalk Group
(Horizon H4), Lower Germanic Trias Group (Horizon H1) and Zechstein Group (Horizon HO),
respectively. The Zechstein salt (>400 ms) is shown with the transparent black polygonal fill-
ing, and salt piercing boundaries in different horizons are marked by white dashed polygon.
The position of borehole data used to compile these maps is marked by black circles, and their
names are shown in Fig. 6.1. The location of the seismic profiles in Figs. 6.2-6.4 is shown by

black lines.

In terms of geothermal gradients, the North Sea and Chalk Groups record the highest
P90, P50 and P10 values for geothermal gradients (Table 6.1). The Upper Rotliegend and Lim-
burg Groups have the lowest P90, P50 and P10 values for geothermal gradient at ~33°C, on
average. The P90, P50 and P10 values for geothermal gradient in the Zechstein Group (Seismic
Unit 2) and Rijnland, Upper and Lower Trias and Groups (Seismic Unit 3) are very similar to

an average of ~38°C/km.

Temperature maps from four (4) key horizons, superimposed on the Zechstein Group,
illustrate the recorded variations in subsurface temperatures (Fig. 6.9). They show that the tem-
perature at the base of the North Sea Group (Seismic Unit 5) ranges from 40°C to 82°C, with
low-temperature zones mostly located in the western sector of the study area. Zones with rela-
tively high temperatures occur in the northern and eastern sectors (Fig. 6.9a). Temperatures at
the base of the Chalk Group vary from 74°C to 117°C, with low-temperature zones in the north-
east, northwest and south of the study area (Fig. 6.9b). Similarly to the base of the North Sea
Group, high-temperature zones are located to the north, southeast and southwest. The data in
Figs. 6.9a and b also show that temperature distribution at the base of the Chalk (Seismic Unit
4) and North Sea (Seismic Unit 5) groups does not correlate with the presence of thick salt
(>400 ms) below. Conversely, at the base of the Zechstein Group (Seismic Unit 2) and
Rijnland, Upper and Lower Germanic Trias Groups (Seismic Unit 3), temperatures show a
good match with the relative distribution of Zechstein salt (Figs. 6.9¢c and d). Zones with thick
Zechstein salt (>400 ms) record lower temperatures when compared to zones with less than
400 ms of salt. BHTs at the base of the Rijnland, Upper and Lower Germanic Trias Groups
(Seismic Unit 3) vary from 65°C to 128°C, while BHTs at the base of the Zechstein Group
(Seismic Unit 2) range from 95°C to 135°C (Figs. 6.9c and d).
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6.7 Burial and thermal histories of the Cleaver Bank
High

The burial history of the Cleaver Bank High is similar to other structural highs in the
vicinity (e.g. De Jager, 2003; De Jager, 2007; Fattah et al., 2012b). Burial history models for
three selected wells highlight two main phases of subsidence and sedimentation during the
Early Triassic-Middle Jurassic (~250-175 Ma) and Early Cretaceous-Holocene (~137-0 Ma),
which led to the burial maximum recorded in the study area at present (Figs. 6.10a, ¢ and e).
In parallel, multiple phases of uplift and erosion occurred during the Late Carboniferous-Early
Permian (~307-264 Ma) and Mid-Late Jurassic (~170-150 Ma), the latter of which is associated
with the Mid-Late Kimmerian phase (Figs. 6.10a, ¢ and e). Two other phases of uplift are
associated with tectonic inversion during the Late Cretaceous (Laramide phase) and Late Oli-
gocene (Savian phase), but recording smaller magnitudes of uplift and erosion when compared

to Mid-Late Jurassic uplift.

The thermal history for well K11-10 reveals two major temperature maxima occurring
in the Early Cretaceous and Cenozoic (Fig. 6.10a). Pre-Zechstein units reached temperatures
of up to 105°C during the Early Cretaceous, increasing to over 110°C during the Cenozoic. In
contrast, wells K11-02 and K12-12 show one single temperature maximum during the Ceno-
zoic (Figs. 6.10c and €). The highest modelled temperature for well K11-02 reaches 112°C,
and is over 130°C in well K12-12. Modelled present-day temperatures in well K12-12 show a
relatively good fit with the corrected BHTs analysed in this work (Fig. 6.10f). Temperature
differences between modelled present-day temperatures and corrected BHTs for well K12-12
vary only from 0.6°C to 12.4°C. Due to the thin salt encountered in well K12-12, modelled
temperatures above and below the Zechstein Group are not distinctly affected by any salt ther-
mal effect. Comparatively, a marked thermal effect of salt is recorded in wells K11-10 and
K11-02, which show obvious variations in geothermal gradients above and below the Zechstein
Group — salt is relatively thick near these two wells. Nevertheless, modelled present-day tem-
peratures in wells K11-10 and K11-02 do not fit well with their corresponding corrected BHTs
(Figs. 6.10b and d), recording temperature differences of 20.1°C-33.2°C and 14.7°C-26.4°C,
respectively. This implies that subsurface temperatures in wells K11-10 and K11-02 are influ-

enced by other factors apart from salt-related thermal effects.
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Fig. 6.10. Subsidence and thermal models for wells K11-10, K11-02 and K12-12, highlighting
their modelled present-day temperatures, corrected BHTs and vertical thermal conductivities.
The subsidence and thermal models provide evidence that temperature maximum occurred in
the Early Cretaceous and Cenozoic. Temperature differences between modelled present-day
temperatures and corrected BHTs for wells K11-10, K11-02 and K12-12 are respectively
20.1°C-33.2°C, 14.7°C-26.4°C and 0.6°C-12.4°C. This suggests that subsurface temperatures
in wells K11-10 and K11-02 are influenced by other factors than the presence of nearby salt

structures.
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Vertical thermal conductivity for different stratigraphic units was also modelled for
wells K11-10, K11-02 and K12-12 (Figs. 6.10b, d and f). Thermal conductivities in different
stratigraphic units are mainly controlled by their lithology, although local temperatures can
also cause some variability. In the pre-Zechstein units (Seismic Unit 1), thermal conductivity
varies between 1.3 and 1.9 W/m/K, values that mainly depend on lithology. Thermal conduc-
tivity in the Zechstein Group (Seismic Unit 2) ranges from 1.0 to 5.4 W/m/K. Salt records the
highest thermal conductivity which, in subsidence and thermal models, slightly decreases with
temperature (burial depth). In contrast, interbedded claystones in the Zechstein Group have the
lowest thermal conductivities. As for the Rijnland, Upper and Lower Germanic Trias Groups
(Seismic Unit 3), their thermal conductivities vary from 1.6 to 2.5 W/m/k, once again depend-
ing on lithology. Thermal conductivities for the Chalk (Seismic Unit 4) and North Sea Groups
(Seismic Unit 5) vary between 1.8 and 2.5 W/m/k and 1.5 to 2.5 W/m/k, respectively. They

both show a slight increase in thermal conductivity with increasing temperature (burial depth).

6.8 Discussion

6.8.1 Influence of salt structures on geothermal potential

Geothermal gradients in the Zechstein Group and overlying strata show a positive cor-
relation with salt thickness (Fig. 6.11). Conversely, geothermal gradients in sub-salt strata show
a slightly negative correlation with the thickness of the Zechstein Group (Fig. 6.11). Negative
correlations can be explained by a greater heat flow from sub-salt to supra-salt strata in areas
where salt is thicker. In addition, the data in Fig. 6.11 also show multiple outliers, implying

that subsurface geothermal gradients are influenced by other factors.

The effect of salt structures on geothermal potential can also be observed on geothermal
gradient maps (Fig. 6.12). Areas with thick Zechstein salt (>400 ms) correlate with relatively
high geothermal gradients (> 49°C/km) in supra-salt strata (Fig. 6.12a). However, local geo-
thermal gradients are influenced by large supra-salt faults, especially around Fault A. Similarly
to supra-salt strata, areas with the thick (>400 ms) Zechstein salt are well matched to areas
higher geothermal gradients (>37°C/km) in the Zechstein Group (Fig. 6.12b). Conversely, ar-
eas with the thick Zechstein salt (>400 ms) relate to areas of low geothermal gradients
(<32°C/km) in sub-salt strata (Fig. 6.12c).
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Fig. 6.11. Plot of geothermal gradient for different seismic-stratigraphic units vs. thickness of the Zechstein Group. Geothermal gradients in the

North Sea Group (Seismic unit 5), Chalk Group (Seismic unit 4), Rijnland, Upper and Lower Germanic Trias Groups (Seismic unit 3) and Zechstein

Group (Seismic unit 2) show a positive correlation with the thickness of the Zechstein Group. In contrast, geothermal gradients in the Upper

Rotliegend and Limburg Groups show a negative correlation with the thickness of the Zechstein Group, a character explained by the presence of

a greater heat flow from sub-salt to supra-salt strata in areas where salt is thicker.
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Fig. 6.12. Geothermal gradient maps for supra-salt strata, Zechstein Group and sub-salt strata
superimposed on the areas with Zechstein salt (>400 ms thick). a) and b) Maps showing that
areas with thick Zechstein salt (>400 ms thick) correlate with relatively high geothermal gra-
dients. ¢) Map highlighting that areas with the thick Zechstein salt (>400 ms thick) relate to
areas of low geothermal gradients. The Zechstein salt (>400 ms thick) is shown with a trans-
parent black polygonal filling. The position of borehole data used to compile these maps is
marked by the black circles, and their names are shown in Fig. 6.1. The location of the seismic

profiles in Figs. 6.2-6.4 is shown by black lines.
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It is also important to stress the influence of the Chalk Group on geothermal gradients
(Fig. 6.13). Geothermal gradients in the North Sea and Chalk groups show a negative correla-
tion with the thickness of this latter stratigraphic unit (Fig. 6.13). This can be explained by the
low permeability of the Chalk Group, which hinders heat transfer from underlying strata. More-
over, geothermal gradients in the Zechstein Group (Seismic Unit 2) and Rijnland, Upper and
Lower Germanic Trias Groups (Seismic Unit 3) also show a negative correlation with the thick-
ness of the Chalk Group (Seismic Unit 4). In addition, geothermal gradients in the Upper
Rotliegend and Limburg Groups (Seismic Unit 1) do not show significant changes relative to
the thickness of the Chalk Group (Fig. 6.13). Geothermal gradients in the two former units are
not influenced by the Chalk Group, as they are buried much below. In parallel, geothermal
gradients in shallow strata of the study area are also highly likely to be affected by the palaeo-
climate, especially the last glaciation periods (e.g. Fuchs et al., 2015). This impact has been
quantified by Fuchs et al. (2015) at the Hannover within the Southern Permian Basin using
petrophysical well logs, not far from the study area, at a similar latitude. The authors indicated
that geothermal gradient perturbations caused by palaeoclimatic impact can reach 10-12°C/km
from the surface down to ~400 m, with such a geothermal gradient perturbation reduced to less
than 5°C/km below ~800 m (Fuchs et al., 2015). This implies that the temperature and geother-
mal gradients measured in shallow strata, in this work, could have been even higher without

the palaeoclimatic impact of past glaciations.

6.8.2 The role of faults in influencing geothermal potential

Faults controlled the geometry, position and spatial distribution of salt structures on the
Cleaver Bank High (Figs. 6.5 and 6.7). Anomalies in geothermal gradient are recorded close

to faults as documented in Tables 6.2 and 6.3.

6.8.2.1 Direct influence of faults on geothermal potential

A direct influence on geothermal potential occurs when focused fluid migration occurs
along faults, when these faults act as effective paths to deep and hot fluid (Fig. 6.14). This leads
to higher-than-expected geothermal gradients in shallow strata. However, the direct influence
of faults on geothermal potential is usually limited to the areas adjacent to these structures.

Their influence merely lasts for short periods, if no new hot fluid is transmitted through fault,
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Fig. 6.13. Plot of geothermal gradient for different seismic-stratigraphic units vs. thickness of the Chalk Group. Geothermal gradients in the North
Sea Group (Seismic unit 5), Chalk Group (Seismic unit 4), Rijnland, Upper and Lower Germanic Trias Groups (Seismic unit 3) and Zechstein
Group (Seismic unit 2) show a negative correlation with the thickness of the Chalk Group. This can be explained by the low permeability of the
Chalk Group, hindering the transfer of heat from underlying strata. Conversely, geothermal gradients in the Upper Rotliegend and Limburg Groups
do not correlate with the thickness of the Chalk Group.
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Rijnland, Upper and Upper Rotliegend

bi Thickness  North Sea Group Chalk Group Lower Germanic Trias  Zechstein Group Group Limburg Group
well Position tlgt?r?ece of the Groups
Name Zechstein
fault (m) salt (m) Correcoted Goradient Correcoted Goradient Correc;[ed G;radient Correcoted G;radient Correcoted Goradient Correc;[ed Goradient
BHT(C) (C/km) BHT(C) (C/km) BHT(C) (C/km) BHT(C) (C/km) BHT(C) (C/km) BHT(C) (C/km)

K11-10 Footwall 2450 1283 46.9 121.8 - - 78.4 65.4 104.7 48.5 - - 128.0 33.8
K11-02 Footwall 9526 899 - - 67.1 67.9 82.3 44.1 - - 116.4 34.6 118.8 33.0
K11-07 Hanging wall 566 722 - - 88.1 48.0 - - 81.0 36.6 101.0 34.1 119.8 343
K11-01 Footwall 2623 1493 - - 775 60.9 89.1 49.3 - - - - - -
K08-11 Footwall 2586 132 52.8 84.0 87.9 49.5 - - 1175 34.0 - - 119.8 311
K11-11 Hanging-wall 3472 396 - - - - - - 109.5 335 - - 123.6 31.2
K11-08 Hanging-wall 806 7 65.0 54.3 67.4 39.0 - - 113.8 32.0 1214 33.0 124.0 31.8
K12-12 Hanging-wall 2373 83 71.2 45.9 101.0 36.0 - - 95.0 31.8 125.0 324 122.0 30.8
K09-06 Footwall - 1709 - - - - - - 87.4 44.6 117.3 315 125.0 313
K12-04 Hanging-wall 5501 182 - - 73.4 46.8 119.8 37.5 - - 128.0 33.0 1311 33.8
K08-10 Footwall - 1781 - - 54.8 447 - - 98.9 42.9 1154 29.0 - -
K09-07 Footwall 6093 486 - - 80.3 44.4 - - 1134 32.3 115.0 32.9 132.8 37.0
Average valuss for foot- 656 111 499 1029 735 535 83.3 529 1044 405 1160 320 1249 332
A"eragei‘@'_‘\‘,s;f"r hang- 544 202 68.1 50.1 825 425 119.8 375 99.8 334 1189 331 1241 324
Difference (%) for foot- g 281 -27 105 -11 26 -31 41 5 21 2 3 1 3

wall to hanging-wall

Table 6.2. Corrected BHTs and geothermal gradients recorded from twelve (12) wells located next to Fault A, highlighting the influence of this

fault on local geothermal gradient. The highest geothermal gradient and its corresponding corrected BHT are listed below when there is more than

one temperature measurement for a seismic-stratigraphic unit. Well locations are shown in Figs. 6.1-6.4.
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Rijnland, Upper and
Thickness North Sea Group Chalk Group Lower Germanic Trias  Zechstein Group

