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Abstract

This thesisnvestigateshe impacbf tectonic shortening on the reactivation and growth
histories of normal faulsystemsfrom the Espirito Santo Basin (SE Brazil), Broad
Fourteens Basin (Southern North Sea) and Naageietionary prism (SE Japari

the Espirito Santo Basin, 3D seismic data were used to assess the impact of tectonic
rafting, and associated gravitational instability of the continental slope, on the geometry
and reactivation histories of faults formegbae rollover anticlinesThe data showed

that the complex fault geometries observed above rollover anticlines are primarily due
to threedistinct stages of downslope gravitational instability of tectonic rafts. Stage 1
(postAlbian to Coniacian) causeddlsuprasalt strata to fragment into discrete blocks

of strata (rafts) separated by large listric (roller) faults and associated wide rollover
anticlines in their hangingalls. In stage 2 (Early Santonian), the continued evacuation
of salt from uppeslope regions to the base of the continental slope promoted the
progressive downslope translation of rafted strata and triggered the reactivation of
rollover faults in the form of crestal fault systems associated with local extensional
collapse. Stage 3 (MidellLate Eocene) caused tectonic rafts to be translated downslope
until salt welds were formed and pastlt strata became grounded over-ga
successions. The grounding (welding) of tectonic rafts over theglirsuccessions was
progressive and accompad by moderate translation of blocks during the Cenozoic.
Differences in the degree of downslope translation efvalded rafts further enhanced

the reactivation of rollover faults, a phenomenon that promoted the migration of
hydrocarbons from welded sugalt source units into supsalt reservoirs. As a
corollary, thisChaptershows thatectonically generated pulses of compression and
uplift, commonly related to the Andean Orogeny, are not the only mechanisms
deforming postalt overburden units in proral extensional dominated regions of the
southeast Brazilian marginin fact, the close control of tectonic rafts gravitational
instability induced a continuum of overburden deformatiand contributed

significantly to shaping the supsalt overburdeimn the Espirito Santo Basin.

In the Broad Fourteens Basin, 3D seismic and borehole datasets were used to investigate
the effect of lithological variations on fatthirow distribution and segmentation, as well
as on the geometry and reactivatibistories of faults developed due to tectonic

inversion. It was shown thahd¢ Late Cretaceou® Paleogendectonic inversion
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affecting the Broad Fourteens Basin induced a continuum of deformation and
contributed significantly to the formation and suhsag reactivation of Latelesozoic

faults Late Cretaceous inversion (j.the Sub-Hercynian inversion episode) led to the
formation of broad anticlines associated with normal faults in Upper Mesozoic strata.
The progressive bending and stretching of owter Mesozoic strata during the Early
Paleoceneinversion episode (i.e.Laramide episode) reactivated the older Sub
Hercynian faults. In a last stage, the Pyrenean (Oligocene) and Savian (Miocene)
inversion episodes reactivated some of these faults upward into Tertiary strata.

Offshore Nankai (SE Japan), 3D gmtack depth migrateseismic data were used to
analyse the geometry and growth of shallow faults associated with tectonic shortening
in prominent thrust anticlines. These thrust anticlines show a trenchward increase in
horizontal shortening and deform the seafloor at preseasponse to plate subduction

off Nankai. It was shown that the presencelosely spacedertically segmented fault
arrays at shallow stratigraphic levelsith relatively small local throw maximearelate

to the existence of momecompetent (softytervals blanketing the Nankai accretionary
prism These shallow fault geometries accommodate a significant part of the bending
and stretching strain occurring during the development of thrust anticlines and

subsequent local stress redistribution duringrse events.

The anomalouserticalfault throw distributions documented in the three study aneas

this thesisare inconsistent with models of fault growth by uniform slip distribution and
radial tipline propagationlt is concludedhatfault reactivéion andgrowthby segment
dip-linkages characterisetid evolution and growth of all the faults interpreted in the
three study aresa Where two separate faults with local throw maxima propagate
towards each other and linked in thrownimum in thethrow-depth (FZ) profiles.

Fault segments with local throw maxima in theow-depth (FZ) profilesare early

stage fault segments and represent regions where faults localise first in competent
intervals Each segment of these easliage faults propagaeoutwards until they
encounter other fault strands and link together. Linkage points are located where local
throw minima are recorded in less competent interv@tnsequently, the propagation

of slip from fault segments (with local throw maxima) in deenpetenintervals into
theincompetenintervalsresulted intovertically segmented fault arrayéertical fault

segmentation increases the chances of strata compartmentalisation and localised fluid
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flow through fault linkagesat the same timpresening significant risks when injecting

CQ in subsurface traps.
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array (iiii). The displacementlistance plots b and e are for fault traces on the upper
surfaces of the block diagrams (bold lines). The coherentrfaadel is illustrated for

hardlinked (c) and softinked (d) fault segments. Figure modified from Walsh et al.

////////////////////////////

Fig. 1.10. Fault segmentation and linkage. Faults evolve from isolated to interacting
faults through segment linkage. The ratio ofadl increases showing stdie
evolution path. Fault lengths abruptly jump at the stage of segment linkage (Kim and

Sanderson, 2005)éééeeceééecececceeececed. .. e

Fig. 1.11. Fourstage, schematic model depictihg progressive evolution of a normal
fault dominated by the dip linkage direction between two initially isolated fault

segments. Figure from Mané&édé etléd.é&nd3Cart w

Fig. 1.12 Constardlength modeffor fault growth in which the fault length rapidly
increases at an early stage of growth and then remains constant as displacement

accumul at es. Figure modified from Wal sh e

Fig. 1.13. Factors resisting salt flow. Salt defornwatioccurs if the roof is thin and

weak, but becomes progressively more difficult as the roof thickens. Salt is strongly
sheared near the edges of salt bodies during flow, a phenomenon causing resistance to
deformation. Salt flow is inhibited when the salyer becomes too thin (Hudec and

////////////////////

Jackson, 2007) éééééééééceceeceeeeéeecemcece. é

Fig. 1.14. Gravitational loading orsalt units a) A laterally varying overburden
thickness above a horizontal head gradient. Salt will flow from left to right along the
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presswe head gradient. b) A uniform overburden thickness above an inclined, tabular

salt layer produces an elevation head gradient. Salt will flow from left to right down the
elevation head gradient. c) A uniform overburden thickness abovelyrigsalt layer

produces neither elevation nor head gradients, even though the salt thickness varies.
Modi fied from Hudec and dacksod. 24207 ) é éé

Fig. 1.15. Effect of displacement loadingn salt structuresa) When tectonically
shortened, salt is loaded horizontally by inward movement of one or both sidewalls
where the horizontal displacement load exceeds the vertical gravitational load, forcing
salt to rise. b) During extension, the salt is unloaded horizofgligovements of one
or both sidewalls. The vertical gravitational load then exceeds the horizontal

displacement load, so salt subsidégure fromHudec and Jacksd2007¢é € é . .43

Fig. 1.16. Schematic modes of diapir piercemeat.Reactive diapir, b) Awve diapir
and c¢c) Passive diapir. (Vendeville6and Ja

Fig. 1.17. Schematic diagram showiragtypical assemblagef saltrelated structures

including salt rolles, roller fauls, rollover faults and keystone faulfRowan et al.,

//////////////////////////

Fig. 1.18. Schematic diagram showing typical assemblage ofrekdted structures
including salt roller, roller faults, rollover faults, crestal faults and keystone faults
(Rowanetal.,1998)é e é 6 é e écééeéééeeééeéeéeéeéeée. b

/////////////

Fig. 2.2. Simplified regional section of the Espirito Santo Basin showing major
depositional sequences and structures across three salt domains (eatensio
transitional, and compressional). Modified from Fiduk et al. (2004) and Gamboa et al.

,,,,,,,,,,,,,,,,,,,,,,,,

(2010)éeceeeéeééééecceeceeeéeééeceee. . eé. . ¢e.

Fig. 2.3.Stratigraphic column of the Espirito Santo Basin highlighti&gain tectone

sedimentaryancthagmat i ¢ events. Modi fied f.62om Fr a

Fig. 2.4.a) Map of the Southern North Sea highlighting its Dutch sectotlaidcation
of the study area in the northern end of Broad Fourteens Basin.(BFBdomedin
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map of the NWSE tremling Broad Fourteens Basin and associated structural elements.
Figures modified from van Verweij and Simmelink (2002)etters A to S refer to

hydrocarbon exploration blocks in tBeitch sector of th&outhern North Sea &6

Fig. 2.5. Simplified stratigraphic column of the Dutch Sector of the Southern North
Sea. Main stratigraphic groups, tectonic phases and unconformities related to regional
tectonic events are based on Penge et al. (1999) and van Verweij and Simmelink

(2002)e . . . e ce@@®eééeececeeceééeececeeééeeeceecee. .. 8eb

Fig. 2.6.a) Inset highlighting the three principal subduction trenches surrounding the
Japanese lIslands: i) the Nankai Trough, ii) the Sagami Trough (ST) and iii) the Japan
Trench. The study area is highlighted by the red Baure modified from Bird (2003).

b) Bathymetic map from the Kumano Basin and adjacent region to the Nankai
accretionary prism highlighting structural zones, the location of IODP sites and the
location of the study area (red box). Figure Modified fromokéoet al. (2013). Where
KPR-KyushuPalau Ridge; FSCFossil Spreading Centre; IB&ku-Bonin Arc; ST-
Sagami Trough; OKfkhotsk Plate, MSFR&egasplay Fault Zone; IODRntegrated
Ocean Drilling Programme. c) Arbitrary line through th® 3eismic volumealong

some of the drilled sites (Moore et al., 2009) highlighting structural zondbestddy

areaintheouterwedgee gi on€&€. éééééééeeeéeéeéééééee. . 78

Fig. 2.7.Stratigraphic interpretation across the outer and inner \gexfigbe Nankai
accretionary prism (Boston et al., 2016). The prism consists of slope basin, overthrusted

//////////////

and underthrusted sedi mentsééeéeéeééceléeéececeé

Fig. 3.1. Schematic section ilktrating the method behind the marine streamer
acquisition. The seismic survey vessel tows an acoustic source near the surface, which
emits a loud soundwave. These waves travel through the water and into the sediment
layer, reflecting to the receiver (hydp hones) . Modi fied from Ba

Fig. 3.2.Schematic description of various multisource, multistreamer configurations.
Red stars represent sources; vertical lines represent streamers. The values under the
streamers represent number of streamand time of introduction. Figure modified

""""""""""""

fromVermeer (201 . . éeééeeéeéééééeececeeceeéeééeéee. . ... e.c¢

Xviii



Table of Contents

Fig. 3.3.Schematic description of the racetrack methseld tocover a survey area. In

the figure, there are five sail lines (boat passes) on each sidetedick. The width of

the track is selected such that line turns take minimal time, given the acquisition
configuration, i.e. the number and length of streamers and the distance between
streamers. Usually the survey area is spit into several racetraglse Fodified from

RV 41T a2 0 SR 89

Fig. 3.4.The Fresnel Zone, or the horizontal resolution of the seismic data. The energy
that returns to the mamic detector is half the wavelength of the detector spacing. Figure

,,,,,,,,,,

taken from Kearey et al. (2013) ééeée&ééécecee

Fig. 3.5. Figure explaining the concept of a Fresnel Zone during seismic data
acquisition and processinghe large circlan thefigure represents the Fresnel Zone
prior to data migration. The oval red form is the Fresnel Zone after migration, which
shows the wavelength reduced by half. The black dot in the centre of the circle
represents the idealised posigration of the Fresn@&one,wherebythe wavelengtls

reduced by a quarter. Figusemodifiedfrom Brown (2011¢ é é ¢ € € . é .. €.100

Fig. 3.6.Schematic crossection through a normal fault showitlg pointswherefault
throw-deptlts (T-Z) are measured and therresponding throvdepth (FZ) plotfor this

same faulta) Gshape throw profileiFault segment with local throw maximum in the
throw-depth plot represents the interval where the fault nucleates first. This segment
propagates outwards until it encoustesther preexisting fault segments to link
together. b)Throw-depth plotexhibits a regular upward decrease in throw values and
maintain vertical, positively stepped gradients, revealing the classical model of fault

//////

growth by upward propa&g@aé¢éeédnéééceecdesé.

Fig. 4.1. Seismiestratigraphic correlatiommongstthe interpreted posift seismic

units and stratigraphic ages, tectonic phases/megasequences and unconformities related
to regional tectonic events in the upslope exterad region of the Espirito Santo Basin
(modified from Franca et al., 2007). Velocity information is taken from Alves

,,,,,,,,,,,,,,,,,,,

(2012)eééeeéeecééeecéecéeéecéee. . .  eéecge. . e.

Fig. 4.2.a) Uninterpreted inline seismic section, and b) Interpreted seismic section

acrass the study area. The section highlights large roller faults bounding Cretaceous
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minibasins, normal faults over rollover anticlines,-sathdrawal synclines adjacent to
roller faults anddiapirs, andtectonic rafts between and above salt structuredomiec

raft 2 forms the core of wide rollover anticlines. Tier 1, 2 and 3 faults dominantly cross
cut horizons H4, H5 and H6, respectively. Salt roller/diapir and tectonico@ts in

,,,,,,,,,,,,,,,,,,,,,,,,

Units S2 and S3éécecééeecécéceececéeceeececedBeceecce

Fig. 4.3.a) Uninterpeted inline seismic section, and b) Interpreted seismic section
across the study area. The section highlights large roller faults bounding Cretaceous
minibasins, normal faults over rollover anticlines, drag folds adjacent to roller faults,
tectonic rafts btween and above salt rollers and local reactivatedupogtructures.
Tectonic raft 2 forms the core of rollover anticlines. Tier 1, 2 and 3 faults dominantly
crosscut horizons H4, H5 and H6, respectively. The presence of reactivatagppop
structures inPaleogene strata (Unit S6) and drag folds adjacent to large roller fault

signifies diachronous grounding of4d4tecton

Fig. 4.4.a) TWTT structural map of Horizon H4, showing distribution of fault families
in the study area; hipterpreted sketch highlighting geometry of fault families arl N
trending of wide rollover anticlinal zones (grey panel)-paballel to the strike of

/////////////////////////

tectonic raft 2é6éééééceééeceééeeéeéeeevbeceeecee

Fig. 4.5.a) TWTT structural map of horizon H3; bjtérpreted sketch highlightirthe
geometryof N-S trending tectonic rafts separated by mini basins. Tectonic raft 2 forms

the core of roll over anticlines 1 n30 he st

Fig. 4.6. TWTT structural maps for representative intervalsthi®e study area
highlighting variation in the expression of the distinct fault tiers geometry (i.e. in
spacing, orientation, intersection relationships and linearity of fault segments) over
rollover anticlines. a) Tier 1 faults display curved polygonah gtaam geometry, b)

Tier 2 faults display rectangular polygonal plan form geometry, and c) Tier 3 faults

di splay irregular polygonal pl an f@rm geo

Fig. 4.7.TWTT structural map and interpreted sketch highlighting the distinct fault
tiers geometry over ¥ trending rollover anticlines (grey panel). a) Tier 1 faults;
curved polygonal pattern, b) Tier 2 faults; rectangular polygonal pattern, and c) Tier 3

faults; irregular polygonal pl an f &rm geo
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Fig. 4.8.a) Representative vertical thredepth (FZ) plots of Tier 1 faults, b) Throw

contour map of the Tier 1 faults showing throw distributions and, c) Fdistance

(T-X) plots through the contour map (see F
maxima A, Band C are individual segments of feasting faults, separated by throw

minima. H4represents seismic horizopwhile S4 and S5 are seismic usitg . é.1 3

Fig. 4.9.a) Representative vertical thredepth (FZ) plots of Tier 2 faults, b) Throw
contour mapf Tier 2 faults showing throw distributions and, c) Thrdistance (¥X)

plots through the contour map (see Fig. 4.9b for the location of the profile). Throw
maxima A, B and C are individual segments of@xesting faults, separated by throw

minima. H4,H5, and H6 areeismichorizons while S5, S6 and $&presenseismic

"""""""""""""""""

Fig. 4.10.a) Representative vertical thredepth (FZ) plots of Tier 3 faults, bjhrow
contour map of the Tier 3 faults showing throw distritwo and, cjhrow-distance (F

X) plots through the contour map (see Fig. 4.10b for the location of the profile). Throw
maxima A, B and C are individual segments of@xesting faults, separated by throw

minima. H5 and H6 arseismichorizons while S6 and S7 are seismiu n.¢ ¢ $ @

Fig. 4.11.a) andc) Representative vertical thresepth (FZ) plots for seawardand
landwarddipping roller faults. H4, H5 and H6 aseismichorizons, while S4, S5, S6
and S7 are seismic unitsandd) Throwdepth (FZ) contour maps ot roller faults

showingthromd i st r i but i on e eécééééececece é éeeeé . 14

Fig. 4.12.Schematic illustration of the relative age and tspan of distinct fault tiers
mapped over N6 trending rollover anticlines stgarallel to tectonic raft 2. Plotted in
thediagram is the number of reflections above and below main unconformities related
to regional tectonic episodes in tespirito Santo Basin. Tier 1, 2 and 3 faults
predominantly crossut Campanian (H4), Paleocene (H5) andBpper Eocene (H6)

unconformit es, respectively. S2 téoé ééré .aldbe i nt e

Fig. 4.13. Schematic model for development rollover anticline and their associated