Distance Grouns
Well Name  Position to the ofthe. P
Zechstein

fault (m) salt (m) Corrected Gradient Corrected Gradient Corrected Gradient Corrected Gradient Corrected Gradient Corrected Gradient
BHT (') (ckm) BHT(C) (ckm) BHT(C) (Ckm) BHT(C) (c/km) BHT(C) (Ckm) BHT(C) (C/km)

Upper Rotliegend

Group Limburg Group

K07-01 S”ﬁi‘gﬁra' - 954 65.3 1005 - - 87.0 416 - ; ; - 1238 342
KO7-FD-  Structural ] 1192 26.7 72.8 470 50.5 773 39.1 1070 428 ; - 1170 318
105 high
K10-03  Saltwith- ] 650 67.1 68.8 98.0 58.6 ; ; 98.0 385 ; - 1211 349
drawal basin
K09-03 Nexgﬁhﬂ“'d - 182 - ; - . 129.0 40.6 134.0 316 1160 314 1397 354
Ko7-13  Westof o0y 1365 ; . 426 65.6 - . 64.3 32.3 - - 125.0 35.1
Fault B
Ko7-02 E8st Oé Fault 75, 228 ; . ; - 83.0 337 - ; 108.7 33.1 120.9 343

Table 6.3. Corrected BHTs and geothermal gradients measured from wells located next to two large NW-striking crestal faults, a fluid path and a
large hard-linked fault. The highest geothermal gradient and its corresponding corrected BHT are listed below when there is more than one tem-

perature measurement for a seismic-stratigraphic unit. Well locations are shown in Figs. 6.1-6.4.
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as heat can be quickly rebalanced (Pruess, 2005; Pruess, 2008; Li et al., 2018). The direct in-

fluence of faults on geothermal gradients is introduced below by using Fault A as an example.

Fault A is a growth fault propagating upwards from the Zechstein Group into the Upper
North Sea Group (Fig. 6.2). It was formed during the Early Triassic, as shown by the thickening
of the Upper and Lower Germanic Trias Groups on its hanging-wall block (Fig. 6.2a). It is also
a part of a large NE-striking fault zone across the Southern North Sea (See Fig. 1 in Ten Veen
et al., 2012). In supra-salt strata, geothermal gradients on the footwall of Fault A are much
higher than on its immediate hanging-wall block (Table 6.2). Average geothermal gradients on
the footwalls of Fault A are respectively 105.36%, 25.94% and 41.11% in the North Sea Group
(Seismic Unit 5), Chalk Group (Seismic Unit 4) and Rijnland, Upper and Lower Germanic
Trias Groups (Seismic Unit 3), values that are higher than on its immediate hanging-wall block
(Table 6.2). In more detail, geothermal gradients recorded in well K11-10 - located on the
footwall of Fault A - are the highest in all supra-salt strata, excluding the Chalk Group due to
the lack of BHT data for this interval, which are respectively 121.8°C/km in the North Sea
Group (Seismic Unit 5), 65.4°C/km in the Rijnland, Upper and Lower Germanic Trias Groups
(Seismic Unit 3) and 48.5°C/km in the Zechstein Group (Seismic Unit 2) (Fig. 6.2a; Table 6.2).
Comparatively, geothermal gradients recorded in wells K11-08 and K12-12, i.e. on the hang-
ing-wall block of Fault A, approach the lowest values in each of the supra-salt units considered
in this work (Table 6.2).

Such an observation suggests the footwalls of large supra-salt faults to be favourable
geothermal exploration targets, a character justified by the fact that salt in these footwalls is
also thicker when compared to their hanging-wall blocks (Fig. 6.2; Table 6.2). Thicker salt is
likely to cause ‘chimney effects’ near the largest faults. More importantly, it is related to fluid
migration along Fault A into shallow strata, as multiple low-amplitude trails of fluid are ob-
served in the hanging-wall of Fault A in Fig. 6.2a. This can also be confirmed by the distinct
differences between modelled present-day temperatures and corrected BHTSs for wells K11-10
and K11-02 that are located on the footwall of Fault A, as their corrected BHTSs are much higher
than their modelled present-day temperatures (Figs. 6.10b and d). In contrast, modelled well
K12-12 that is located on the hanging wall of Fault A is almost free of perturbations caused by
salt structures and faults, showing that its corrected BHTs relatively fit well with modelled
present-day temperatures (Fig. 6.10f). In addition, the depth differences between the footwall
of large supra-salt faults and their corresponding hanging-wall can also partly account for this

observation, as geothermal gradient has a negative correlation with depth (Fig. 6.8b). Footwalls
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are also effective structural traps for fluid, so the fluid accumulated by diffusion and focused
fluid migrations are more likely to be preserved in the footwalls of faults (Fig. 6.14). This has
already been proven by the hydrocarbon accumulations thus far encountered near some of the
wells drilled in the study area.

The relative distance from the largest faults influences the geothermal gradients rec-
orded in supra-salt strata (Fig. 6.2; Table 6.2). Geothermal gradient in the Rijnland, Upper and
Lower Germanic Trias Groups (Seismic Unit 3) gathered from well K11-10 is 65.4°C/km, a
higher value than the 44.1°C/km recorded in well K11-02 (Fig. 6.2a; Table 6.2). These two
wells are located on the footwall of Fault A, but well K11-10 is located much closer to this
fault (Fig. 6.2a; Table 6.2). This explains why the difference between modelled present-day
temperatures and corrected BHTSs is larger for well K11-10 than for well K11-02 (Figs. 10 b
and d). These data prove that large supra-salt faults significantly increase the local geothermal
gradients in their vicinity, but their influence decreases as one moves away from them. Fur-
thermore, large NW-striking crestal faults can influence the geothermal gradients around salt
structures (Figs. 6.4 and 6.14; Table 6.3). These faults propagate into the Upper North Sea
Group from the Zechstein Group (Figs. 6.4, 6.5 and 6.7), and high geothermal gradients are
recorded next to these faults (Table 3). In detail, the second highest geothermal gradient
(100.5°C/km), recorded in well KO7-01 within the North Sea Group, is located next to the
crestal faults in Fig. 6.4 (also see Table 6.3). The presence of this high geothermal gradient is
likely associated with the influence of these crestal faults, though the underlying thick salt may
have also contributed in part (Fig. 6.11). It is important to note that the development of crestal
faults above salt structures is usually associated with underlying salt movement, so halokinesis
can indirectly influence the geothermal potential by controlling the development of crestal
faults above salt structures.

Sub-salt faults impose a direct influence on the geothermal potential of the Cleaver
Bank High. This usually occurs in the areas where the Zechstein salt is very thin (<100 ms; or
~230 m), or even absent, promoting fluid flow along sub-salt faults into supra-salt strata (Figs.
6.2c-e and 6.14). As a key example, well K09-03 was drilled next to a low-amplitude trail of
fluid located above a salt weld (Fig. 6.2c). A relatively high geothermal gradient (40.58°C/km)
is recorded in well K09-03 in the Rijnland, Upper and Lower Germanic Trias Groups (Seismic
Unit 3; Table 6.3), suggesting fluid flow into supra-salt strata. The presence, near this well, of

a relatively high geothermal gradient implies very recent, if not active, fluid flow.
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Fig. 6.14. Summary of the influence of salt structures and faults on geothermal potential, highlighting three potential geothermal exploration targets

in the study area. The Zechstein salt heats the overlying strata by heat conduction, causing higher geothermal gradients above salt strata. Large

supra-salt and sub-salt faults act as fluid paths to deep and hot fluid into shallow strata, resulting in the presence of the high geothermal gradients

in shallow strata. Three potential geothermal exploration targets are located at the footwall of large supra-salt fault, above thick Zechstein salt, or
areas with salt welds and dense sub-salt faults. This section is modified from Figs. 6.2a and 6.4.
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6.8.2.2 Indirect influence of faults on geothermal potential

An indirect influence of faults on geothermal potential is recorded where higher geo-
thermal gradients occur in supra-salt strata, but lower geothermal gradients are observed in
sub-salt strata (Figs. 6.11, 6.12 and 6.14). In the study area, faults control the geometry, position
and spatial pattern of salt structures, showing they have an indirect influence on the Cleaver

Bank’s geothermal potential.

Supra-salt faults are the most common faults in the study area, but most are restricted
to Cenozoic strata. Only a few large Mesozoic supra-salt faults propagated upward into the
North Sea Group (Figs. 6.2-6.4). These large supra-salt faults exerted an effective control on
the geometry of salt structures, but not on their spatial distribution (Fig. 6.7). Sub-salt faults
are mainly NW- or NE-striking in the study area and experienced multiple episodes of reacti-
vation. They control the strike and thickness of salt structures, creating the necessary accom-
modation space on their hanging-wall blocks for thick Zechstein salt (Fig. 6.7). In parallel,
large hard-linked faults can influence the distribution of salt structures. In the study area, a
large strike-slip fault (Fault B) located in the western sector of the study area resulted in the
formation of a ~20 km long salt wall (Fig. 6.3). The thickness of Zechstein salt changes on both
sides of Fault B, generating contrasting geothermal gradients in supra-salt strata (Figs. 6.3 and
6.12; Table 6.3). These exert large-scale and long-lasting controls on geothermal gradients and
subsurface temperatures when compared with the direct influence of faults on geothermal po-
tential.

On the Cleaver Bank High, the greatest geothermal energy potential occurs at the foot-
wall of large supra-salt faults, especially near Fault A. The area near such faults records high
geothermal gradients due to the combined presence of thick Zechstein salt at depth and the
migration of hot fluid along these same faults. Another potential geothermal exploration target
is located above thick salt intervals in the Zechstein Group, as thick salt can heat supra-salt
strata up due to its good thermal conductivity. The last potential geothermal exploration target
on the Cleaver Bank High coincides with the sector where thin salt (<100 ms) is observed
above dense sub-salt faults. Here, sub-salt fluid can flow upwards along the sub-salt faults,

resulting in the migration of deep and hot fluid across salt welds.
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6.9 Chapter-specific conclusions

Chapter 6 aimed at understanding the influence of salt structures and faults on the geo-
thermal potential of the Cleaver Bank High, Southern North Sea. Salt structures and faults were
analysed, and subsurface temperature and geothermal gradient maps were compiled. The in-
fluence of salt structures and faults on the geothermal potential of the study area was discussed.

The main conclusions of this work can be summarised as follows:

a) Salt structures developed on the Cleaver Bank High include multiple salt diapirs, salt
pillows and a salt wall, all of which have experienced multiple phases of growth. Their relative
positions, geometries and distributions are significantly controlled by sub-salt faults and large
NE-striking supra-salt faults.

b) The presence of salt structures has an important influence on the geothermal potential
of the study area. In more detail, strata deposited above the Zechstein Group show higher geo-
thermal gradients proportionally to the thickness of Zechstein salt. In contrast, the strata buried
below this Group show a minor decreasing trend in geothermal gradients with an increasing
thickness of salt. This proves the large-scale, long-lasting influence of salt on geothermal gra-

dients and sub-surface temperatures.

c) Faults developed on the Cleaver Bank High also play an important role in influencing
the geothermal potential. Large supra-salt faults can act as migration paths for deep and hot
fluid, resulting in the presence of the high geothermal gradients in shallow strata. Geothermal
gradients on footwall blocks are usually higher than that on the corresponding hanging-walls
of large supra-salt faults. However, it decreases with the distance away from these faults, and
their influence merely lasts for short periods, if no new hot fluid is transmitted through faults,

as heat can be quickly rebalanced.

d) Sub-salt faults influence the geothermal gradient of supra-salt strata in the sector
where there is very thin, or even absent, salt (<100 ms), forming distinct low-amplitude trails
of fluid above these same faults. They indirectly influence geothermal gradient by controlling

the position, geometry and distribution pattern of salt structures.

e) Faults and salt structures present a contrasting influence on temperatures and geo-
thermal gradients. As a result, three potential geothermal exploration targets are summarised
in the study area, located at the footwall of large supra-salt fault, above thick Zechstein salt, or

areas with salt welds and dense sub-salt faults.
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As a corollary, this work classifies the influence of tectonic faults on the geothermal
potential of the Cleaver Bank High as: a) direct, and b) indirect. This highlights the contrasting
influence on geothermal gradients between faults and salt structures on the Cleaver Bank High.
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7 Summary and discussion

7.1 Preamble

The results chapters (Chapters 4-6) in this thesis aim at addressing the size, geometry
and distribution of fault families around salt structures, at illustrating the formation and devel-
opment of these fault families under the local stress field associated with halokinesis, and at
exploring their implications for fluid flow, carbon and energy storage, and geothermal poten-
tial. The main findings of results chapters are summarised and presented in this chapter. It
indicates that multiple fault families are observed around salt structures in the Espirito Santo
Basin, SE Brazil and the Cleaver Bank High, Southern North Sea, with different size, geometry
and distribution. Their formation and development are usually associated with halokinesis, and
they have implications for fluid flow, storage and production. This chapter aims to discuss the
wider implications of the results in this thesis, outline the limitations of the research and pro-
pose themes for further work.

7.2 Summary of scientific results

7.2.1 Chapter 4: Fault analysis of a salt minibasin offshore Espirito
Santo, SE Brazil

The first result chapter in this thesis (Chapter 4) aimed at understanding the distribution,
evolution history and significance of different fault families in a salt minibasin, at the same
time identifying any favourable fluid pathways offshore Espirito Santo Basin, SE Brazil (Fig.
7.1). High-quality 3D seismic data were used to interpret faults in the study area, and these
faults were separated into four fault families based on their geometry, orientation, distribution
and relationship with main salt structures. Three principal stratigraphic units were defined
based on their internal seismic reflection characters, bounding reflection terminations, and their
relationship with main structural features. Well profile correlations were plotted to identify
lithological variations in the seismic-stratigraphic units, and a chronostratigraphic framework
was established based on the work of Ze and Alves (2021).