"""""""""""""

nor mal faul tsééééeeeééceeeeée. ¢eéeececeeececece.
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Fig. 4.14. Schematic model for gravitational gliding of tectonic rafts and their
associated structures (e.g. listric faults, rollover anticlines and normal faults) by

downs| ope gravitational gliding. Figure

Fig. 5.2.Schemadt crosssection through a simple normal fault showing the points of
fault throwdepth (FZ) measurements (a) and their corresponding tidepth (FZ2)
plots (b).Fault segment with local throw maximum in the thrdepth plot represents

the interval whereault nucleate first. This segment propagates outwards until it

///////

Fig. 5.3. Simplified seismiestratigraphic correlation between the interpreted seismic
units and stratigraphic column of the Dutch Sector of the Southern North Sea. Main
stratigraphic groups, tectonic phases and unconformities related to regional tectonic
events arebased on Penge et al. (1999) and van Verweij and Simmelink (2002).
Horizons H1-H6, and Units SI57 refer to interpreted seismic horizons and units,

,,,,,,,,,,,,,,,,,,,,,,

respectivelye ée e e 6 6 €6 ééééécéeeeeeéeéééée. . éela.

Fig. 5.4.a) Uninterpreted and b) interpreted seismic ifgsfrevealing the distinct
geometry of Upper Mesozoic (Tier 1) and Paleogene (Tier 2) faults over Anticline A.
These fault Tiers are separated by the Base Tertiary Unconformity (horizons H6). Tier
1 faults responded to Late Cretaceous to Paleogene iteétmersion episodes,
whereas Tier 2 faults resulted from neaafloor extension over growing anticlines to
sudden compaction of mereth strata and subsequent loss of volume and fluid, forming
polygonal fault geometrieS.he location of the seismic line shown in Figs. 5.10a,

5.1laand5.1Zmé é e éecéeéeééeéée. .éecéeéeeéeéeeée.....166

Fig. 5.5.a) Uninterpreted and b) interpreted seismic profiles showing the distinct
geometry of Late Mesozoic (Tier 1) and Paleogene (Tier 2) faults over Anticlines B and
C. These two fault tiers are separated by the Base Tertiary Unconformity (horizon H6).
However some of the Tier 2 faults propagate downward and offset horizonTH&.

location of the seismic line is shown in Figs. 5.10a, 5.11aand&.82a.€ € é é 701

Fig. 5.6.a) Uninterpreted and b) interpreted seismic profiles revealing the geometry of
Upper Mesaoic (Tier 1) and Paleogene (Tier 2) faults over Anticline A. Tier 1 faults

were generated by the | ocal b u caclstramg and

XXii
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during the Late Cretaceodaleogene tectonic inversion episodes. These faults were
eroded ad truncated at the Base of Tertiary Unconformity (horizon H6), with some
reactivating upward into Paleogene strata (Unit S7), linking with the overlaying
Paleogene Tier 2 faults'he location of the seismic line is shown in Figs. 5.10a, 5.11a

,,,,,,,,,,,,,,,,,,,

andb.l2aé éééeécéééeécé.cececéée.ééeeeécéce.ée. 17

Fig. 5.7.a) Uninterpreted and b) interpreted seismic profiles highlighting the geometry
of Upper Mesozoic (Tier 1) and Paleogene (Tier 2) faults over Anticline A. The imaged
fault tiers are separated by the Base otidsy Unconformity (horizon H6), with some

of the Tier 1 faults reactivating upward into Paleogene strata (Unit S7), linking with
Tier 2 faults.The location of the seismic line is shown in Figs. 5.10a, 5.11a and

bl2& éeéeeéeeéeeéeeé.ceéeeééeeéeee. 141

Fig. 5.8.a) Uninterpreted and b) interpreted seismic profiles highlighting the geometry
of Upper Mesozoic (Tier 1) and Paleogene (Tier 2) faults over Anticline A. Distinct
fault tiers are separated by the Base Tertiary Unconformity (H6), but with cioime

Tier 1 faults reactivating upward into the Paleogene strata (S7) to link with Tier 2 faults.
A deeplyrooted listric fault that detaches on top Zechstein salt (H2) propagates
vertically into Paleogene strata (S7). Some of the Tiers 1 and 2 faeltseiet this latter
listric fault. The location of the seismic line is shown in Figs. 5.10a, 5.11a and

S5l éeééeeéeeéeeéececéeéeeéeecéeeéeeée. 517

Fig. 5.9.a) Uninterpreted and b) Interpreted inline seismic sections revealing the
geometry of Tier 2 faultsni Paleogene strata (Unit S7: Lower North Sea Group), ¢)
Uninterpreted and d) Interpreted crdis& seismic sections also highlighting the
geometry of Tier 2 faults in Paleogene strata. These faults are closely spaced, with some
being also segmented. Thegult from neaseafloor extension over growing anticlines

and sudden compaction of mudh strata with the subsequent loss of volume and fluid,
forming polygonal fault geometrie¥he location of the seismic line is shown in Figs.

rrrrrrrrrrrrrrrrr

5.10a,5.11laabl1?2a ¢ é é é é éé ¢ éééééééeé. .éééeée.eée... . 177

Fig. 5.10.a) TWTT structural map of a representative interval in Upper Mesozoic strata
(H4a) highlighting the map view geometry of Tier 1 faults, the location of industry
boreholes and key seismic lines, b) Interpdesketch highlighting the map view

geometry of Tier 1 faults over N\SE trending Anticline A. These faults show a linear
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to curvilinear pattern in map view. A, B and C are interpreted anticlines responding to

the effect of tectonic inversion inthe SoathNorthSea ¢ é ¢ ¢ ¢ é ¢ é é . .81 7

Fig. 5.11.a) TWTT structural map for representative interval in Paleogene strata
highlighting the map view pattern of Tier 2 faults, the location of industry boreholes
and key seismic lines, b) Interpreted sketch highlightive geometry of Tier 2 faults.

A, B and C are interpreted anticlines responding to the effect of tectonic inversion in
the Southern NorthSéae é ¢ . é e ééeé. . ééeééeeééeééeéée. . 180
Fig. 5.12.a) TWTT structural map of the Base Tertiary Unconformity (horizon H6)
showing its map view, the location of industry boreholes and key seismic lines. A, B
and C are interpreted anticlines responding to the effect of tectonic inversion in the
Southern North Sea, b) Interpreted sketch highlighting the geometry of reactatdted
families affecting the Base Tertiary Unconformity (horizon H6). Reactivated Tier 1
faults show linear to curvilinear distributions around Anticline A. Tier 2 faults show

,,,,,,,,

Fig. 5.13.a) Uninterpreted and b) interpreted seismic profiles revealing the geometry
of representative Upper Mesozoic (Tier 1) faults over Anticline A. These faults were
eroded and truncated at the Base of Tertiary Unconformity -(Ractivated Tier 1
faults), with some reactivating and propagating upward into the Paleogene strata
(Reactivated Tier 1 faultshe location of the seismic line is shown in Figs. 5.10a,

51laandb51Zne é é . é . éeeceééééeeceéééeeceéée. . . €183

Fig. 5.14.a) Uninterpreted and b) interpretedsseaic profiles revealing the geometry

of representative Upper Mesozoic (Tier 1) faults over Anticline A. These faults were
eroded and truncated at the Base of Tertiary Unconformity -(Nactivated Tier 1
faults), with some reactivating and propagating apivinto the Paleogene strata
(Reactivated Tier 1 faults). Some of the Tier 1 faults intersect a desgild listric

//////

fault that detaches on the top of Zechsteirésélte € é . € .é.é é é é ¢ é ...184

Fig. 5.15. Representative throdepth (FZ) profiles stressing the influence of
mechanical stratigraphy and lithology on throw distribution and growth on fault F1. a)
Interpreted seismic section and well log. b) Representative ttiepith (FZ) profiles

revealing fault reactivation and growth by segmentdge where two separate pre
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existing faults with throw maxima in samgth competent intervals have propagated
towards each other and linked in shath intervals where local fault throw minima
are recorded. ¢) Throwepth contour map showing anomaldusw distributions and,

d) Throwdistance (¥X) plots through the contour map. See Fig. 5.13 for a full seismic

,,,,,,,,,,

section of the interpretedfault&él e e € € é é ééééee.é .ééé. .. 186

Fig. 5.16.Representative throwepth (FZ) profiles revealing the effect of roleanical
stratigraphy and lithology on throw distribution and growth on fault F2. a) Interpreted
seismic section and well log. b) Representative thdepth (FZ) profiles showing

fault reactivation and growth by segment linkadhere two separate faultgth local

throw maximabetween 15 and 30 ms (18Z.8 m) in sandich (competent) intervals

have propagated towards each other and linkedhalerich (incompetent) interval
where local throw minima betweé&nand 15 ms (2:49.2 m)are recordedc) Throw-

depth contour map showing anomalous throw distributions. d) Fdrstance (¥X)

plots through the contour map stressing fault growth via segment linkages. See Fig.

5.13 for a full seismic section of the interpreted fauk E2¢é é é é é é é . .. €187

Fig. 5.17.Representative throepth (FZ) profiles revealing the effect of mechanical
stratigraphy and lithology on throw distribution and growth on fault F3. In-sahd
intervals, fault throws are usually largebetween 14 and 30 ms (1737.8 m)-
compared tahe smaller fault throws between 2 and 14 ms-{Z.5 m) recorded in

shale richintervals. These changes in throw values are interpreted to be a consequence
of mechanical stratigraphy and lithological changes in the host rock. a) Interpreted
seismic se@n and well log. b) Representative throlepth (FZ) profiles showing

fault reactivation and growth by segment linkage. c) Thdepth contour map showing

throw distributions. d) Throwdistance (¥X) plots through the contour map. See Fig.

/////////

Fig. 5.18. Representative throwepth (FZ) profiles stressing the influence of
mechanical stratigraphy and lithology on throw distribution and growth on fault F4. A
reduction in throw values is observed over the fault planes, as faults propagate from
sandrich intewvals into shaleich intervals. a) Interpreted seismic section and well log.

b) Representative throdepth (FZ) profiles showing the fault reactivation and growth

by segment linkage, where two separategxisting faults with throw maxima in sand

rich canpetent intervals have propagated towards each other and linked rickhale

XXV



Table of Contents

intervals where local fault throw minima are recorded. c) Thidepth contour map
showing throw distributions. d) Thredistance (¥X) plots through the contour map.

See Fig. 5.4 for a full seismic section of the interpreted faultié4e ¢ ¢ ¢ é . . 1. 19

Fig. 5.19.Representative throepth (FZ) profiles revealing the effect of mechanical
stratigraphy and lithology on throw distribution and growth on fault F5. a) Interpreted
seismicsection and well log. b) Representative thaepth (FZ) profiles showing the
fault reactivation and growth by segment linkage. c) Thdewth contour map showing
anomalous throw distributions. d) Threadistance (¥X) plots through the contour map
stresing fault growth via segment linkages. See Fig. 5.14 for a full seismic section of

the interpreted fault e e é ¢ ¢ é éeeéeeéeeéeeééee. 319

Fig. 5.20.Representative throwepth (FZ) profiles revealing the effect of mechanical
stratigraphy and lithology othrow distribution and growth on fault F6. a) Interpreted
seismic section and well log. b) Representative thdepth (FZ) profiles showing the
fault reactivation and growth by segment linkage, where two separatxiptieg
faults with throw maxima in ore competent intervals have propagated towards each
other and linked in less competent intervals. c) Thdepth contour map showing
throw distributions. d) Throvdistance (¥X) plots through the contour map. See Figs.

rrrrrrr

5.6 and 5.7 for a full seismic semiof the interpreted fault K6.. é é é é é é é61 9

Fig. 5.21.Representative throepth (FZ) profiles for a listric fault showing typical
growth by upward propagation i.e. a vertical, positive stepped throw gradient. The
decrease and vertical positive steghrow gradients recorded by the listric fault can

be related to the effects of reactivation by upward propagation from parent faults above

a detachment surface, i.e. Zechsteinsaltin Figc6é¢ ¢ ¢ ¢ . é e ééé. . 7é19

Fig. 5.22.a) Uninterpreted and Imterpreted seismic profiles showing the geometry of
Tier 2 faults in Paleogene strata (Unit S7; Lower North Sea Group). ¢) Representative
throw-depth (FZ) profiles highlighting the reactivation and growth history on Tier 2
faults. The sharp changes indtv values are interpreted to relate to fault reactivation
and growth by segment linkage, where multiple throw maxima are separated by throw

"""""""""""""""""

mnmae e e e éééééeecceeceeeéééceeeceeeeéeé. 199

Fig. 5.23.Schematic illustration of the relative age and tspan of representative

distinct fault tiers mapped over a NBE trending Anticline A. Plotted in the diagram
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is the number of reflections affected by faults above and below the Base Tertiary
Unconformity (H6). Tier 1 faults dominantly offset Upper Mesozoic strata and
truncated/eroded at the Base Tertiary Unconformity ¢(M@ctivated Tier 1 faults),

with some faults reactivating upward into Paleogene strata (Reactivated Tier 1 faults).
Tier 2 faults dominatly offset Paleogene strata. They are related to early diagenesis
but still record the effect of the Paleogene inversion episode. Main stratigraphic groups,
tectonic phases and unconformities related to regional tectonic events are based on
Penge et al1099) and van Verweij and Simmelink (2002)é ¢ ¢ ¢ é é € é . .12 0

Fig. 5.24 Schematianodel for the geological evolution of the study area highlighting
the age and reactivation of fault families. Listric faults active in during the Jurassic syn
rift phase in association with rifaft tectonics, b). ¢) Tier 1 faults occurred during Late
Cretaceous Sublercynian inversion, i.e. the time of the formation of major anticlines
and deposition of the Chalk Group. d) Period of reactivation ofF&rbynian faults

(Tier 1 faults) and erosion of their upper fault tips by Paleotemamide erosional
event, creating a prominent Late Cretacebegiary Unconformity (horizon H6). e)
Phase of reactivation of some Tier 1 faults into the Paleogene strata during Oligocene
Pyrenian inversion and formation of Tier 2 faults in Paleogene strata. The piagent
postinversion phase comprises two distinct fault tiers: Tier 1 (Late Mesozoic) and Tier

2 (Paleogene)fauksé ¢ e é e eééeeéeeéeééeééeeceéeéee. €20

Fig. 6.1. Schematic section highlighting strailistance (&) measurements through
folded and faulted strata ugitine-length balancing techniques. Initial bed length, Lo,
in thrusted strata is expressed as Lo = y1 + y2 + y3, while in the overlapping strata is

Lo=x.Lfisthepresead ay bed | ength after def o022 mati o

Fig. 6.2.Structural map of theeafloor highlighting the bathymetric expression of thrust
anticlines, trending perpendicular to the regional bathymetric slope. Seismic profile
lines and key Integrated Ocean Drilling Programme (IODP) Sites are shown on the

map. Letters A,B,CandDongh map represent Thrustt Anti c

Fig. 6.3.a) Uninterpreted and b) interpreted seismic section across the deep water
Nankai accretionary prism highlighting the structural styles, interpreted seismic units
(Units I and II) and the four Thett Anticlines A to D studied in thshapter c) Seismie

stratigraphic correlation amongst the interpreted seismic units, stratigraphic ages and
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lithologies in the Nankai accretionary prism, SE Japan. Unit | represents relatively
undeformed slope sedimen(f&xpedition 333 Scientists, 2012; Kimura et al., 2011;
Alves et al., 2014; Strasser et al., 2014). Unit Il are overthrusted sediments (Park et al.,
2010). IODP well CO018A highlights the subdivision of Unit | into Units la, Ib and Ic
based on Strasserat (2014) and Alves et al. (2014). IODP Site C0006 (Expedition
316 Scientists, 2009) which is ~4 km SE from the seismic profile (see Fig. 2.6c) was

/////////

Fig. 6.4. 3D seafloor structal map of the study area highlighting the bathymetric
expression of the four studied thrust anticlines (A to D) with a lineaSMEtrend,
perpendicular to the regional bathymetric slope. Thrust Anticlines B, C and D deform
the modern seafloor and developresponding bathymetric highs that are up to 102 m,
113 m, and 182 m in relief. Thrust Anticline B developed a seafloor fault scarp. Seismic
profile lines and key Integrated Ocean Drilling Programme (IODP) Sites are shown on
the map. The letters A, B, @xd D on the map represent Thrust Anticlines A to
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Fig. 6.5.Uninterpreted and interpreted seismic section across the most landward Thrust
Anticline A highlighting the interpreted horizons, shallow faults and major (curved)
forethrust on the front limb and in the anticline core. The shallow faults are located in

theuppermost part of the accreted (Unit Il) and slope (Unit I) sediments. The location

of the seismic section is shown ién220Fi gs.