Displacement analyses for representative faults showed that lateral tip linkage and dip

linkage were commonly observed to explain the growth of faults, except for listric faults.
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Listric faults have distinctly higher displacements when compared to other fault families, ac-
commodating significant extensions in the minibasin during the Cenozoic. The development
of listric faults can indicate the existence of sub-surface overpressure in strata. Moreover, the
intervals into which listric faults sole out comprise soft and ductile strata, which is likely asso-
ciated with source rocks. Additionally, three stages of halokinesis occurred during the Ceno-
zoic, controlling the formation and development of surrounding fault families. Finally, normal-
ised leakage factor analyses reveal keystone faults to be the most favourable pathways to fluid
migrating in the investigated salt minibasin, whereas listric faults are likely to form barriers

and baffles to fluid in their lower parts.

7.2.2 Chapter 5: Palaeostress state around a rising salt diapir in-

ferred from seismic reflection data

The main aim of the second result chapter in this thesis (Chapter 5) was to understand
the palaeostress state around a rising triangular salt diapir on the Cleaver Bank High, Southern
North Sea. High-quality 3D seismic data were used to interpreted faults around the diapir of
interest (Fig. 7.2). Interpreted faults include radial, polygonal and keystone faults, which are
separated into eight zones based on their geometry, strike and overall distribution. Eight (8)
key seismic-stratigraphic horizons are interpreted and correlated with borehole data, revealing
the main chronostratigraphic framework of the study area. In addition, graphs recording the
number of faults offsetting the interpreted seismic horizons were compiled, showing the pres-
ence of two distinct polygonal fault tiers in the study area. Well profile correlations were plot-
ted to identify lithological variations and establish a chronostratigraphic framework for the

interpreted seismic-stratigraphic units.

Displacement analyses for selected faults indicated that dip linkage is the common fault
growth process in the study area. Fault nucleation and growth were mainly controlled by
halokinesis in three structural stages during the Cenozoic. Stress inversions for interpreted
faults revealed that palaeostresses in flanking zones of the salt diapir show marked differences
when compared with corner zones, with the combination of minimum principal palaeostresses
from all flanking and corner zones formed a triangular stress ring around the salt diapir. The
width of this stress ring was not only associated with the rise of the salt diapir, but also largely
influenced by adjacent salt structures. This work has important implications to the analysis of
salt diapirs, and their adjacent strata, in areas posed for carbon sequestration, gas storage, and
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Fig. 7.1. Diagram summarising the key results from Chapter 4. It shows that seismic profiles, variance and TWT structural maps were used to
understand fault families, and fault displacement-length (Dmax-L) and displacement-depth (D-Z) for selected faults were compiled. The evolution

history of fault families was summarised in three stages, and fault leakage analyses were implemented for four fault families.
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Fig. 7.2. Diagram summarising the key results from Chapter 5. It shows that seismic profiles, variance and TWT structural maps were used to
understand fault families around the salt diapir of interest, and fault throw-length (Tmax-L) and throw-depth (T-Z) for selected faults were compiled
for selected faults. Palaeostress state around this salt diapir were studied by using the stress inversion for the interpreted faults. The evolution of
salt diapir in the Cenozoic was summarised in three stages.
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the production of oil and gas.

7.2.3 Chapter 6: The influence of salt structures and faults on geo-

thermal potential on the Cleaver Bank High

The key aims of the third result chapter in this thesis (Chapter 6) were to investigate the
influence of salt structures and faults on the geothermal potential of the Cleaver Bank High
(Fig. 7.3). High-quality 3D seismic data showed multiple salt diapirs, salt pillows and a salt
wall were developed on the Cleaver Bank High, and these salt structures have experienced
multiple phases of growth. Three groups of faults were separated based on their spatial distri-
bution and stratigraphic position relative to the Zechstein Group. The distribution of faults and
salt structures in the study area indicates that sub-salt faults and large NE-striking supra-salt
faults control the relative positions, geometries and distributions of salt structures. In addition,
448 bottom-hole temperatures (BHTS) measured from 48 wells show the distribution of sub-
surface temperature and geothermal gradient. Temperature has a near-linear positive correla-
tion with depth, with the slope of temperature trendline of 38.5°C/km, whereas geothermal

gradients show a negative power law relationship with depth.

Strata deposited above the Zechstein Group record geothermal gradients that are en-
hanced proportionally to the thickness of this salt unit. Conversely, strata buried below the
Zechstein Group reveal a moderate decreasing trend in geothermal gradients with increasingly
thick salt. In parallel, large supra-salt faults can act as fluid paths to deep and hot fluid into
shallow strata, resulting in the presence of the high geothermal gradients in shallow strata.
Geothermal gradients on footwall blocks are usually higher than that on the corresponding
hanging-walls of large supra-salt faults. However, it decreases with the distance away from
these faults. In more detail, average geothermal gradients on the footwall of the largest supra-
salt fault (Fault A) are, relative to its immediate hanging-wall, 105% higher in the North Sea
Group, 26% higher in the Chalk Group, and 41% higher in the Rijnland, Upper and Lower
Germanic Trias Groups. Additionally, sub-salt faults influence the geothermal gradient of su-
pra-salt strata in parts of the study area where there is very thin, or even absent, salt (<100 ms;
or ~230 m), forming distinct low-amplitude trails of fluid above these same faults. They also
indirectly influence geothermal gradient by controlling the position, geometry and distribution

pattern of salt structures.
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Fig. 7.3. Diagram summarising the key results from Chapter 6. It shows that seismic profiles, variance and TWT structural maps were used to
study fault families on the Cleaver Bank High. Subsurface temperature and geothermal gradients were investigated by using bottom-hole temper-
atures, and the relationship between geothermal gradients vs. Zechstein Group thickness and Chalk Group thickness is studied. The influence of

salt and fault on geothermal potential is summarised in a schematic diagram.
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In summary, faults and salt structures present a contrasting influence on temperatures
and geothermal gradients. As a result, three potential geothermal exploration targets are sum-
marised in the study area, located at the footwall of large supra-salt faults, above thick Zech-
stein salt, or areas with salt welds and dense sub-salt faults.

7.3 Scales and styles of faulting in areas affected by

halokinesis

In order to understand the scales and styles of faulting in the Espirito Santo Basin, SE
Brazil and the Cleaver Bank High, Southern North Sea, this thesis randomly selected 110 faults
from the former and 93 faults from the latter to compile displacement-length (Dmax-L) and their

corresponding throw-length (T-L) plots (See Appendix C and D).

Such plots are shown in Figs. 7.4 to 7.6 and reveal that crestal, corridor and keystone
faults measured from the Espirito Santo Basin are clustered, as they have shown similar di-
mensions of maximum displacement and length in Dmax-L plot (Fig. 7.5). Similarly, radial,
polygonal and keystone faults recorded from the Cleaver Bank High are also clustered, show-
ing similar dimensions of maximum displacement and length in Dmax-L plot (Fig.7.6). Interest-
ingly, the areas where these fault families clustered in Dmax-L plots seem to overlap, especially
for the faults with the length of ~1000 m in two study areas (Figs. 7.4-7.6). These faults clus-
tered in Dmax-L data are salt-related faults, as their growth and development are closely associ-
ated with halokinesis. Conversely, sub-salt and listric faults are scattered away from these clus-

tered faults, showing larger maximum displacements and lengths than the latter (Figs. 7.4-7.6).

As a result, this thesis divides fault families around salt structures into two different
types based on their distributions in Dmax-L plots: 1) clustered salt-related faults with small
displacements and 2) scattered sub-salt and listric faults. Note that two large faults, named
Faults A and B described in Chapter 6 are not classified into these two types, as they are a part

of two large fault zones crosscutting the entire seismic volume.
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Fig. 7.4. Relationship between maximum displacement and length (Dmax-L) for faults plotted
in log-log space - data plotted as black points from Torabi and Berg (2011) and data plotted as
grey points from Rotevatn et al. (2019). A total number of 203 maximum displacement and
length data from the Espirito Santo Basin, SE Brazil in Chapter 4 and from the Cleaver Bank
High, Southern North Sea in Chapters 5 and 6 are plotted as different colour points.
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7.3.1 Clustered salt-related faults with small displacements

7.3.1.1 Clustered salt-related faults in the Espirito Santo Basin, SE Brazil

Clustered salt-related faults in the Espirito Santo Basin represent crestal, corridor and
keystone faults. These faults are commonly planar faults, and their dips vary from 23° to 64°
(Fig. 4.7). A total number of 101 salt-related faults in the Espirito Santo Basin were measured,
with maximum displacement ranging from 14 to 168 m, throw ranging from 4 to 91 m, and
length ranging from 325 to 4283 m (Fig. 7.5; Table 7.1; See Appendix C). Among these three
fault families, keystone faults record the largest average value of length, maximum displace-
ment and throw, which respectively are 1537, 60 and 30 m (Table 7.1). Conversely, crestal
faults have the smallest average value of length, maximum displacement and throw, which
respectively are 1008, 47 and 17 m (Table 7.1). The average value of length, maximum dis-

placement and throw for corridor faults are 1294, 57 and 23 m, respectively (Table 7.1).

The displacement-length relationships of three fault families are similar in Dmax-L plot
(Fig. 7.5a). The length of these faults is about 10 to 100 times their maximum displacement.
The throw-length relationship of three fault families are also similar in T-L plot, with the length
of faults around 60 to 110 times their throw (Fig. 7.5b). Their maximum displacement and
throw have shown positive correlations with length in log-log plots, indicating that fault’s max-

imum displacement and corresponding throw increase with length (Fig. 7.5).

7.3.1.2 Clustered salt-related faults on the Cleaver Bank High, Southern North Sea

On the Cleaver Bank High, clustered salt-related faults refer to radial, polygonal and
keystone faults, and their growth and development are associated with halokinesis. Polygonal
faults mentioned here concern the aligned polygonal faults in Chapter 5, as they were influ-
enced by the local stress field produced due to the growth of salt diapir K09. Polygonal faults
in Dmax-L plots overlap with radial and keystone faults (Fig. 7.6), so this thesis have classified

them into salt-related faults.

Salt-related faults on the Cleaver Bank high are typical planar faults, with dips varying
from 46° to 68° (Table 5.1). A total number of 82 salt-related faults were measured, showing
that they have the maximum displacement ranging from 14 to 90 m, throw ranging from 10 to
16 m, and length ranging from 150 to 3061 m (Fig. 7.6; Table 7.1; See Appendix D). Measured
radial and keystone faults have similar average lengths that are respectively 1068 and 1024 m,
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Fig. 7.5. A total number of 110 crestal, corridor, keystone and listric faults from the Espirito
Santo Basin, SE Brazil, showing a) the relationship between their maximum displacement and
length (Dmax-L) and b) the relationship between their corresponding throw and length (T-L) in
log-log plots.
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Fig. 7.6. A total number of 93 radial, polygonal, keystone and sub-salt faults from the Cleaver
Bank High, Southern North Sea, showing a) the relationship between their maximum displace-
ment and length (Dmax-L) and b) the relationship between their corresponding throw and length
(T-L) in log-log plots.
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Maximum dis-
Fault number Length Average Average maximum Average
Area Fault family placement Throw (T/m)
(N) (L/m) length (m) displacement (m) throw (m)
(Dmax/m)
Crestal faults 38 325 -2166 1008 14.3 - 168 46.9 3.8-913 16.5
Corridor faults 21 350 - 3275 1294 19.4-109.3 57.6 6.6-55.5 234
The Espirito Keystone faults 42 368 - 4283 1537 14.8 - 165.6 59.9 7.2-71.8 29.5
Santo Basin Listric faults 9 1019 - 7211 3066 3863 — 1658.0 1006.5 25.1-210.9 911
Clustered salt-related
101 3254283 1288 14.3 -168.0 54.6 3.8-913 23.8
faults
Radial faults 44 150 - 2605 1068 14.3 - 89.8 40.1 10.3 - 69.1 26.4
Polygonal faults 19 380-1178 674 26.4-573 43.0 17.7-37.3 26.1
The Cleaver Keystone faults 19 353 -3061 1024 31.6-79.9 48.8 20.9 -37.8 28.5
Bank High Basement faults 11 2676 - 10269 5987 60.4 -306.3 202.1 58.5-303.7 189.8
Clustered salt-related
82 150 - 3061 966 14.3-89.8 42.8 10.3 -16.0 26.8
faults
Two study Clustered salt-related
183 150 - 4283 1144 14.3-168 49.3 3.8-913 25.1

arca

faults

Table 7.1. Fault data obtained from the Espirito Santo Basin and the Cleaver Bank High. The data show two different types of faults: 1) clustered

salt-related faults with small displacements and 2) scattered sub-salt and listric faults.
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whereas polygonal faults record the shortest average length of 674 m (Table 7.1). Measured
polygonal faults have higher average value of the maximum displacement (43 m) than that (40
m) of radial faults, but lower than that (49 m) of keystone faults (Table 7.1).

The displacement-length relationships for radial and polygonal faults are similar in
Dmax-L plot, but are different from that for keystone faults (Fig. 7.6a). The length of radial and
polygonal faults is about 9 to 100 times their maximum displacement, whereas the length of
keystone faults is around 10 to 75 times their maximum displacement. This may be related to
the fact that radial and polygonal faults are usually constrained to the Paleogene strata, resulting
in that these faults are more likely to propagate laterally rather than vertically (Figs. 7.6 and
7.7). Similarly to the growth of a fault in layered sequence illustrated in Fig. 7.7, it shows that
a fault expands horizontally when reaching to the upper and lower stratigraphic boundaries,
resulting in the presence of low Dmax/L ratio (Fossen, 2016). In parallel, the throw-length rela-
tionships for radial and polygonal faults are also similar in T-L plot, showing obvious differ-
ences with keystone faults (Fig. 7.6b). The length of radial and polygonal faults is around 10
to 105 times their throw, whereas the length of keystone faults is about 50 to 90 times their
throw. The maximum displacement and throw for three fault families have shown positive cor-
relations with length in log-log plots, indicating that their maximum displacement and corre-

sponding throw increase with length (Fig. 7.6).