Fig. 6.6. Uninterpreted and interpreted seismic sections across Thrust Anticline B
highlighting the gometry of major thrust and shallow fault populations. The shallow
faults are in the hinge region of the thrust anticline. These faults are closely spaced and
vertically segmented, with some propagating and linking with other faults. The location

ofthese smi ¢ sections is shown in Figsz2 6.2

Fig. 6.7. Uninterpreted and interpreted seismic sections across Thrust Anticline C
highlighting the interpreted horizons, major thrust faults, and shallow faults. The
shallow faults are chigfllocated in the hinge region of the thrust anticline. These faults
are vertically segmented and offset strata at shallow stratigraphic levels, with some

propagating and linking with other faults. The location of the seismic sections is shown

rrrrrrrrrrrrrrrrrrr
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Fig. 6.8.Uninterpreted and interpreted seismic sections across the most seaward Thrust
Anticline D highlighting the interpreted horizons, major thrust faults, and shallow
faults. The shallow faults are in the uppest part of the accreted sediments (Unit Il),

in the hinge region of the thrust anticline. These faults are closely spaced and
segmented, with some propagating and linking with other faults. The location of the

,,,,,

seismic sectionsisshowninFigs.6.2and6é ¢ ¢ é éé e . . eéeééééd. . . 22

Fig. 6.9. Strairi distance (&) plots illustrating the alongtrike variations in the
shortening of thrust anticlines at the level of the mapped horizons. Strain distribution
in the mapped horizons increases with depth (i.e.higiker in the older horizons and
lower in the younger horizons), reflecting growth of the interpreted thrust anticlines

"""""""""

through timeééé. ééééééceceeecéeéeééééecede. . 6¢éé

Fig. 6.10.Cumulative strain plots illustrating the variations in the shortening of the

thrust anticlines at the level of the mapped seismic horizons. The maximum cumulative
shortening recorded by the most landward Thrust Anticline A (1239 m), is
approximately half of the maximum cumulative shortening recorded for the most
seaward Thrust Antime D (2478 m), indicating a trenchward increase in horizontal
shortening of the outer wedge regi n of N

Fig. 6.11.a) Uninterpreted and b) interpreted seismic section highlighting some of the
features of shallow fault populatisraround the hinge region of Thrust Anticline B.
The faults are vertically segmented, with some propagating and linking with other
faults, c) Representative vertical throw distribution of the shallow faults. Multiple throw
maxima separated by throw miniroa the throw distribution profiles show that fault
segment linkage is a common process. The location of the seismic section is shown in

rrrrrrrrrrrrrrrrrr

Figs. 6.2 and 6.4..¢e6ééeéecéeéeéeée. .  é3éecécecée

Fig. 6.12. a) Uninterpreted and b) interpreted seismic sectionsligiging the
geometry of shallow fault populations around the hinge region of Thrust Anticline C.
These faults are closely spaced and vertically segmented, with some propagating and
linking with other faults, c) Representative vertical throw distributioshallow faults.

These faults are vertically segmented with relatively larger fault throw maxima. Fault

segments with throw maxima nucleate first in more competent (stronger) intervals and
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are later linked by throw minima in less competent (weaker) ialerihe location of

the seismic section is shown in Fids. 6.2

Fig. 6.13. a) Uninterpreted and b) interpreted seismic sections highlighting the
geometry of shallow fault populations around the hinge region of Thrust Anticline D.
The faults are vertically segmented, with some propagating and linking with other
faults c) Representative vertical thresepth (T Z) profiles of the shallow faults. Fault
segments with throw maxima nucleate first in more competent (stronger) interdals a
are later linked by throw minima in less competent (weaker) intervals. The location of

the seismic section is shown in Fig@gs. 6.2

Fig. 6.14.a) Uninterpreted and b) interpreted seismic sections highlighting the typical
geomety of shallow fault populations in the slope basin sediments (Unit I). These faults

are segmented, with some propagating and linking with other.faufepresentative

vertical throwdepth (T Z) profiles of the shallow faults. The profiles highlight taul
propagating and growing by segment linkage, whereby two separate fault segments

with throw maxima in more competent (strong) intervals have propagated towards each
other and linked in less competent (weak) interval with throw minima. The location of
thesei smic section is shown in Figs.46.2 ar

Fig. 6.15.Schematic sections depicting the relationship between structural uplift rate
and sediment accumulation rate based on the interpreted seismic data. a) Higher uplift
rate relative @ sediment accumulation rate. Growth strata mainly onlap the growing
structure, leading to development of seafloor bathymetric expression associated with
the growing structure (e.g., Thrust Anticlines B, C and D). b) Higher sediment
accumulation rates rdlae to uplift rate. Growth strata mainly overlap the growing
structure, leading to a relatively smooth seafloor bathymetric expression (e.g., Thrust

,,,,,,,,,,,,,,,,,,,,,,

Anticlines A)ééécéeceeeceéeééécecee. . éq8éééece

Fig. 6.16. Schematic sections illustrating the vertical growth of shallow faults by
segment linkage. a) Faults nucleate first in more competent (strong) intervals with
larger throw maxima, b) the nucleated faults propagate outwards into incompetent
(weak) intervals.Incompetent (weak) intervals can prevent or slow faults from
propagation across other layers, resulting in a preferable horizontal propagation of

faults rather than vertical growth. c) a shift in fault position across an incompetent layer
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can result in vdical fault segmentation, where the fault segments with throw maxima
in more competent (strong) intervals can be hardsoftlinked by throw minima in

|l ess competent (weak) intervalsééedé. é.

Fig. 7.1. Diagram summarising the kegsults presented in this thesis. Chapter 4
investigates the geometry and reactivation histories of distinct normal fault tiers
developed above the rollover anticlines. Chaptarvgstigates theffect of tectonic
inversion on supkgalt fault geometry angactivation historiesChapter 6 explores the
effect of mechanical stratigraphy on shallow fault geometry and growth histories from
areas dominated by thrust anticlines in the outer wedge region of the Nankai

accretionaryprismé é e e € € €€ éééé.eeééééé. eeeeznm

Fig. 7.2.a) Uninterpreted, b) Interpreted and c) schematic seismic sections across the
Espirito Santo Basin (SE BrazilJhe sections highlight large roller faults bounding
Cretaceous minibasins, rollover normal faults over rolloaeticline, drag folds
adjacent to roller faults, tectonic rafts between and above salt rollers, and local
reactivated pojup structures. Tectonic raft forms the core of rollover anticliine
presence of reactivated pop structures and the drag foldgaaent to the roller fault,
responded to the diachronous grounding of tectonic.raf{sSchematic model
explaining the downslope gravitational gliding of tectonic rafts and their relationship
with local structures (listric faults, rollover anticline amdlaver normal faults)n the
Espirito Santo Basin (SE Brazil). d1) Initial stggestAlbian to Coniacian) caused

the supresalt strata to be fragmented into discrete blocks of strata or rafts separated by
large listric (roller) faults and associated wiallover anticlines above rafts. Outenc
rollover normal faults were initiated to accommodate the buckling of thergibst
overburden during the development of rollover anticlines. dapintermediate stage
(Early Santonian), continued evacuation of evaporites from tgppe regions to the

base of the continental slope promoted the progressive downslope translation of rafted
strata and reactivation of rollover faults in the crestal celapystems of rollover
anticlines. d3) Latestage gravitational gliding (Middle/Late Eocene) caused tectonic
rafts to be translated downslope until salt welds were formed andaldbstrata became
grounded over prsalt successions. Differences in thgme of downslope translation

of un-welded rafts further enhanced the reactivation of rollover faults which potentially
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promotes the migration of hydrocarbons from weldedsalbsource units into supra

salt reservoirséééeeceéceeieeeescde.. é. . . 25

Fig. 7.3 a) Uninterpreted, b) Interpreted and c) schematic sections across the Broad
Fourteens Basin (Southern North Sehpwing the geometry and structural styles of
faults that resulted from Late Cretacedios Paleogene tectonic inversiohocal
bendng and stretching of the Upper Mesozoic strata during the Late Cretaceous
Paleogene tectonic inversion episodes produced the broad anticlines associated with
outerarc normal faultsd) Schematic model for the geological evolutiohfaults
associated wit tectonic inversion. Listric faults active in during the Jurassierstyn
phase in association with Ffaft tectonicsd1l)andd2) Broad anticlines associated with
outerarc normal faults occurred during Late CretaceBubkHercynian inversion (i.e.

time of formation of major anticlinesii3) Period of reactivation of Stlercynian

faults and erosion of their upper fault tips by Paleodearamide erosional event,
creating a prominent Cretaceetsrtiary Unconformity d4) Phase of reactivation of
some &ults into the Tertiary strata during Pyrenian (Oligocene) and Savian (Miocene)
inversion episodes. The preselaty post inversion phase highlight geometry of broad

s 7 ¥V Z

anticline and their é&Riéatéed éna r2ba | f au

Fig. 7.4.a) Uninterpreted, b) Interpreted and c) schematic inline sections across the
selected thrust anticline highlighting the major thrust faults, and shallow faults. The
shallow faults are vertically segmented) Uninterpreted, e) Interpreted and f)
schematic crssline sections highlighting some of the features of shallow fault systems
around the hinge region of thrust anticline. The faults are vertically segmented, with

some propagating and |l inkingéévwwé&é. 268t her f

Fig. 7.5.a) Schematianocel depicting the progressive evolution of a normal fault
dominated by the segment dipkage direction between two initially isolated fault
segmentsin stage 1, dult segments with local throw maxima are eathge fault
segments and represent regiorere faults nucleate first in more competent intervals.
Each segment of these easipge faults accumulates higher displacement and
propagates outwards until they encounter other fault strands and link together. Linkage
points are located where local tiwraninima are recorded in less competent intervals
(Stage 2). Thereatfter, the linked segments rapidly accumulate displacement rather than

length. However ,urther propagation of the two halidked fault segments after growth
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can attenuate the throw vart@is recorded othrowdepth T-Z) profiles, and thus
obscure differences in the throw distribution with depth (Stage 3). b) Representative
throw-depth (FZ) profiles showing the fault reactivation and growth by segment
linkage in the Broad Fourteens Bagtault throw is less segmented in competent (sand
rich) intervals with larger throw and more segmented in less competent-rishale
intervals with relatively smaller throw. c) Representative vertical thaepth (FZ)
profiles of the shallow faults in éhNankai accretionary prism. Fault segments with
throw maxima nucleate first in more competent (brittle) intervals and are later linked
by throw minima in less competent (ductile) intervals. d) Representative of vertical
throw-depth (FZ) plots highlightig throw distribution and segmentation along fault

pl anes in the Esp2rito Santo Basingeéeééé

Fig. 7.6. Schematic model depicting the fault nucleation and encountered layers.
Normal fault zone evolution and characteristics are likely to be quite different in a
particular layer if it was the nucleation layer for that fault versus it was encountered as

a faut that nucleated elsewhere in the stratigraphic section and propagated into it,

crossing weaker |l ayers along thkRe.way&deééé
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Chapter 1: Introduction and Literature Review

1.1. Background and hypotheses of research

1.1.1. Research background

Fault reactivation has been described as reflecting the further propagaaqoref
existing fault(Peacock and Sanderson, 1991; Cowie and Scholz, 1992; Cartwright et
al., 1995; Holdswrth et al., 1997; Nicol et al., 2005; Walsh et al., 2002; Kim and
Sanderson, 2005). Such reactivated faaftterepresergan important control on fluid
transport in the crust, affecting all kinds of fluids, including hydrocarbons, 0@

other volatileshydrothermal solutions, metamorphic fluids, magma, and ground water.
Themainreason for this is the increased structural complexity found at reactivated fault
zones, with increased numbers of faults and fractures and a wider range of orientations

(Peacock and Parfitt, 2002; Fossen et al., 2005).

Multiple researchers have usedsseic data, outcrop data and numerical modelilng
investigate the reactivation and growth history of tectonic fdatex,proposingseveral
fault-growth models (Walsh and Watterson, 1988; Peacock and Sanderson, 1991;
Cowie and Scholz, 1992; Cartwrightad., 1995; Kim et al., 2000; Walsh et al., 2002;
Kim and Sanderson, 2005). Largely, the published literature demonst@ted
suggestedhat in the early stages of fault development each fault grows as an isolated
fault, with subsequent growth contingithrough soft linkages between different faults

and, finally, through hard linkageBhis process results in the formation of a laayege
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of fault scales and a sawike plane on the surface (Fossen, 1987s now recognised

that larger faults are a@sult of faultsegment linkage associated with propagation in

both the vertical and horizontal directions (Cartwright et al., 1995; Mansfield and

Cartwright, 2001; Dawers and Anders, 1995). However, Morley (1999) argued for an

early linkage of multiple sntler faults, rather than growth following the isolated fault

model. A supplementary model was presented by Lohr et al. (2008) who demonstrated

that most faults grow by the linkage of multiple smaller fault segments, whereas tip

propagation is of relativelgninor importance.

Faultreactivation and growthistoriesare controlled bynultiple variables such as the
interplay between the local stress field and mechanical stratigraphy. Mechanical
stratigraphy strongly influences fault reactivation and, espgcthié ability of faults

to reactivate across distinct mechanical intervals, their deformation mechanisms, and
fault zone architecture (Wilkins and Gross, 2002; Ferrill and Morris, 2008; Welch et
al., 2009; Childs et al. 2009; Libak et al., 2019). Reatdiv$aults are often seen to be
vertically restricted and segmented by mechanically incompetent layers (Childs et al.
2009; Roche et al.,, 2013; Maunde et al.,, 2021). Incompetent layers can act as
detachments that cause decoupling and preakiepropagatio of faults across specific
intervals In addition,the locus of deformation can be shifted laterally across the
incompetent layers (Withjack and Callaway 2000; Bahroudi et al. 2003; Gabrielsen et
al. 2016). Such a shift in fault position across an incaempéayer can result in vertical

fault segmentation whebpg fault segments can be hdidked or softlinked.

As mechanical differences nlistinct strata, or rock intervatpntrol fault reactivation

andgeometriedPeacock and Sanderson, 1991; Grosa.et997; Soliva et al. 2005;

3
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Ferrill et al. 2017)the relationship between faulting and mechanical stratigraphy can
be used either to predict fault geonesror, conversely, interpret mechanical
stratigraphy based on characterisation of the fault geometries (Ferrill and Morris, 2003,
2008; Ferrill et al 2017).To better understand the effect of fault reactivation and
growth historieson fault zone architectures thereforecrucial, asit can provide
insights into the timing of fault activity, with direct application to hydrocarbon
migration and sealm of faults in petroleum reservoirs, @@eservoirs, and even
geothermal prospects (McClay, 1990; Caine et al. 1996; Wiprut and Zoback, 2000,

2002; Cartwright et al., 2007; Ward et al., 2016).

1.1.2. Research hypotheses

Using high quality 3D seismic reféction and borehole datasets, detailed mapping of
stratigraphic horizons, fault geometries avettical component of dip separation
(throw) characterises theffect of distinct magnitudes of tectonic shortening on the
reactivation and growth histories of normal faultsthree study areas: i) a salt
withdrawal basin from the Espirito Santo Basin, SE Brazil, ii) a tectonically inverted
basin in the Broad Fourtes Basin, offshore The Netherlands (Southern North Sea),
and iii) a tectonically subducted basin in the SE JapantfieeNankai accretionary

prism). Consequentlythisthesisaims totestthe following research hypotheses:

a. Downslope gravitationalinstability of tectonic rafts induced crustal shortening
of overburden rocks and enhanced the reactivation opre-existing faults in
crestal collapse systems of rollover anticlines, a process favouring the
migration of hydrocarbons from welded subsalt source urts into supra-salt
reservoirs. If this hypothesis is true, the whole of the thick, owater region of the

rollover anticline undergoes extension and assocfatdts propagate almost to the

4
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base of the anticline. If this hypothesis is false, somesevaults will be identified

associatavith the crestal collapse of the interpreted rollover anticlines.

b. Tectonicshortening affecting reservoir units promotes the reactivation of pre
existing faults and potentially allows the secondary migration of hydrocarbons
into shallower reservoir units, consequently reducing the integrity of trapsif
true, reactivated segments of jgasting faults will be identified as offsetting
shallower reservoir units. If false, reactivated fault segments will be limited to the

deepest reservoir units and will not reduce the integrity of traps.

c. Mechanical stratigraphy strongly influences fault locdisation and growth
histories, especially the ability of faults to propagate across mechanical layers,
their displacement distributions, and overall fault zone architecture.If this
hypothesis is true, systemswefrtically segmented faultgill be identified whereby
fault segments with local throw mininraincompetent (ductile) intervadse linked
to preexisting fault segments with local throw maxima in competent (brittle)
intervals.If false, no significansegmentation iriault throw will be observedas
faults propagate through multilayer sequences.