7.3.1.3 Clustered salt-related faults

Clustered salt-related faults measured in two study areas are all planar faults, with dips
ranging from 23° to 68°. They have the maximum displacement ranging from 14 to 168 m,
throw varying from 4 to 91 m, and length ranging from 150 to 168 m (Fig. 7.8; Table 7.1).
Average values of length, maximum displacement and throw for these faults are 1144, 49 and
25 m, respectively (Table 7.1). The displacement-length relationships for clustered salt-related
faults are similar to the throw-length relationships. The length of clustered salt-related faults is
about 9 to 100 times their maximum displacement, and the throw of these same faults is about
10 to 110 times their throw (Fig. 7.8). The maximum displacement and throw for these faults
show positive correlations with length in log-log plots, indicating that their maximum displace-
ment and corresponding throw increase with length (Fig. 7.8). This correlates with the scaling
laws of faults proposed by previous researchers (e.g. Ferrill and Morris, 2008; Ferrill et al.,
2017; Kim and Sanderson, 2005; Schultz et al., 2008; Walsh et al., 2002).
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Fig. 7.7. Diagram illustrating the growth of a fault in a layered sequence, with displacement profile and displacement-length evolution shown to
the right (logarithmic axes). The fault nucleates in a sandstone layer (a) with a normal displacement profile and expands horizontally when hitting

the upper and lower boundaries (b). Figure from Fossen (2016).
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Fig. 7.8. A total number of 203 clustered salt-related, sub-salt and listric faults from the Espirito
Santo Basin, SE Brazil and the Cleaver Bank High, Southern North Sea, showing a) the rela-
tionship between their maximum displacement and length (Dmax-L) and b) the relationship be-

tween their corresponding throw and length (T-L) in log-log space.
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Clustered salt-related faults from two study areas in Dmax-L or T-L plots overlap with
faults documented from the previous publications in literature, which were developed in dif-
ferent tectonic settings and mechanical stratigraphy (Fig. 7.4). For example, normal faults off-
set Carboniferous to early Permian coal measures deposits in the Lorraine coal field, NE France
(Villemin et al., 1995) and in the East Pennine Coalfield, United Kingdom (Childs et al., 1990;
Nicol et al., 1996), which records the faults length ranging from ~350 to ~20,000 m with the
throw ranging from ~10 to ~300 m and length varying from ~100 to 10,000 m with maximum
throw ranging from ~20 to ~800 m, respectively. Normal faults developed in Jurassic strata
affected by end-Jurassic extension in the northern North Sea, with fault length ranging from
~300 to ~20,000 and maximum throw ranging from ~8 to ~1500 m (Yielding, 1996). Crestal
faults developed in the Mesozoic strata above the Samson Dome, Northern Norway, with the
fault length from 2776 to 19801 m and displacement from 23 to 82 m (Mattos et al., 2016).
Crestal and radial faults intersect the Late Cretaceous to Paleogene strata around salt diapirs in
Espirito Santo Basin, showing the length of faults from 751 to 9512 m and displacement from
36 to 83 m (Mattos and Alves, 2018). This indicates that clustered salt-related faults from two
study areas are normal faults in nature, which can have the same displacement/throw-length

relationships with other normal faults formed in different tectonic settings and mechanical stra-

tigraphy.

7.3.2 Scattered sub-salt and listric faults

7.3.2.1 Sub-salt faults on the Cleaver Bank High, Southern North Sea

Sub-salt faults on the Cleaver Bank High are covered by thick overlying Zechstein
Group, and they are decoupled from supra-salt strata for the tectonic deformation. These faults
usually have experienced multiple phases of reactivation since the Upper Palaeozoic, resulting
in their high length-throw ratios (Ligtenberg et al., 2011; Van Ojik et al., 2020; Alves et al.,
2022). Sub-salt faults are usually high angle planar faults, with dips varying from 71° to 89°
(Figs. 6.2-6.4). A total of 11 sub-salt faults were measured on the Cleaver Bank High, and most
measured sub-salt faults have the lower tips reaching out the lower boundary of seismic vol-
ume. This may cause the wrong measurements of maximum displacement for these faults.
Measured sub-salt faults have the maximum displacement ranging from 60 to 306 m, throw
ranging from 59 to 304 m, and length ranging from 2676 to 10,269 m (Fig. 7.8; Table 7.1). The

average value of length, maximum displacement and throw of sub-salt faults are respectively
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5987, 202 and 189 m, values that are much higher than those of clustered salt-related faults.
The displacement-length relationships for sub-salt faults are almost the same with their throw-
length relationships (Fig. 7.8). The length of sub-salt faults is about 30 to 90 times their dis-
placement, and the length of these same faults is also about 30 to 90 times their throw. This
indicates that sub-salt faults mainly accrue vertical displacement rather than horizontal dis-
placement with the increase of length. It correlates with the fact that sub-salt faults have high
dip angles (71° to 89°). Similarly to clustered salt-related faults, the maximum displacement
and throw of sub-salt faults have shown positive correlation with the length (Fig. 7.8).

Sub-salt faults measured in this thesis have distinct differences with sub-salt faults doc-
umented by Alves et al. (2022) in the Central Offshore Platform, Southern North Sea, though
their study area is next to the Cleaver Bank High. Their sub-salt faults have the length ranging
from 325 to 4725 m (Alves et al., 2022), which is much shorter than sub-salt faults measured
in this thesis. However, the maximum throws of their sub-salt faults vary from 15 to 320 m,
having similar dimension of throws with sub-salt faults measured in this thesis. It indicates that
their sub-salt faults are likely to have larger displacement than sub-salt faults recorded in this
thesis with the same fault length. This may be related to the difference of faults reactivation

histories for sub-salt faults between the Central Offshore Platform and the Cleaver Bank High.

7.3.2.2 Listric faults in the Espirito Santo Basin, SE Brazil

Listric faults developed in the Espirito Santo Basin are highly curved in plan view, and
their dips vary greatly with depth in seismic profiles, with dips varying from 2.3° to 22.9° (Fig.
4.7). Their formation was related to the presence of underlying local overpressure based on the
mechanism proposed by Yuan et al. (2020). A total number of 9 listric faults were measured in
the Espirito Santo Basin, with the maximum displacements varying from 386 to 1658 m, throw
varying from 25 to 211 m, and length varying from 1019 to 7211 m (Fig. 7.8; Table 7.1). The
average value of length and throw for listric faults are 3066 and 91 m, which are higher than
clustered salt-related faults but lower than sub-salt faults mentioned above (Fig. 7.8; Table 7.1).
However, average value of the maximum displacement for listric faults is 1002 m, which is
much higher than sub-salt and salt-related faults (Fig. 7.8; Table 7.1). This indicates that listric
faults have large horizontal displacement - heave, which is mainly attributed to their lower dip
angles in their lower parts. The length of listric faults is about 2 to 10 times their displacement,
but the length of these same faults is about 12 to 120 times their throw (Figs. 7.5 and 7.8). It
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means that listric faults mainly accrue horizontal displacement rather than vertical displace-
ment with the increase of length. Additionally, their maximum displacement and throw have
shown positive correlation with length (Fig. 7.8). In literature, there are rarely faults overlap-
ping with these listric faults in Dmax-L plot (Fig. 7.4), as little research has focused on the
relationships between the maximum displacement and length for listric faults by using seismic
data.

Apart from faults mentioned above, two NE-striking large faults named Faults A and
B in Chapter 6 were also developed on the Cleaver Bank High, Southern North Sea, and their
formations mainly relate to the regional NW-SE extension in the Mesozoic. Fault A is a large
growth normal fault with the maximum displacement over 1647 m, and its length measured in
this 3D seismic volume is 36,678 m (Fig. 6.2). It is a large planar fault at its lower part but is
separated into two fault segments at its upper part (Figs. 6.5 and 6.7), indicating the variation
of regional tectonic stress directions during the Cenozoic. Fault A propagated upwards from
the Zechstein Group into the Upper North Sea Group, and it was formed during the Early Tri-
assic due to the thickening of the Upper and Lower Germanic Trias Groups on its hanging-wall
block. Fault B is a large dextral strike-slip fault with a length of 19.4 km in the study area, and
its lateral maximum offset is ~9.1 km based on the distance between two equivalent NW-strik-
ing faults that were offset by it (Figs. 6.5-6.7). It is nearly vertical and propagates from the sub-
salt Rotliegend Group into the relatively shallow North Sea Group (Fig. 6.3).

7.4 Implications for fluid flow, storage and produc-
tion

Fault families around salt structures play an important role in controlling the fluid flow,
storage and production in salt-rich basins, as faults are capable of acting as barriers or conduits
to fluid flow (e.g. Cox et al., 2001a; Gartrell et al., 2004). However, it is usually hard to distin-
guish whether a fault acted as barrier or conduit to fluid flow. This is because faults sealing
competence are affected by multiple geological factors, such as the lithology of the strata
crossed by the fault, fault displacement, fault-gouge geometry, fault geometry in relation to
local stress fields, post-deformation cementation and interactions between fluids and host rock
(Caine et al., 1996; Fisher and Knipe, 2001; Koledoye et al., 2003; Manzocchi et al., 2010). In

this section, this thesis discusses the importance of fault families around salt structures for fluid
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flow and trapping based on fluid flow features and geothermal gradient anomalies. Later, their
implications for carbon and energy storage are also discussed, highlighting that salt-related

faults can be useful palaeostress indicators around salt structures.

7.4.1 Importance of fault families around salt structures to fluid

flow and trapping

In this thesis, multiple fluid flow features are observed around faults in seismic data,
including pockmarks, bright spots and gas pipes (Fig. 7.9). Although these fluid flow features
are subtle in seismic data, they have a key significance to hydrocarbon and geothermal energy
exploration. In more detail, pockmarks and gas pipes around faults indicate that these faults
have acted as effective fluid migration pathways, which are associated with fluid leakage along
faults. Conversely, bright spots around faults indicate that faults have been acting as barriers

to fluid flow, showing the position of hydrocarbon traps around salt structures.

Pockmarks are usually recognised as circular to elliptical depressions at the (paleo) sea-
floor, and their formation relates to the expulsive fluid venting (Hovland and Judd, 1988;
Hovland et al., 2002; Judd et al., 2007; Cathles et al., 2010; Marcon et al., 2014). In the Espirito
Santo Basin, many large pockmarks are observed at the upper part of listric faults with different
geometries and sizes (Fig. 7.9). These pockmarks occur on the hanging-wall of listric faults
and directly or indirectly lie above the footwall (Fig. 7.9), proving that their formation are
associated with fluid flow along these faults. This can also be confirmed by the fact that many
bright spots are found at the lower part of listric faults. Many pockmarks directly overlie the
footwall of listric faults, whereas a few pockmarks indirectly overlie the footwall of listric
faults (Fig. 7.9). This is associated with the position in which fluid escape from listric faults.
Previous research has reported the formation of pockmarks associated with listric faults in the
Ebro Delta, Spain and the West African continental margin (e.g. Maestro et al., 2002; Pilcher
and Argent, 2007), indicating that pockmarks occurred above the footwall cut-offs of the or-
ganic-rich unit or overpressured interval (Fig. 7.10). It is because the minimum effective stress
is usually located at the point of the footwall cut-off of the overpressured layer where it is the
most likely to cause the vertical fluid leakage to the seabed and the formation of a pockmark
(Pilcher and Argent, 2007). This can also explain the formation of pockmarks associated with

listric faults in the Espirito Santo Basin, though fluid in the latter were transported through
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listric faults from deep potential source rock into shallow strata, rather than transported from

the organic-rich unit or overpressured intervals offset by listric faults.

Bright spots are known for the indicators of hydrocarbons, and their formation usually
relates to gas within clastic reservoirs (e.g. Cox et al., 2020). In the Espirito Santo Basin, many
bright spots are found around faults, especially listric faults (Fig. 7.9). This indicates that these
faults act as barriers to the hydrocarbon, showing the position of hydrocarbon traps. The dis-
tribution of bright spots shows that hydrocarbon traps are not only located around faults above
salt diapirs, but also founded around faults in the salt minibasin. Moreover, bright spots are
founded at different depths around faults in the Espirito Santo Basin (Fig. 7.9), showing that
they were transported from deep strata into shallow strata. Bright spots are mainly observed
around faults propagating into the interval that listric faults sole out into, implying that these
intervals are potential source rocks. Furthermore, for listric faults, bright spots are mainly lo-
cated at their lower parts, which may be related to the dips of faults. It is because faults with
lower dips are subjected to larger sediment loading from the overburden than faults with higher
dips at the same depth, a fact related to the resolving of loading forces on fault’s plane. In this
way, faults with low dips are more likely to trap fluid than faults with high dips, which has also
been proved by fault leakage factor analyses in Chapter 4. This explains why many bright spots
are mainly observed at the lower part of listric faults and many large pockmarks are formed at
the upper part of listric faults. Additionally, most listric faults are growth faults, so they are
more likely to transport fluids during their growth when compared with salt-related faults. That
explains that many fluid flow features are usually observed around listric faults rather salt-

related faults.

Gas pipes are usually shown as vertical extensive either low- or high-amplitude anom-
alies in seismic data, mainly associated with vertically focused fluid flow (e.g. Laseth et al.,
2009; Andresen, 2012; Cartwright and Santamarina, 2015; Wangen, 2020; Robinson et al.,
2021). On the Cleaver Bank High, many gas pipes are observed at different depths, showing
as vertical low-amplitude anomalies in seismic data. This indicates that these faults below gas
pipes acted as effective fluid migration paths, transporting fluid from deep strata into shallow
strata. Gas pipes above sub-salt faults are mainly developed around the areas where the Zech-
stein salt is very thin (<100 ms; or ~230 m), or even absent. It is mainly because the Zechstein
salt is an effective seal, stopping fluid flow along sub-salt faults into the supra-salt strata. The

fluid migrated through sub-salt faults consist mainly of wet and dry gas generated from the
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Westphalian Coal Measures in the Limburg Group and Pre-Westphalian marine deposits (Fat-
tah et al., 2012a). The pre-Westphalian source rocks entered the hydrocarbon generation win-
dow in the Late Carboniferous; the Westphalian source rocks started generating gas during the
Upper Triassic, generating more gas during the Paleogene and continuing in present-day (Fat-
tah etal., 2012a). Additionally, some salt-related faults have also acted as fluid migration paths,
promoting the shallow fluid flow upward into the (paleo) seafloor (Fig. 7.9). The fluid may be
mainly composed of biogenetic gas, as the temperature of supra-salt strata is not high enough
to reach the hydrocarbon generation window since their depositions on the Cleaver Bank High
(Fig. 6.10).

In addition to the fluid flow features mentioned above, geothermal gradient anomalies
are also useful to indicate the existence of fluid flow along faults. Geothermal gradients meas-
ured from twelve (12) wells around Fault A discussed in Chapter 6, indicating that high geo-
thermal gradients are recorded on the footwall of the Fault A. For example, well K11-10 rec-
orded the extremely high geothermal gradient of 121.8°C/km at the vertical depth of 404 m,
though the temperature at this depth is merely 46.9°C. This high geothermal gradient anomaly
relates to fluid migration along Fault A into shallow strata, as multiple low-amplitude trails of
fluid are observed on the hanging-wall of Fault A in Fig. 6.2a. This can also be confirmed by
the distinct differences between its modelled present-day temperatures and corrected BHTS for
well K11-10, as its corrected BHTs are much higher than modelled present-day temperatures
(Fig. 6.10b). It proves that Fault A has acted as conduits to deep and hot fluid into shallow

depth, resulting in the presence of high geothermal gradient anomalies around faults.

In summary, fluid flow features around salt-related faults indicate that salt-related faults
can act as effective fluid conduits in the Espirito Santo Basin and the Cleaver Bank High, es-
pecially these faults propagating into the (potential) source rock. Sub-salt and listric faults are
also useful fluid conduits, and they may have more important role in fluid flow than salt-related
faults in two study areas. This is because most sub-salt and listric faults directly offset or detach
the source rocks, and they are respectively growth and reactivated faults. This means that sub-
salt and listric faults are more likely to transport fluid generated from the source rocks into
shallow strata when source rocks enter the hydrocarbon generation windows. Additionally, the
geometry of faults has influence on fluid flow, especially their dips, as steep faults are more
favourable to fluid flow than gentle faults. Finally, large regional faults, such as Fault A, are
important paths for fluid flow, proved by the geothermal gradient anomalies recorded around

them.
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Fig. 7.9. Fluid flow features on seismic data observed around faults in the Espirito Santo Basin and the Cleaver Bank High. Pockmarks are mainly
formed at the upper part of listric faults, whereas bright spots are found around corridor, keystone and listric faults in the Espirito Santo Basin.
Gas pipes are developed above salt-related and sub-salt faults on the Cleaver Bank High.
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Fig. 7.10. Schematic illustration of the formation of pockmarks associated with listric faults. (a) An overpressured (OP) interval offset by listric
faults and rotated to dip landward. The confining overburden above the overpressured interval is reduced from normal (OBn) to a thinner amount
related to the throw on the fault (OBE). (b) An effective stress minimum at the point of the footwall cut-off (FWC) is created due to the local
reduction of the overburden if the pressure magnitude in the overpressured interval is constant. With the increasing pore pressure or decreasing
overburden pressure, the effective stress may reduce to zero, resulting in vertical fluid leakage to the seabed and the formation of pockmarks.
Figure modified from Pilcher and Argent (2007).
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7.4.2 Salt-related faults as palaeostress indicators around salt

structures

Salt structures with different geometries and sizes are ubiquitous in salt-rich basins, and
they have important significances from the geological and economic aspects (e.g. Jackson and
Hudec, 2017). Understanding the stress state around salt structures is vital for conventional
hydrocarbon exploration, carbon sequestration and gas storage around the former. However,
the stress state around salt structures, especially irregular salt structures, varies with their posi-
tion and distance relative to surrounding salt structures (Fredrich et al., 2003; Bowers, 2007;
Sanz and Dasari, 2010b; Luo et al., 2012; Nikolinakou et al., 2012; Carruthers et al., 2013;
Coleman et al., 2018; Zhang and Alves, 2023). In this thesis, salt-related faults are used to
reveal the palaeostress state around salt structures in Chapters 4 and 5 by applying the stress
inversion for interpreted salt-related faults, providing insights into their evolving stress states.
This is based on the fact that salt-related faults were usually formed under the stress field pro-
duced by halokinesis. For example, crestal and corridor faults studied in Chapter 4 were devel-
oped above or around salt diapirs A and B, and their growth and development are mainly as-
sociated with the growth of these two salt diapirs (Fig. 4.15). Radial faults in Chapter 5 were
developed around salt diapir K09, having accommodated the circumferential stress around this
salt diapir (Fig. 5.12). The geometrical differences between the corners and the flanks of salt
diapir K09 account for the different palaeostress states between flanking and corner zones. The
corner shape of salt diapir K09 is convex in plan view, whereas the flank shape of this same
salt diapir is concave (Fig. 5.12). This implies that salt diapir K09 is more likely to push the
surrounding strata during salt rise in its corners when compared to its flanks. This means that
the magnitude of intermediate stress (o2) from corner zones to flanking zones would decrease,
as the salt pushing directions mainly represents the direction of intermediate stress (c2). As for
the transition from the zones of radial faults to the zone of polygonal faults, it is mainly asso-
ciated with the boundary of hoop stress produced due to salt growth around salt structures.
Moreover, aligned polygonal faults in Chapter 5 developed in the outer part of diapir K09
flanks are also influenced by the stress field produced due to the underlying salt movement
(Fig. 5. 15). Therefore, salt-related faults are capable of providing a relatively accurate record
of the stress states associated with halokinesis (Quinta et al., 2012; Carruthers et al., 2013;
Coleman et al., 2018). In other words, salt-related faults are effective palaeostress indicators
around salt structures, a character with important implications to the hydrocarbon exploration,

carbon and energy storage around salt structures.
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In comparison with salt-related faults, sub-salt faults buried below the Zechstein salt in
Chapters 5 and 6 were formed during the Upper Paleozoic by inheriting the pre-existing weak-
ness zones in the Paleozoic basement (Ziegler, 1990; Schroot and Haan, 2003). They are not
able to provide useful record of the stress states associated with halokinesis, though halokinesis
may influence the reactivation of these sub-salt faults. The driving forces for the reactivation
of sub-salt faults is likely to be associated with overlying salt movement above basement faults.
As for listric faults in Chapter 4, they are not applicable to stress inversion used for salt-related
faults, though they were also developed in the minibasin where keystone faults developed. It
is mainly because the formation of listric faults related to the presence of underlying local
overpressure, resulting in the presence of very low dip angle (2.3° to 22.9°) for listric faults,
which cannot be correctly calculated during stress inversion on Move®. Hence, salt-related
faults, including the aligned polygonal faults can be the useful palaeostress indicators around
salt structures in the Espirito Santo Basin and the Cleaver Bank High, which can also be used

in other salt-rich basins around the world.

7.5 Limitations of this research

High quality 3D seismic reflection volumes and well data are the primary data used in
two study areas throughout this thesis; the Espirito Santo Basin, SE Brazil and the Cleaver
Bank High, Southern North Sea. However, seismic resolution is the key limitation for 3D seis-
mic reflection volumes in two study areas, as many small geological elements are not resolva-
ble at the seismic scale. As for the limitation of well data, it is mainly associated with the depth
of well logging. Except for the limitations mentioned above, there are also other limitations in
three key result chapters (Chapters 4-6), so this section here discusses these limitations in three

chapters, respectively.

The main limitations for Chapter 4 included the vertical extent of 3D seismic reflection
volume and the absence of well logging data, especially total organic carbon (TOC), pore fluid
pressure and subsurface stress data. The 3D seismic volume of the Espirito Santo Basin is
delimited by its bottom boundary at the depth of ~4600 ms. A greater depth range would have
provided a better opportunity to map salt structures and sub-salt stratigraphic units, study the
spatial and temporal evolution of salt structures, and analyse the development of sub-salt faults.
Two (2) wells drilled in the Espirito Santo Basin do not include TOC, pore fluid pressure and
subsurface stress data. These data could be useful to verify the formation mechanism of listric
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faults, helping to understand the significance of listric faults and to analyse fault slip and leak-
age under the present geological conditions. Additionally, all interpreted faults for stress inver-
sion analyses are assumed as dip-slip faults, as fault stria data cannot be obtained from the
seismic data. This assumption would result in the differences between the palaeostress state

calculated by stress inversions and the true palaeostress state around salt structures.

In Chapter 5, seismic resolution, the assumption of stress inversion and the assumption
of fault formation timing were the key limitations. Seismic resolution in 3D seismic volume of
the Cleaver Bank High ranges from 8 to 12 m in Cenozoic strata, limiting the interpretation of
smaller faults that are not resolvable in seismic data. Similarly to Chapter 4, stress inversions
for interpreted faults in Chapter 5 were applied by assuming that all interpreted faults are dip-
slip faults, indicating that stress inversion results may not be the true palaeostress state around
salt structures. All interpreted faults used for stress inversion were assumed to form in the
Paleogene rather than in sequence, which may result in the incorrect result obtained from stress

inversion.

The key limitations for Chapter 6 consisted of seismic resolution, the depth of measured
BHTSs, and the incomplete information of BHTs. Seismic resolution in 3D seismic volume of
the Cleaver Bank High is around 40 m below Zechstein salt, and ranges from 8 to 12 m in
Cenozoic strata. It results in that many small geological structures that are not resolvable in
seismic data, especially at deep depths. Furthermore, most BHTs were measured in the Upper
Rotliegend or Limburg Groups, much more than BHTs measured in the North Sea and Chalk
Groups. This may lead to the higher inaccuracy of the subsurface temperature and geothermal
gradients in the North Sea and Chalk Groups than in the Upper Rotliegend or Limburg Groups.
In addition, 191 BHTSs are measured without recording the time since mud circulation, so they
are simply corrected by adding 18°C to the original temperatures. These BHT data have relative
large uncertainties after corrections, causing the misunderstanding of the subsurface tempera-

ture and geothermal gradients on the Cleaver Bank High.

7.6 Further work

In this thesis, fault families around salt structures and their implications for fluid flow,
storage and production have been investigated in two different study areas, including a passive
margin setting (SE Brazil) and an inter-cratonic basin (Southern North Sea). The two study
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areas are typical salt-rich areas with abundant salt structures, and multiple fault families have
been developed around salt structures. Many fluid flow features are also observed around these
faults in two study areas, implying that faults around salt structures have controlled fluid flow.
Faults, especially salt-related faults, in two study areas are significantly affected by the
halokinesis, indicating that the growth of salt structures is vital to their surrounding fault fam-
ilies. However, salt structures, developed in foreland basins of continental collision zones such
as Tarim Basin, have distinctly different geometries and styles when compared with salt struc-
tures in this thesis. Consequently, faults around salt structures and their implications for fluid
flow in the former may also be different with faults in this thesis. Hence, it is important in the
future to study fault families around salt structures and their implications for fluid flow in fore-
land basins, which can compare and contrast with the results in this thesis. It helps us to have
a better understanding of the relationship between fault families and salt structures in different

tectonic settings.

In addition to studying fault families in foreland basins, it will be useful to obtain the
present subsurface stress state around salt structures from drilling wells or numerical model-
ling. Using these stress data to implement fault slip tendency and leakage analyses would pro-
vide the robust evidence to predict effective fluid flow paths. With these stress data, it is pos-
sible to reconstruct the evolving stress state around salt structures. Moreover, fault seal com-
petence analyses, such as fault juxtaposition, fault gouge smear and surrounding damage zone,
would be helpful to have a better understanding of the implications of faults on fluid flow.
Furthermore, the development of large pockmarks above listric faults mentioned in Chapter 4
can be further studied to understand the relationship between pockmarks and listric faults. The
stress inversion method introduced in Chapter 5 is likely useful to explore the palaeostress state
around complex salt structures. These further work is of great importance to hydrocarbon ex-

ploration, carbon and energy storage around salt structures.
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8 Conclusions

This thesis provides a detailed analysis of fault families around salt structures and their
implications for fluid flow, storage and production, covering two study areas in the Espirito
Santo Basin, SE Brazil (Chapter 4) and the Cleaver Bank High, Southern North Sea (Chapters

5 and 6). A summary of the main conclusions from this thesis is listed below.

8.1 Conclusions from Chapter 4

e Ten (10) interpreted listric faults with dips ranging from 2.3° to 22.9° were analysed in
a salt minibasin of the Espirito Santo Basin, SE Brazil. These listric faults sole out into
the soft and ductile strata that has similar seismic, lithological and petrophysical char-
acters to known Cenomanian to Turonian source rocks. It implies that listric faults can
mark the presence of hydrocarbon source rocks in salt minibasins.

e Fault families around salt structures include crestal, corridor, keystone and listric faults,
and their formation and evolution are strongly influenced by halokinesis in salt mini-
basins. It can be summarised into three structural stages during the Cenozoic.

e Leakage factor analyses for fault families around salt structures, indicating that key-
stone faults are the most favourable fluid pathways. Conversely, listric faults are likely

to form barriers and baffles to fluid, especially in their lower parts.

8.2 Conclusions from Chapter 5

e Fault families, especially radial faults, around salt diapirs are capable of providing a
relatively accurate record of the stress states associated with halokinesis.

e Halokinesis controlled the formation and development of fault families around salt
structures in three structural stages during the Cenozoic.

e Stress inversions are useful to estimate palaeostress around irregular salt diapirs. It
shows that palaeostresses in flanking and corner zones differ around irregular salt dia-
pirs. The combination of minimum principal palaeostresses from all flanking and corner

zones forms a triangle-shaped hoop.
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8.3 Conclusions from Chapter 6

e Strata deposited above the Zechstein Group show higher geothermal gradients propor-
tionally to the thickness of Zechstein salt. Conversely, the strata buried below this
Group show a minor decreasing trend in geothermal gradients with an increasing thick-
ness of salt.

e Large supra-salt faults can be effective fluid migration paths, resulting in the high geo-
thermal gradients around them. Geothermal gradients on footwall blocks are usually
higher than that on the corresponding hanging-walls of these large supra-salt faults, but
it decreases with the distance away from these faults.

e Sub-salt faults can also be effective fluid migration paths, as long as its overlying Zech-
stein salt is very thin (<100 ms). It transports the sub-salt fluid into the supra-salt inter-
vals, forming distinct gas pipes in seismic data.

e Asacorollary of this thesis, three potential geothermal exploration targets are identified
on the Cleaver Bank High.
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Appendix A

Appendix A: Interpreted faults around the salt
diapir in Chapter 5

Panoramic views of the 10,401 faults interpreted in this work. a) Top view of all interpreted

faults on Petrel®. b) and c¢) Top and oblique views of all interpreted faults on Move®.
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Appendix B