The following section comprises a literature review of the relevant topics studied in this

thesis, describing reactivation and growth of normal faults through mechanically

layered sequence and salt tectenic

1.2. Mechanical stratigraphy and faulting

The term dmechanical stratigraphyd encomp
thickness, and frictional properties of mechanical boundaries (Groshong, 2006; Ferrill

and Morris, 2008; Laubach et al., 20@errill et al., 2017). Together, these components
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lead to variations in stiffness and strength in layered sedimentary rocks (Ferrill et al.,
2017). Differences in the mechanical behaviour of rock layers have long been
recognized as influencing structuistyle related to normal faulting (Forster809,

1821; Wallace, 1861).

In mechanical stratigraphic studies, the terms strong vs. weak, stifimgpliant, hard

Vs soft, or competent vs. incompetent provide a conceptual framework for structural
interpretations and descriptions, but they are inherently qualitative and interpretative
(Ferrill and Groshong, 199Ferrill and Morris, 2008; Ferrill et al., 2017). In strong,
stiff, or competent lithologies, rocks tend to resist deformation, maintditebgth and
thickness during deformation, accommodate little deformation before brittle failure or
have low ductility. In contrast, weak, soft, or incompetent lithologies tend to deform
relatively easily, change bed length and thickness during deformatoonmmodate
significant deformation priato brittle failure or have high ductility (Ferrill and Morris,

2008; Ferrill et al., 2017).

There is a number of variables capable of controlling the competence of sedimentary
rocks; mineralogy, porosity, grasize and texture, confining pressure, temperature,
and pore pressure. Mineralogically, the strongest constituents in sedimentary rocks
generally include calcite, dolomite and quartz, whereas the weakest constituents are
likely to be clay minerals, organgarbon and evaporite minerals such as salt, gypsum,
or anhydrite (Donath, 1970). Strength can be highly sensitive to the proportion of clay
minerals in rock (Laubach et al., 2009). Importantly, rock strength tends to increase
with increasing cementatiompimpaction, welding, and with decreasing porosity (Dunn

et al., 1973; Chang et al., 2006; Zoback, 2007).
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Porosity plays a vital role in controlling the competence of sedimentary rocks (Davis et
al., 2017). Porous rocks are usually less competent thapamoas rocks, even when
dealing with similar lithologies (Chang et al., 2006). Porous rocks tend to deform via
different deformation mechanisms to form Rmorous rocks, since porous rock grains
can reorganize themselves by translgtind rotatng without recording any cataclasis
(Torabi and Zarifi, 2018 In the upper B km of the crust, the mechanigabperties

of clays are primarily controlled by mechanical compamtizence most claystones
tend to be incompetent at these burial depths (Mondol &0dl7).Below a depth of

2-3 km someclay types are chemically altered, which causes an increase in the
competence of the rock depending on the type of the clay (Peltonen et al., 2009). Thus,
porosity generally decreases at greater burial depths andfoteemmineralogy and

rock texture become the main variables controlling rock strength.

Sandstones are more prone to alteration by fluids than clays, due to higher permeability.
The physical properties of shalldwuried sandstones are primarily controllegd b
mechanical compaction, although calcite cementation can occur even in shallow depths
(Morad, 1998). At deeper burial depths (igreater than 2 km) the porosity reduction

is primarily caused by cementation, turning the incompetent sandstone into eoimpet
rocks (Stone and Siever, 1996). Carbonate rocks are normally considered as competent
rocks. However, carbonates also behave as sandstones whereby porous rocks are
relatively incompetent and loporosity rocks are more competent (Ferrill et al., 2017).
Carbonates are much more prone to alteration by diagenesis than siliciclastic rocks, and

pore type strongly controls their elastic properties (Eberli et al., 2003).

Sedimentary sequences experience significant mechanical property changes related to
theirdiagenetic histories (Laubach et al., 20@)chchanges can lead to strengthening
the rock mass through mechanical compaction (porosity loss) and cementation and

7
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increasing the frictional resistance to sliding of layer boundaries by pressure solution
andthe development of stylolitic contacts (Ferrill et al., 2017). However, unloading,
weathering, thermal contraction, freezing, drying, and changes in the amount, phase, or
composition of fluid in the rock can all influence rock strength characteristicsli(Fe

et al., 2017).

In layered sedimentary rocks the interplay between the local stress field and mechanical

stratigraphy of the host rock has been found to influemc® c k 6s f ai |l ur e mo

and Morris, 2003, 2008; Ferrill et al., 2012, 2014) [tfawucleation and propagation

(Eisenstadt and DePaor, 1987; Ferrill and Morris, 2008; Welch et al., 2009), fault dip

geometry (Walsh and Watterson, 1988; Peacock and Sanderson, 1992; Childs et al.,

1996; Ferrill and Morris, 2003; Ferrill et al., 2012, 2Rif4ult displacement gradient

(Welch et al., 2009; Ferrill et al., 2011, 2012, 2016), displacement partitioning (Ferrill

et al., 2011, 2016), and fault zone width (Childs et al., 1996; Ferrill et al., 2007, 2012).

1.2.1. Modes of rock failure

The failure, or yielding, of geologic materials is defined as the rapid increase in the

accumulation of strain for a given increase in appdigdss ands preceded by some

amount of prdailure strain (Ferrill et al., 2017J.he failure mode is directlyelated to

rock mechanical properties and the effective stress condgidesting a volume of

rock at the time of failure (Ferrill and Morris, 2003; Ferrill et al., 2017). Failure
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envelopes are commonly used to summarise failure behaviour for a siokley/pe

under a range of effective stress conditions (Hoek and Brown, 1988) (Fig. 1.1).

Studies have shown that brittle rocks can fail in opening, shearing or hybrid modes
(Hancock, 1985; Ferrill and Morris, 2003) (Fig. 1.1). Tensile and shear failuresnod

are both common in the upper crust (Mandl et al., 1977; Price and Cosgrove, 1990;
Mandl, 2005) and the transition from tensile to shear failuregfsimilarmaterial)

occurs with an increase in effective mean stress. Kettermann and Urai (2015) defined
two structural domains with a characteristic structural style: extensional failure with
open fractures at low overburden pressures, and shear failure at higher overburden
pressures. These represent -em&mbers with robust structural styles that will not
change by increasing or decreasing overburden pressure any further. There is no sharp
boundary between these emdmbers. Instead a continuous transformation from
tensile to shear failure occurs, which Kettermann and Urai (2015) referred to as hybrid

failure (Fig. 1.1c).

1.2.1.1. Tensile failure

In tensile, openingnode, or extension fracturase(, joints, veins), the displacement is
perpendicular to the fracture surface (Figs. 1.8ajch extensional fracturderm
perpendicularly to the minimum principal stre§s,and have a sense of displacement
that is characterised blyacture opening normal tats walls, with no appreciable

movement parallel to tise samevalls (shear) (Fig. 1.1a).
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Fig. 1.1. Schematicillustration representing the Mol@oulomb
failure criterion with respect to a normal faulting stress regime
a) tensile, b) hybrid amndnd)
represent the maximum, intermediate and minimum princ

effective stresses. Modified from Kettermann and Urai (2015
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1.2.1.2. Shear failure

The failure mechanism that ppedominantlyassociated with fault formation is shear
failure, which characterized by formation of a fracture surface with displacement
parallel to the plane of the fracture (Hancock, 1985; Hoek and Brown, 1988; Mandl,
1988) (Figs. 1.1c and 1.2a). This shear failure surface comrabalysslip lineations

or dickenlines thatireparallel thedirection offault displacement.

Anderson (1951) described the relationships between distinct fault planes and the
corresponding stresses acting perpendicular to each other, with one stress direction
always near verticgllv) while the other two directions are horizontali > n)iThe
orientation of each principal stress relates to the type of fault produced (Fig-His2).

leads to a prediction of the three most common fault types and their dips; normal,
reverse andtrike-slip faults (Fig. 1.2). A fault is termed normal or reverse based on the
relative displacement of its hangigll with respect to the footwall. For a normal
fault, the hangingvall is displaced dowmardswith respect to the footwall (Fig. 1.2a),
whereas in reverse faults the hangimgll is displaced upwards with respect to the
footwall (Fig. 1.2c¢). Normal faults typically dig60°, reverse faults averag80°, and

strike-slip faults are sulvertical(Anderson, 1951).