Appendix B: Geothermal data analysed in Chapter 6

True vertical depth | Geothermal
Well True vertical Measured | Time since mud | Duration of mud | Corrected
Number relative to the Sea- gradient
name depth (m) BHT (°C) | circulation (h) circulation (h) | BHT (°C)
floor (m) (°C/km)
1 K04-01 1243.2 60.0 78.0 1173.7 59.8
2 K04-01 1247.8 45.0 63.0 1178.3 46.8
3 K04-01 2590.0 84.0 102.0 2520.5 37.4
4 K04-01 3322.0 111.0 129.0 3252.2 37.3
5 K04-01 3333.0 96.0 114.0 3263.5 32.5
6 K04-01 3336.0 94.0 112.0 3266.5 31.9
7 K04-01 3336.0 97.0 115.0 3266.5 32.8
8 K04-01 3600.0 99.0 117.0 3530.5 30.9
9 K04-01 3602.0 103.0 121.0 3532.5 32.0
10 K04-01 3708.0 110.0 128.0 3638.5 33.0
11 K04-01 3711.5 105.0 123.0 3642.0 31.6
12 K04-01 3711.5 110.0 128.0 3642.0 33.0
13 K04-01 3712.0 108.0 126.0 3642.5 32.5
14 K04-01 3712.0 111.0 129.0 3642.5 33.3
15 K04-03 1250.0 44.0 4.5 66.9 1173.6 50.4
16 K04-03 3066.0 82.0 8.0 102.4 2989.6 31.6
17 K04-03 3440.0 104.0 17.3 118.9 3363.6 33.0
18 K04-03 3524.0 101.0 8.2 121.2 3447.6 32.9
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19 K04-03 3940.0 123.0 10.0 142.0 3863.6 34.7
20 K04-03 3981.0 123.0 17.3 137.9 3904.6 333
21 K04-04 1261.5 51.0 8.3 71.1 1191.2 532
22 K04-04 2972.0 88.0 9.0 107.7 2901.7 34.4
23 K04-04 3545.0 104.0 7.7 124.6 3474.7 33.6
24 K04-04 3698.0 115.0 133.0 3627.7 34.5
25 K04-04 3700.3 112.2 20.0 3.0 116.4 3630.0 29.9
26 K04-04 3702.0 112.3 17.9 3.0 116.4 3631.7 29.9
27 K04-04 3703.0 107.2 7.8 3.0 116.4 3632.7 29.9
28 KO05-04 3725.0 115.0 133.0 3650.0 34.3
29 KO05-04 3740.0 118.0 14.4 134.4 3665.0 34.5
30 K07-01 639.0 42.0 4.0 65.3 572.0 100.5
31 K07-01 1971.0 69.0 87.0 1904.0 41.6
32 K07-01 2097.0 65.0 4.0 88.3 2030.0 39.7
33 K07-01 2101.0 63.0 4.0 86.3 2034.0 38.6
34 K07-01 3455.0 93.0 111.0 3388.0 30.5
35 K07-01 3459.0 102.0 6.0 123.8 3392.0 342
36 K07-02 2296.5 74.0 6.5 95.4 2229.2 39.3
37 K07-02 2299.5 65.0 83.0 22322 33.7
38 K07-02 3119.5 85.0 3.5 108.7 3052.2 33.1
39 K07-02 3122.0 79.0 97.0 3054.7 29.2
40 K07-02 3367.5 97.0 33 120.9 3300.2 343
41 K07-02 3370.0 100.0 118.0 3302.7 33.4
42 K07-03 944.5 44.0 62.0 881.0 61.5
43 K07-03 955.2 43.0 4.0 66.3 891.7 65.6
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44 K07-03 2344.0 78.0 4.5 100.9 2280.5 40.8
45 K07-03 3395.0 99.0 117.0 3331.5 32.8
46 K07-03 3436.3 98.0 12.0 115.8 3372.8 32.0
47 K07-03 3437.0 92.0 110.0 3373.5 30.3
48 K07-03 3437.0 99.0 117.0 3373.5 324
49 K07-04 1105.5 25.0 6.0 46.8 1029.0 37.9
50 K07-04 2227.5 77.0 11.5 95.1 2151.0 40.6
51 K07-04 2230.0 73.5 91.5 2153.5 38.9
52 K07-04 3167.5 94.0 18.5 108.3 3091.0 32.5
53 K07-04 3172.5 90.0 108.0 3096.0 324
54 K07-04 3371.5 93.0 6.0 114.8 3295.0 32.5
55 K07-04 3377.5 104.0 6.0 125.8 3301.0 35.7
56 K07-04 3488.5 104.0 12.5 121.5 3412.0 333
57 K07-04 3491.5 100.0 118.0 3415.0 32.3
58 K07-04 3491.5 107.0 125.0 3415.0 34.3
59 K07-04 3492.0 103.0 121.0 3415.5 33.1
60 KO07-05 901.0 32.0 9.5 51.4 841.7 51.7
61 KO07-05 2201.5 69.0 12.0 86.8 2142.2 36.9
62 KO07-05 2202.7 63.0 81.0 2143.4 342
63 KO07-05 2870.0 93.0 16.0 108.5 2810.7 35.8
64 KO07-05 28717.5 88.0 106.0 2818.2 34.8
65 KO07-05 2878.0 92.0 110.0 2818.7 36.3
66 KO07-05 3011.0 104.0 22.0 116.7 2951.7 36.9
67 KO07-05 3161.0 102.0 18.5 116.3 3101.7 35.0
68 KO07-05 3163.0 98.0 116.0 3103.7 34.9
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69 KO07-05 3163.0 99.0 117.0 3103.7 35.2
70 K07-08 1020.7 51.0 4.0 74.3 949.4 70.0
71 K07-08 1021.7 53.0 71.0 950.4 66.5
72 K07-08 2199.0 70.0 5.0 92.5 2127.7 39.8
73 K07-08 2200.0 73.0 91.0 2128.7 39.1
74 K07-08 3241.5 99.0 117.0 3170.2 34.4
75 K07-08 3242.0 101.0 17.0 116.0 3170.7 34.1
76 K07-08 3735.0 110.0 128.0 3663.7 32.8
77 K07-08 3739.0 112.0 11.5 130.1 3667.7 333
78 K07-08 3745.5 102.0 6.0 123.8 3674.2 31.6
79 K07-08 3748.0 106.0 124.0 3676.7 31.6
80 K07-09 2226.0 89.0 16.0 104.5 2155.7 44.9
81 K07-09 2808.0 99.0 17.5 113.8 2737.7 38.7
82 K07-09 3741.0 113.0 131.0 3670.7 33.6
83 K07-09 3750.0 111.0 43.0 117.2 3679.7 29.7
84 K07-09 3750.0 116.0 134.0 3679.7 34.3
85 K07-09 3812.0 116.0 14.0 132.6 3741.7 334
86 K07-10 2012.0 80.0 21.0 93.1 1941.7 43.9
87 K07-10 3150.0 102.0 15.5 117.8 3079.7 35.7
88 K07-10 3412.0 106.0 51.0 110.8 3341.7 30.8
89 KO07-10 3420.0 105.0 123.0 3349.7 34.4
90 KO07-10 3420.0 108.0 126.0 3349.7 353
91 K07-13 606.8 37.5 49.0 42.6 530.4 65.6
92 K07-13 1826.0 63.0 90.5 64.3 1749.6 323
93 K07-13 3111.0 94.0 233.0 94.0 3034.6 28.4
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94 K07-13 3417.0 107.0 125.0 3340.6 35.1
95 K07-13 3421.0 101.0 145.0 101.2 3344.6 27.9
96 K07-13 3455.8 107.0 125.0 3379.4 34.7
97 K07-13 3455.8 107.0 125.0 3379.4 34.7
98 K07-13 3455.8 107.0 125.0 3379.4 34.7
99 K07-13 3455.8 117.0 69.0 119.6 3379.4 33.1
100 K07-13 3514.0 107.0 125.0 3437.6 34.1
101 KO07- 2623.0 72.0 8.0 92.4 2545.2 33.2
102 KO07- 3192.0 98.8 8.0 119.2 3114.2 35.8
103 KO07- 3412.0 107.0 8.0 127.4 3334.2 359
104 KO07- 4063.2 106.5 124.5 3985.4 293
105 KO07- 4080.8 106.5 124.5 4003.0 29.2
106 KO07- 4094.0 106.5 124.5 4016.2 29.1
107 KO07- 345.8 16.0 27.2 26.7 259.1 72.8
108 KO07- 862.0 44.0 65.0 47.0 775.3 50.5
109 KO07- 1784.0 69.0 220.0 69.0 1697.3 36.1
110 KO07- 1867.0 76.0 89.0 77.3 1780.3 39.0
111 KO07- 2406.5 107.0 230.0 107.0 2319.8 42.8
112 KO07- 3254.0 114.0 143.0 114.2 3167.3 33.6
113 KO07- 3517.3 99.0 65.0 102.0 3430.6 27.5
114 KO07- 3517.3 99.0 117.0 3430.6 31.8
115 KO07- 3517.3 107.0 179.0 107.1 3430.6 28.9
116 K08-01 997.0 49.0 67.0 927.6 63.8
117 K08-01 1001.7 49.0 67.0 932.3 63.5
118 K08-01 1003.5 49.0 67.0 934.1 63.4
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119 K08-01 2155.0 72.0 90.0 2085.6 394
120 K08-01 2156.5 72.0 90.0 2087.1 394
121 K08-01 3228.0 89.0 107.0 3158.2 314
122 K08-01 3233.7 89.0 107.0 3163.9 314
123 K08-01 3282.8 89.0 107.0 3213.0 30.9
124 K08-01 3282.8 92.0 110.0 3213.0 31.8
125 K08-01 3283.0 92.0 110.0 3213.2 31.8
126 K08-01 3287.0 92.0 110.0 3217.2 31.8
127 K08-01 3287.5 92.0 110.0 3217.7 31.8
128 K08-01 3445.0 107.0 125.0 3375.2 34.7
129 K08-01 3446.0 106.0 124.0 3376.2 344
130 K08-01 3446.0 107.0 125.0 3376.2 34.7
131 K08-01 3627.5 110.0 128.0 3557.7 33.8
132 K08-01 3632.8 110.0 128.0 3563.0 33.7
133 K08-01 3664.5 110.0 128.0 3594.7 334
134 K08-01 3694.5 113.0 131.0 3624.7 34.0
135 K08-01 3695.8 113.0 131.0 3626.0 34.0
136 K08-01 3696.5 113.0 131.0 3626.7 34.0
137 K08-02 1193.7 44.0 62.0 1126.7 48.1
138 K08-02 1196.6 44.0 62.0 1129.6 48.0
139 K08-02 1198.2 44.0 3.5 67.7 1131.2 52.9
140 K08-02 1198.2 44.0 62.0 1131.2 47.9
141 K08-02 2399.2 72.0 4.0 95.3 2332.2 37.5
142 K08-02 2399.4 74.0 92.0 2332.4 36.1
143 K08-02 2400.0 79.0 97.0 2333.0 38.2
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144 K08-02 2401.2 77.0 95.0 2334.2 37.4
145 K08-02 3323.1 99.0 5.0 121.5 3256.1 34.9
146 K08-02 3325.8 99.0 117.0 3258.8 335
147 K08-02 3600.0 112.0 130.0 3533.0 34.6
148 K08-02 3690.5 110.0 128.0 3623.5 332
149 K08-02 3690.5 112.0 130.0 3623.5 33.7
150 K08-02 3690.5 112.0 11.0 130.4 3623.5 33.8
151 K08-02 3691.0 112.0 130.0 3624.0 33.7
152 K08-02 3691.5 112.0 130.0 3624.5 33.7
153 K08-03 1797.3 61.0 10.5 79.7 1736.5 41.4
154 K08-03 1802.0 61.0 Sonic cement bond logging 61.0 1741.2
155 K08-03 2050.0 86.0 104.0 1989.2 48.4
156 K08-03 2711.5 86.0 104.0 2650.7 36.3
157 K08-03 2712.7 85.0 19.0 99.0 2651.9 344
158 K08-03 2714.5 82.5 100.5 2653.7 34.9
159 K08-03 2715.7 79.4 97.4 2654.9 33.7
160 K08-03 3115.0 106.0 124.0 3054.2 38.0
161 K08-03 3451.0 105.0 23.5 117.1 3390.2 322
162 K08-03 3454.5 106.0 124.0 3393.7 34.2
163 K08-03 3457.0 102.0 120.0 3396.2 33.0
164 K08-03 3458.0 100.0 118.0 3397.2 324
165 KO08-07 2008.0 76.0 Sonic cement bond logging 76.0 1941.4
166 K08-07 2012.0 64.0 82.0 1945.4 38.1
167 K08-07 2013.5 66.0 14.0 82.6 1946.9 384
168 K08-07 3263.0 97.0 Sonic cement bond logging 97.0 3196.4
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169 K08-07 3268.0 99.0 16.5 114.3 3201.4 333
170 K08-07 3269.0 98.0 12.0 115.8 3202.4 33.7
171 K08-07 3269.5 95.0 7.0 116.1 3202.9 33.8
172 K08-07 3540.0 109.0 12.0 126.8 3473.4 343
173 K08-07 3558.5 101.0 7.5 121.7 3491.9 32.6
174 K08-07 3559.5 109.0 127.0 3492.9 34.1
175 K08-07 3571.6 110.0 Sonic cement bond logging 110.0 3505.0
176 K08-07 3635.0 108.0 9.0 127.7 3568.4 33.6
177 K08-08 1896.5 62.0 80.0 1831.5 394
178 K08-08 1904.0 65.0 83.0 1839.0 40.9
179 K08-08 2477.0 87.7 Sonic cement bond logging 87.7 2412.0
180 K08-08 2495.0 79.0 6.0 100.8 2430.0 383
181 K08-08 2495.0 81.0 9.0 100.7 2430.0 38.2
182 K08-08 2646.0 84.0 7.5 104.7 2581.0 37.5
183 K08-08 2663.0 88.0 7.5 108.7 2598.0 38.8
184 K08-08 3298.0 84.0 102.0 3233.0 29.1
185 K08-08 3471.5 108.0 7.5 128.7 3406.5 35.5
186 K08-08 3473.0 104.0 7.0 125.1 3408.0 34.4
187 K08-08 3577.0 105.0 8.5 125.0 3512.0 33.4
188 K08-08 3578.0 109.0 18.8 123.2 3513.0 32.8
189 K08-08 3582.0 105.0 5.5 127.1 3517.0 33.9
190 K08-08 3590.0 108.0 11.5 126.1 3525.0 33.6
191 K08-09 2498.0 70.0 5.0 92.5 2419.0 35.0
192 K08-09 2927.0 104.0 122.0 2848.0 40.1
193 K08-09 2936.0 82.0 100.0 2857.0 323
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194 K08-09 3104.0 95.0 8.0 115.4 3025.0 35.6
195 K08-09 3552.0 102.0 8.0 122.4 3473.0 33.0
196 K08-09 3553.0 104.0 11.5 122.1 3474.0 32.9
197 K08-09 3700.0 106.0 124.0 3621.0 32.1
198 K08-09 3700.0 106.0 124.0 3621.0 32.1
199 K08-09 3746.0 104.0 122.0 3667.0 31.1
200 K08-09 3747.0 108.0 126.0 3668.0 32.2
201 K08-09 3800.0 115.0 133.0 3721.0 33.6
202 K08-09 3800.0 115.0 133.0 3721.0 33.6
203 K08-09 3828.0 121.0 22.0 133.7 3749.0 33.6
204 K08-09 3875.5 116.0 12.5 133.5 3796.5 33.1
205 K08-09 4047.0 112.0 130.0 3968.0 30.8
206 K08-09 4047.0 115.0 133.0 3968.0 31.6
207 K08-09 4130.5 118.0 136.0 4051.5 31.6
208 K08-09 4146.0 124.0 142.0 4067.0 33.0
209 K08-09 4204.0 114.0 132.0 4125.0 30.1
210 K08-09 4204.0 118.0 136.0 4125.0 31.1
211 K08-09 4206.0 119.0 137.0 4127.0 31.3
212 K08-09 4206.0 123.0 141.0 4127.0 32.3
213 KO08-11 602.0 32.0 7.3 52.8 535.8 84.0
214 KO08-11 1681.0 70.0 23.0 82.3 1614.8 46.1
215 KO08-11 1684.0 66.0 5.8 87.9 1617.8 49.5
216 KO08-11 3282.0 90.0 16.0 105.5 3215.8 30.4
217 KO08-11 3292.0 102.0 16.0 117.5 3225.8 34.0
218 KO08-11 3293.0 94.0 16.0 109.5 3226.8 31.5
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219 KO08-11 3667.0 105.0 41.8 111.5 3600.8 28.8
220 KO08-11 3672.0 99.0 7.4 119.8 3605.8 31.1
221 KO08-14 3673.5 117.0 14.0 133.6 3598.5 35.0
222 KO08-14 3689.0 117.0 14.0 133.6 3614.0 34.8
223 KO08-14 3694.0 116.0 Sonic cement bond logging 116.0 3619.0
224 KO08-14 4006.8 120.7 12.8 138.0 3931.8 33.1
225 KO08-14 4013.0 120.7 12.8 138.0 3938.0 33.1
226 KO08-14 4031.0 120.7 12.8 138.0 3956.0 32.9
227 KO08-14 4031.5 123.0 22.0 135.7 3956.5 323
228 KO08-15 3513.0 113.0 131.0 3434.0 35.9
229 KO08-15 3513.5 113.0 36.0 120.9 3434.5 32.9
230 KO08-15 3511.0 112.0 0.0 138.7 3432.0 38.1
231 KO08-15 3511.0 113.0 36.0 120.9 3432.0 33.0
232 KO08- 2398.1 70.0 7.0 91.1 2333.2 35.7
233 KO08- 3178.0 99.0 117.0 3113.1 35.1
234 KO08- 3178.0 99.0 117.0 3113.1 35.1
235 KO08- 3178.5 99.0 16.5 114.3 3113.6 342
236 KO08- 3447.0 107.0 125.0 3382.1 34.7
237 KO08- 34473 107.0 13.0 124.2 3382.4 344
238 KO08- 3447.5 104.0 122.0 3382.6 33.8
239 KO08- 1041.9 43.0 61.0 967.4 55.0
240 KO08- 3224.0 104.0 122.0 3149.5 36.3
241 KO08- 3225.5 101.0 119.0 3151.0 353
242 KO08- 32293 99.0 117.0 3154.8 34.6
243 KO08- 3453.0 101.0 119.0 3378.5 32.9
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244 KO08- 3453.0 106.0 124.0 3378.5 344
245 KO08- 3453.0 107.0 125.0 3378.5 34.7
246 KO08- 3454.0 104.0 122.0 3379.5 33.8
247 K09-01 921.0 38.0 56.0 854.0 56.4
248 K09-01 927.0 38.0 10.0 57.0 860.0 57.2
249 K09-01 3474.5 91.0 9.0 110.7 3407.5 30.2
250 K09-01 3478.5 84.0 102.0 3411.5 27.6
251 K09-01 3783.0 93.0 5.0 115.5 3716.0 29.0
252 K09-01 4076.2 106.0 7.0 127.1 4009.2 29.7
253 K09-01 4079.2 109.0 127.0 4012.2 29.7
254 K09-03 3050.0 111.0 129.0 2986.7 40.6
255 K09-03 3486.0 116.0 Sonic cement bond logging 116.0 3422.7
256 K09-03 3511.0 111.0 8.5 116.0 3447.7 314
257 K09-03 3788.1 112.0 18.5 126.3 3724.8 31.8
258 K09-03 3791.4 116.0 3.5 139.7 3728.1 35.4
259 K09-03 3791.5 116.0 15.0 132.1 3728.2 333
260 K09-03 3791.7 112.0 130.0 3728.4 32.8
261 K09-06 1848.0 68.0 9.5 87.4 1786.4 44.5
262 K09-06 2457.0 107.0 24.0 118.9 2395.4 46.4
263 K09-06 3542.0 100.0 12.9 117.3 3480.4 31.4
264 K09-06 3752.0 101.0 14.0 117.6 3685.4 29.8
265 K09-06 3807.0 101.0 7.0 122.1 3745.4 30.5
266 K09-06 3808.0 107.0 125.0 3746.4 313
267 K09-07 1713.9 58.0 5.3 80.3 1633.2 44.4
268 K09-07 3352.4 95.0 19.2 108.9 3271.7 30.9
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269 K09-07 3352.9 95.0 11.1 113.4 3272.2 323
270 K09-07 3460.0 115.0 12.0 132.8 3379.3 37.0
271 K09-07 3827.8 115.0 133.0 3747.1 334
272 K09-07 3827.9 115.0 14.8 131.2 3747.2 32.9
273 K09-07 3828.5 115.0 133.0 3747.8 334
274 K09-07 4121.0 121.0 15.9 136.6 4040.3 31.9
275 K09-07 4123.0 125.0 27.8 135.4 4042.3 31.6
276 K09-07 4137.7 118.0 10.5 136.7 4057.0 31.8
277 K09-07 4139.1 121.0 15.9 136.6 4058.4 31.7
278 K09-07 4139.5 123.0 21.0 136.1 4058.8 31.6
279 K09-10 1126.0 54.8 Sonic cement bond logging 54.8 1050.5
280 K09-10 1897.6 61.2 17.3 76.1 1822.1 37.5
281 K09-10 2197.0 80.8 11.5 98.9 2121.5 429
282 K09-10 3782.0 96.5 10.3 115.4 3706.5 29.0
283 K09-10 3804.0 96.5 10.3 115.4 3728.5 28.8
284 K09-10 3805.0 99.3 17.8 113.9 3729.5 28.5
285 K09-11 3688.8 114.0 132.0 3613.2 34.4
286 K09-11 3788.0 117.0 135.0 3712.4 343
287 K09-11 3883.0 104.0 122.0 3807.4 30.0
288 K09-11 4145.1 122.0 140.0 4069.5 325
289 K09-11 4159.8 117.0 135.0 4084.2 31.1
290 K09-11 4173.5 114.0 132.0 4097.9 30.3
291 K09-12 3819.0 120.0 19.2 134.0 3749.0 33.6
292 K09-12 3825.0 120.0 19.2 134.0 3755.0 33.6
293 K09-12 4328.0 126.0 65.5 128.9 4258.0 284
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294 K09-12 4331.7 120.0 14.9 136.1 4261.7 30.1
295 K09-12 4332.0 120.0 138.0 4262.0 30.5
296 K09-12 4333.0 127.0 10.5 145.7 4263.0 32.3
297 K10-03 922.0 43.0 3.0 67.1 862.1 68.8
298 K10-03 923.5 43.0 61.0 863.6 61.6
299 K10-03 1600.0 80.0 98.0 1540.1 58.6
300 K10-03 2404.5 73.0 14.0 89.6 2344.6 34.9
301 K10-03 2404.5 80.0 98.0 2344.6 38.5
302 K10-03 2405.0 67.0 85.0 2345.1 32.9
303 K10-03 3300.7 101.0 119.0 3240.8 34.3
304 K10-03 3301.0 100.0 7.0 121.1 3241.1 34.9
305 K10-03 3301.3 101.0 119.0 3241.4 34.3
306 K10-14 2828.5 101.0 19.3 114.9 2761.5 38.8
307 K10-14 3037.0 101.0 13.3 118.0 2970.0 37.1
308 K10-14 3077.0 98.0 10.6 116.6 3010.0 36.2
309 K10-14 3079.0 102.0 17.5 116.8 3012.0 36.2
310 K10-14 3082.0 101.0 17.0 116.0 3015.0 359
311 K10-16 1194.0 45.0 4.8 67.7 1127.1 532
312 K10-16 2111.0 73.0 8.5 93.0 2044.1 41.7
313 K10-16 3141.0 95.5 113.5 3074.1 344
314 K10-16 3141.0 95.8 10.2 114.7 3074.1 34.8
315 K10-16 3380.0 99.0 8.8 118.8 3313.1 335
316 K10-16 3393.0 102.0 120.0 3326.1 33.7
317 K10-16 3410.0 102.0 12.8 119.3 3343.1 33.4
318 K10-16 3540.0 104.0 7.8 124.5 3473.1 33.6
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319 K10-16 3540.0 106.0 124.0 3473.1 33.5
320 KI11-01 1203.6 54.0 7.0 75.1 1142.6 58.9
321 KI11-01 1205.7 54.0 3.8 77.5 1144.7 60.9
322 KI11-01 1703.7 65.0 6.0 86.8 1642.7 48.1
323 KI11-01 1705.7 65.0 9.0 84.7 1644.7 46.7
324 KI11-01 1708.8 65.0 3.0 89.1 1647.8 49.3
325 KI11-01 3383.8 97.0 6.0 118.8 3322.8 334
326 KI11-01 3384.0 100.0 23.0 112.3 3323.0 314
327 KI11-01 3386.0 100.0 118.0 3325.0 33.1
328 KI11-01 3386.5 100.0 118.0 3325.5 33.1
329 K11-02 933.2 43.0 5.0 65.5 873.5 66.1
330 K11-02 933.5 43.0 3.0 67.1 873.8 67.9
331 K11-02 1748.2 60.0 78.0 1688.5 41.6
332 K11-02 1749.3 59.0 4.0 82.3 1689.6 44.1
333 K11-02 3193.0 93.0 5.0 115.5 31333 344
334 K11-02 3193.0 96.0 8.0 116.4 31333 34.6
335 K11-02 3233.0 97.0 115.0 3173.3 33.8
336 K11-02 3422.0 97.0 8.0 117.4 3362.3 32.6
337 K11-02 3424.0 97.0 115.0 3364.3 31.9
338 K11-02 3424.5 97.0 115.0 3364.8 31.9
339 K11-02 3425.0 97.0 6.0 118.8 3365.3 33.0
340 K11-02 3425.0 97.0 6.0 118.8 3365.3 33.0
341 K11-02 3425.5 100.0 118.0 3365.8 32.7
342 K11-02 3426.0 97.0 9.0 116.7 3366.3 323
343 K11-06 1720.0 64.0 82.0 1663.9 44.6
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344 K11-06 1721.5 61.0 79.0 1665.4 42.8
345 K11-06 1723.0 61.0 79.0 1666.9 42.7
346 K11-06 1723.0 65.0 83.0 1666.9 45.1
347 K11-06 2604.0 73.0 91.0 2547.9 32.7
348 K11-06 2605.0 72.0 90.0 2548.8 32.3
349 K11-06 2605.5 71.0 89.0 25494 31.9
350 K11-06 2606.0 73.0 91.0 2549.9 32.6
351 K11-06 3234.5 96.0 114.0 3178.4 334
352 K11-06 3237.2 95.0 113.0 3181.1 33.1
353 K11-06 3238.7 96.0 114.0 3182.6 334
354 K11-06 3239.0 94.0 112.0 3182.9 32.7
355 K11-06 3239.0 96.0 114.0 3182.9 334
356 K11-06 3239.0 107.0 125.0 3182.9 36.8
357 K11-06 3425.9 106.0 124.0 3369.8 34.5
358 K11-06 3428.7 105.0 123.0 3372.6 342
359 K11-06 3429.0 104.0 122.0 3372.9 33.9
360 K11-07 1734.0 66.0 9.5 85.4 1674.5 46.3
361 K11-07 1735.0 66.0 5.5 88.1 1675.5 479
362 K11-07 2627.0 83.5 10.8 102.1 2567.5 36.7
363 K11-07 2628.0 81.0 7.5 101.7 2568.5 36.6
364 KI11-07 3322.0 98.0 116.0 3262.5 33.2
365 KI11-07 33225 103.5 13.5 120.4 3263.0 345
366 KI11-07 33225 98.0 116.0 3263.0 33.2
367 K11-07 3325.0 98.0 10.0 117.0 3265.5 33.4
368 K11-07 33255 98.0 6.0 119.8 3266.0 343
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369 K11-07 3403.0 104.5 15.0 120.6 3343.5 33.7
370 K11-07 3403.0 101.0 7.5 121.7 3343.5 34.1
371 K11-07 3403.0 106.0 124.0 3343.5 34.8
372 K11-07 3403.0 107.5 20.0 121.1 3343.5 33.9
373 K11-07 3492.0 101.0 119.0 3432.5 324
374 KI11-08 1119.0 47.0 65.0 1053.5 543
375 KI11-08 1591.4 47.0 8.0 67.4 1525.9 39.0
376 KI11-08 3111.9 86.0 16.0 101.5 3046.4 30.8
377 KI11-08 3112.4 76.0 24.0 87.9 3046.9 26.3
378 KI11-08 3374.8 104.0 3.0 128.1 3309.3 36.4
379 KI11-08 3380.5 96.0 12.0 113.8 3315.0 32.0
380 KI11-08 3381.1 91.0 7.5 111.7 3315.6 31.3
381 KI11-08 3508.0 102.0 6.0 123.8 3442.5 33.7
382 KI11-08 3509.5 102.0 9.5 121.4 3444.0 33.0
383 KI11-08 3513.0 108.0 8.0 128.4 3447.5 35.0
384 KI11-08 3570.6 104.0 15.0 120.1 3505.1 32.0
385 KI11-08 3653.0 102.0 12.0 119.8 3587.5 31.2
386 KI11-08 3650.0 103.0 7.0 124.1 3584.5 324
387 KI11-08 3653.0 106.0 10.0 125.0 3587.5 32.7
388 KI11-08 3720.0 106.0 124.0 3654.5 31.8
389 KI1I-10 403.5 23.0 33 46.9 320.9 121.8
390 KI1I-10 1161.8 58.0 8.0 78.4 1079.2 65.4
391 KI1I-10 2076.3 83.5 11.6 101.5 1993.7 47.0
392 KI1I-10 2077.2 84.0 15.2 100.0 1994.6 46.2
393 KI1I-10 2078.0 82.0 4.8 104.7 1995.4 48.5
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394 K11-10 2395.0 78.0 6.7 99.2 23124 39.5
395 K11-10 2397.0 81.0 9.7 100.2 2314.4 39.9
396 K11-10 3303.1 102.0 7.8 122.5 3220.5 35.6
397 K11-10 3305.0 105.0 12.7 122.4 3222.4 35.6
398 K11-10 3634.5 106.0 5.8 128.0 3551.9 33.8
399 K11-10 3636.2 110.0 13.7 126.8 3553.6 335
400 K11-10 3636.5 108.0 10.3 126.8 3553.9 335
401 K11-11 3108.0 89.0 7.7 109.5 3038.9 335
402 K11-11 3319.0 107.0 6.5 128.4 3249.8 37.1
403 K11-11 3612.0 84.0 6.5 105.4 3542.8 27.6
404 K11-11 3783.0 113.0 28.0 123.4 3713.8 31.1
405 K11-11 3785.0 112.0 24.7 123.6 3715.8 31.2
406 KI1I- 3127.0 96.0 Sonic cement bond logging 96.0 3057.4
407 K11- 3243.0 102.0 14.5 118.3 3173.4 34.8
408 K11- 3247.0 103.0 12.0 120.8 3177.4 35.6
409 K11- 3249.0 100.0 18.0 114.5 3179.4 33.6
410 K11- 3249.0 103.0 18.0 117.5 3179.4 345
411 K12-02 2708.0 96.0 12.0 4.0 113.8 2646.4 40.0
412 K12-02 3025.0 93.0 7.5 97.2 2963.4 30.2
413 K12-02 3026.6 93.0 111.0 2965.0 34.8
414 K12-02 3026.6 93.0 10.5 111.7 2965.0 35.0
415 K12-02 3097.0 96.0 15.0 112.1 3035.4 344
416 K12-02 3794.0 114.0 8.5 134.0 3732.4 33.8
417 K12-02 3796.0 117.0 13.0 134.2 3734.4 33.8
418 K12-02 3797.0 118.0 16.0 3.3 133.5 3735.4 33.7
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419 K12-02 3797.3 114.0 132.0 3735.7 33.2
420 K12-03 3508.2 116.0 Sonic cement bond logging 116.0 3446.8
421 K12-03 35153 106.0 8.0 126.4 3453.9 343
422 K12-03 3779.8 115.0 Sonic cement bond logging 115.0 3718.4
423 K12-03 3796.0 116.0 16.5 131.3 3734.6 33.1
424 K12-03 3803.0 114.0 7.5 134.7 3741.6 33.9
425 K12-03 3803.0 115.0 11.5 5.0 133.1 3741.6 335
426 K12-03 3803.0 116.0 134.0 3741.6 33.7
427 K12-04 1463.5 52.0 6.5 73.4 1401.2 46.8
428 K12-04 1465.2 52.0 70.0 1402.9 443
429 K12-04 3048.0 104.0 15.5 119.8 2985.7 37.5
430 K12-04 3079.5 104.0 14.4 120.4 3017.2 37.3
431 K12-04 3556.1 114.0 Sonic cement bond logging 114.0 3493.8
432 K12-04 3561.0 102.0 9.0 121.7 3498.7 325
433 K12-04 3710.9 110.0 128.0 3648.6 32.9
434 K12-04 3710.9 114.0 19.0 128.0 3648.6 33.0
435 K12-04 3712.6 114.0 15.0 4.5 130.1 3650.3 335
436 K12-04 3713.0 110.0 7.0 131.1 3650.7 33.8
437 K12-04 3750.0 115.0 24.0 126.9 3687.7 323
438 K12-12 1453.3 53.0 11.3 71.2 1381.3 45.9
439 K12-12 1463.0 53.0 71.0 1391.0 45.4
440 K12-12 2659.0 83.0 101.0 2587.0 36.0
441 K12-12 2679.0 83.0 10.0 102.0 2607.0 36.1
442 K12-12 3390.0 95.0 113.0 3318.0 31.7
443 K12-12 3400.0 95.0 14.8 111.2 3328.0 31.1
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444 K12-12 3400.5 95.0 14.8 111.2 3328.5 31.1
445 K12-12 3468.0 107.0 11.5 125.1 3396.0 34.5
446 K12-12 3688.0 106.0 10.0 125.0 3616.0 324
447 K12-12 3766.0 106.0 11.5 124.1 3694.0 31.5
448 K12-12 3777.1 107.0 17.0 122.0 3705.1 30.8

278



Appendix C

Appendix C: Fault attribute data from the Es-
pirito Santo Basin, SE Brazil (Chapter 7)

Fault types Length (m) Throw (m) Heave (m) Maximum dis-
placement (m)

Crestal fault 758 10.3 23.4 25.6
Crestal fault 812 59 14.9 16.0
Crestal fault 1475 22.2 38.2 44.2
Crestal fault 1028 30.7 52.3 60.6
Crestal fault 750 7.2 20.7 21.9
Crestal fault 875 19.6 51.5 55.1
Crestal fault 1473 14.1 43.3 45.5
Crestal fault 1216 34.0 47.2 58.2
Crestal fault 2166 43.1 83.3 93.8
Crestal fault 790 26.0 42.9 50.2
Crestal fault 990 15.4 25.2 29.5
Crestal fault 1524 23.3 59.7 64.1
Crestal fault 1652 21.1 74.8 77.7
Crestal fault 1916 20.8 43.9 48.6
Crestal fault 469 3.8 13.8 14.3
Crestal fault 942 5.9 25.3 26.0
Crestal fault 643 5.1 24.0 24.5
Crestal fault 1212 24.3 67.8 72.0
Crestal fault 880 21.4 73.4 76.5
Crestal fault 1951 91.3 141.0 168.0
Crestal fault 513 6.4 22.4 23.3
Crestal fault 1550 15.1 64.0 65.8
Crestal fault 1007 6.2 26.9 27.6
Crestal fault 1117 7.7 30.4 313
Crestal fault 510 11.2 46.7 48.0
Crestal fault 1210 9.8 51.0 51.9
Crestal fault 1100 13.4 64.2 65.6
Crestal fault 325 3.9 31.7 31.9
Crestal fault 548 4.1 18.9 19.3
Crestal fault 640 4.5 24.7 25.1
Crestal fault 653 17.0 52.3 55.0
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Crestal fault 346 4.2 18.0 18.5
Crestal fault 350 12.6 32.3 34.7
Crestal fault 871 10.9 24.4 26.7
Crestal fault 1141 10.5 37.8 39.2
Crestal fault 527 11.8 32.9 34.9
Crestal fault 433 7.3 27.8 28.7
Crestal fault 1948 26.0 78.6 82.8
Corridor fault 1825 35.0 50.0 61.0
Corridor fault 1474 29.9 65.6 72.1
Corridor fault 1650 38.4 70.3 80.1
Corridor fault 1082 23.6 42.1 48.3
Corridor fault 1851 42.0 88.5 98.0
Corridor fault 1003 38.6 75.4 84.7
Corridor fault 3275 55.5 94.1 109.3
Corridor fault 2951 322 63.6 71.3
Corridor fault 760 28.0 58.4 64.7
Corridor fault 1426 31.8 76.8 83.1
Corridor fault 1377 334 83.1 89.6
Corridor fault 1475 234 44.9 50.6
Corridor fault 350 16.4 22.3 27.7
Corridor fault 985 9.8 20.2 22.4
Corridor fault 873 18.7 47.9 514
Corridor fault 604 6.6 18.2 19.4
Corridor fault 900 13.9 32.1 35.0
Corridor fault 1250 22.0 25.9 34.0
Corridor fault 402 15.5 35.6 38.8
Corridor fault 769 11.1 30.1 32.1
Corridor fault 901 7.3 36.0 36.7
Keystone fault 2879 37.9 84.9 93.0
Keystone fault 4283 71.8 149.2 165.6
Keystone fault 1477 48.7 93.2 105.1
Keystone fault 939 26.2 54.2 60.2
Keystone fault 1955 28.9 49.7 57.5
Keystone fault 2713 26.9 52.7 59.2
Keystone fault 1026 13.9 31.3 343
Keystone fault 446 8.9 15.6 18.0
Keystone fault 2253 30.8 75.6 81.6
Keystone fault 982 294 46.7 55.2
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Keystone fault 585 13.4 33.5 36.1
Keystone fault 1814 55.8 55.8 78.9
Keystone fault 1510 18.3 31.6 36.5
Keystone fault 368 10.3 13.6 17.1
Keystone fault 1613 259 55.0 60.8
Keystone fault 1596 43.5 53.9 69.2
Keystone fault 2148 34.1 61.5 70.3
Keystone fault 1903 23.1 33.9 41.0
Keystone fault 1204 28.0 44.0 52.2
Keystone fault 483 7.2 12.9 14.8
Keystone fault 1008 26.8 454 52.7
Keystone fault 1461 22.6 344 41.1
Keystone fault 1372 414 75.4 86.0
Keystone fault 830 29.2 35.2 45.7
Keystone fault 867 20.1 28.3 34.7
Keystone fault 1033 324 56.9 65.5
Keystone fault 1377 8.8 14.3 16.8
Keystone fault 816 10.8 21.7 24.2
Keystone fault 1180 18.9 32.2 37.3
Keystone fault 1680 34.7 73.4 81.2
Keystone fault 1395 26.1 43.6 50.8
Keystone fault 1789 27.1 37.5 46.3
Keystone fault 1897 31.1 64.6 71.7
Keystone fault 1104 33.1 79.0 85.6
Keystone fault 576 16.9 52.7 55.3
Keystone fault 1228 554 87.7 103.7
Keystone fault 2617 27.5 46.5 54.0
Keystone fault 2131 40.9 58.0 70.9
Keystone fault 2033 28.5 44.9 53.2
Keystone fault 2806 70.9 75.4 103.5
Keystone fault 1525 28.7 73.0 78.5
Keystone fault 1667 25.2 44.4 51.1
Listric fault 3236 106.3 1243.2 1247.7
Listric fault 2257 72.9 554.3 559.1
Listric fault 2342 25.1 715.4 715.8
Listric fault 4900 112.7 1294.7 1299.6
Listric fault 2152 145.7 1043.0 1053.1
Listric fault 1019 71.1 822.9 826.0
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Listric fault 7211 33.0 1312.8 1313.2
Listric fault 2717 210.9 1644.5 1658.0
Listric fault 1762 42.0 384.0 386.3
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Appendix D: Fault attribute data from the
Cleaver Bank High, Southern North Sea

(Chapter 7)
Maximum displace-
Fault types Length (m) Throw (m) Heave (m)
ment (m)

Radial fault 1555 26.1 32.8 41.9
Radial fault 2605 244 34.6 42.4
Radial fault 1088 24.5 29.1 38.1
Radial fault 1896 40.7 39.7 56.9
Radial fault 1136 23.1 22.4 32.2
Radial fault 2350 23.8 20.9 31.7
Radial fault 903 10.3 9.9 14.3
Radial fault 150 16.0 19.6 253
Radial fault 301 16.6 25.6 30.5
Radial fault 1242 29.0 26.7 3904
Radial fault 1190 18.3 29.9 35.1
Radial fault 1053 24.5 44.9 51.1
Radial fault 1057 22.7 22.4 31.9
Radial fault 961 27.0 32.8 42.5
Radial fault 828 15.6 16.3 22.6
Radial fault 802 24.7 35.6 43.3
Radial fault 902 26.3 19.2 32.5
Radial fault 1685 24.8 259 35.8
Radial fault 1152 20.4 26.2 33.2
Radial fault 904 18.9 18.3 26.3
Radial fault 706 22.3 37.1 433
Radial fault 606 24.5 24.4 34.5
Radial fault 859 18.6 28.3 33.9
Radial fault 864 23.7 28.5 37.1
Radial fault 884 26.5 27.1 37.9
Radial fault 704 24.5 22.6 33.3
Radial fault 818 294 28.5 40.9
Radial fault 477 21.9 27.3 35.0
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Radial fault 504 29.5 40.0 49.7
Radial fault 1424 68.2 33.7 76.1
Radial fault 836 23.6 30.3 384
Radial fault 704 23.7 23.8 33.6
Radial fault 1317 69.1 57.4 89.8
Radial fault 1307 31.9 38.8 50.3
Radial fault 1657 26.6 30.5 40.5
Radial fault 1324 35.1 274 44.5
Radial fault 922 19.7 213 29.0
Radial fault 1102 23.1 46.6 52.0
Radial fault 707 28.6 40.0 49.2
Radial fault 812 23.5 29.7 37.8
Radial fault 1118 32.9 35.8 48.7
Radial fault 672 23.7 31.5 39.4
Radial fault 1620 28.1 33.8 44.0
Radial fault 1273 25.2 31.0 40.0
Keystone fault 2471 344 553 65.1
Keystone fault 2753 37.8 60.0 70.9
Keystone fault 751 22.8 21.9 31.6
Keystone fault 357 32.7 42.8 53.8
Keystone fault 3061 35.0 49.4 60.6
Keystone fault 650 26.5 41.6 49.3
Keystone fault 475 31.5 37.0 48.6
Keystone fault 426 29.1 45.8 543
Keystone fault 1062 22.3 33.2 40.0
Keystone fault 914 24.7 322 40.6
Keystone fault 583 24.5 39.5 46.5
Keystone fault 614 279 30.9 41.6
Keystone fault 940 31.5 37.6 49.1
Keystone fault 419 21.1 25.0 32.7
Keystone fault 651 32.4 33.6 46.7
Keystone fault 1100 343 57.7 67.1
Keystone fault 665 25.8 29.4 39.1
Keystone fault 353 20.9 37.6 43.0
Keystone fault 1207 253 40.0 473
Polygonal 676 25.8 39.5 47.2
Polygonal 523 24.7 43.8 50.3
Polygonal 1150 28.2 31.6 42.4

284



Appendix D

Polygonal 434 17.7 27.6 32.8
Polygonal 550 29.3 49.2 57.3
Polygonal 651 333 39.8 51.9
Polygonal 701 22.6 26.3 34.7
Polygonal 600 27.8 384 47.4
Polygonal 600 30.3 37.8 48.5
Polygonal 380 17.8 26.3 31.8
Polygonal 554 23.9 37.5 44.5
Polygonal 552 24.6 38.6 45.8
Polygonal 1178 294 30.0 42.0
Polygonal 1065 323 42.5 534
Polygonal 409 24.6 22.5 333
Polygonal 464 20.8 16.3 26.4
Polygonal 800 22.0 32.2 39.0
Polygonal 952 37.3 42.8 56.8
Polygonal 560 23.5 21.7 32.0
Sub-salt fault 6661 276.6 447 280.2
Sub-salt fault 7795 217.6 34.8 220.4
Sub-salt fault 2712 90.3 44.4 100.6
Sub-salt fault 2676 58.5 14.9 60.4
Sub-salt fault 3199 99.0 19.4 100.9
Sub-salt fault 7612 303.7 39.9 306.3
Sub-salt fault 3609 224.5 103.6 247.2
Sub-salt fault 10269 253.6 95.2 270.9
Sub-salt fault 10008 237.6 125.8 268.8
Sub-salt fault 7429 233.2 94.0 2514
Sub-salt fault 3885 93.1 70.0 116.5
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