Using the typmocadél @ Andefaohtanrecording
Fig. 1.2a), the maximum principal stréss) is vertical, whereas the minimum principal
stresq 4) is horizontal. Therefore, an intermediate principal stfescan be inferred

as being parallel tdhe fault plane (Figs. 1.1c and 1.2a). In reverse or thrust faults, the
maximum principal stresg 1) is horizontal and the minimum principal stréss) is

vertical. The intermediate stresa) is again horizontal, parallel to the strike of the fault

plane (Fig. 1.2c). In strikslip faults, both the maximum principal strgsd) and

11
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minimum principal stresé ) are roughly horizontal, indicating that the intermediate

stresq 4 is the vertichstress axis (Anderson, 1951) (Fig. 1.2b).

The transition between extension (tensile) failure and shear failure (i.e. Hybrid failure)
has long been hypothesised, but its existence in naturally deformed rocks remained
controversial (Hancock, 1985; Mandl988). Recent work indicates that induced
hydraulic fracturing can produce hybrid failuend associateghear and tensile
fracturegBusetti et al., 2014; Smart et al., 2014) (Fig. 1.1b). Hancock (1985) described
how failure mode is closely related to thifferential stressjiq (i.e., difference between
maximum principal streggi1) and minimum principal stre8s) at the time of failure

and the tensile streng(i) of the rock. Tensile fractures are expected to form where

< 4T, whereas shear fractures are expected to form wiere8T. Finally, hybrid

fractures are expected to form under conditions whefe «< 8Ti(Hancock, 1985).

1.2.2. Fault nucleation

The analysis of préailure strain for a variety of common sedimentary rock types
demonstrates significant changes in ductility as a function of confining pressure and
rock type (Handin and Hager, 1957; Donath, 1970). Incompetent litholegieslay-

rich strata, shales) can accommodate greater amounts -Gdilpre strain when
compared to competent lithologiese(, clay-poor strata, limestones or dolomites)
under the same conditions of deformation (Ferrill and Morris, 2008; Donath, 1970)

(Fig. 1.3a).

Experimental studies demonstrate that, as strain accumulates in a mechanically layered
sedimentary section, brittle layers will fault first whereas ductile layers accdaieno

greater prdailure strain prior tdaulting (Donath, 1970; Ferrill and Morris, 2003,

12
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Fig. 1.2.Fault classification and orientations at the surface of the earth predicted from Andersonian stress theory, a) ndorsdfikastip

fault and cXhrustfault. Wh e ri,e 2 diin d repfesent the maximum, intermediate and minimum principal effesttigsses.
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2008; Welch et al., 2009; Ferrill et al., 2012) (Fig. 1.3b). Thus, faults are expected to
nucleate first in more competent layers with throw maxima, and field investigations and
this study show this to be the eaiEisenstadt and DePaor, 1987; Ferrill et al., 2012,

2016).

1.2.3. Fault reactivation

Fault reactivation has been described as reflecting the further propagation of pre
existing faults (Cartwright et al., 1995; Mansfield and Cartwright, 28@Lidon and
Cartwright, 2008).The ability for a fault to repeatedly reactivate is sensitive to its
orientation with respect to the stress field, and to the mechanical properties of the fault

surface or zone itself, including the cohesion and coefficiefntotibn that hinder slip
on the fault (Ferrill et al., 2017). For a fault to reactivate, the applied shear(i;'i)ess
must exceed the cohesive strength of the mate3)gbl(is the frictional resistance to
sliding (¢) and resolved normal streg8in) on the fault surface (Price, 1966), as

expressedby Equation 1.1

toY g %N OAPET 1

Therefore, reactivation tendency (T$)theratio of resolved shear and normal stresses

acting on a surface (Equation 1.2) (Morris et al., 1996)

Yi — %WNOAQET 1
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For faults and fractures, reactivation is likely to occur on a surface when the resolved
shear stress) on that surface equals or exceeds the frictional resistance to sliding

(Ferrill et al., 2017)

The coefficient of static frictione( )s the value ofeactivation tendencff r) at which
slip occurs on a cohesionlesgrface ands often referredtoastfieaul t fistr engt
earthquake focal mechanism analysis (Harmsen,1994). According to Byerlee (1978)
the coefficient of static friction for most crustal conditions is@&b, so faults witf'r

0.6 record a reactivation tendency that equals or exceeds the commonly assumed
coefficient of friction 0f0.6 andtherefore can be considered poised for reactivation or

critically stressed (Zoback, 2007).

1.2.4. Fault propagation

Faults thafirst nucleatedvithin a competent mechanical layer may propagateing
downdip until they encounter weaker mechanical laygrsvhich they may become
arrested(Ferrill et al., 2017) In turn, incompetent layers may act as detachments
causing decoupling gfropagatindaults from other layers and resulting in a preferable
horizontal propagation for faults rather than favouring their vertical propagation

(Pascoe et al., 1999; Withjack and Callsn2000; Richardson et al., 2005).

Experimental studiesorroborate the concepts above, provimgt incompetent layers

can act as detachments that cause decoupling and prevent the propagation of faults
across these layers, or intervals in which the lomlusleformation can be shifted
laterally across incompetent layers (Withjack and Callaway, 2000; Bahroudi et al.,
2003; Gabrielsen et al., 2016). Such a shift in fault position across an incompetent layer

can result in vertical fault segmentation wherefthdt segments can be hawat soft
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linked (Mansfield and Cartwright, 1996; Tvedt et al., 2013; Libak et al., 2019) (Fig.

1.4).

1.2.5. Geometry of fault dip

In mechanically layered sedimentary rocks, normal faults commonly show changes in
dip that are \8ible in crosssection (Peacock and Sanderson, 1991; Ferrill et al., 1998,
2000; Peacock and Zhang, 1993; Childs et al., 1996; Ferrill et al., 2017). These changes
in dip can be caused by various mechanisnwduding a) differential compaction of
sedimetary layers after fault formation (Xiao and Suppe, 1989), b) active fault
deformation by slip or shear along layers or intersecting faults (Ferrill et al., 1998,
2000), c) linkage of an originally vertically segmented fault (Peacock and Zhang, 1993;
Childset al., 1996; Mansfield and Cartwright, 1996), and d) fault initiation with failure
angles controlled by rock mechanical properties and effective stresses at the time of

failure (Mandl, 1988; Peacock and Sanderson, 1992; Ferrill and Morris, 2003).

In relaively massive or homogeneous strata, faaltsexpected talevelop following

a consistent shear failure angéecharacteresulting in consistent fault dips (Ferrill et

al., 2017). However, faults that propagate through mechanically lagaedns
commonly have variable dips that can be related to the mechanical properties of the
layers they propagated into (Peacock and Sanderson, B&9il et al., 2017). These

fault geometries, akin to refraction processes, are defined by steepeal twylhear

failure segments in competent/strong layers and more gently dipping shear failure
segments in less competent/weak layers (Peacock and Sanderson, 1991; Peacock, 2002;
Ferrill and Morris, 2003; Ferrill et al., 2012, 2014; Kettermann and Urai,)2F1$.

1.5a).
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Fig. 1.4.a) Schematic model depicting the progressive evolution of a normal
dominated by the dip linkage direction between two initially isolated fault segn
a) Faults nucleate first in more competent intervals, b) Each sagrhéhese early
stage faults accumulates higher displacement and propagates outwards ur
encounter other fault strands and soft link together in incompetent intervals, «

soft linked segments rapidly accumulate displacemenhardinked together.
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Such differences in fault dip alorafault segment can locally lead to fault refraction

that causes extensional (dilatational jogs) or contractional overlaps or relays (Peacock
and Sanderson, 1991; Ferrill et al., 2017). Hence, slip along more gently dipping normal
fault segments commonly ndss in the dilation of steep fault segments (Fig. 1.5b,c).
Dilation of steep segments of refracted faaltews (and localises) fluid flow (Ferrill

et al., 1999; Holland et al.,, 2006) and can also host economic mineral deposits

(Dunham, 1988).

1.3. Fault propagation and growth modes

Research work has been carried out in the last few decades to investigate fault
propagationand growth, revealing marked increases in the length, displacement and

area of a fault, from the initial locus of fracture nucleation towards fully developed fault
segments (Segall and Pollard, 1983; Walsh and Watterson, 1987). A number of fault
growth moels have been proposed by different authors, among which two end
members of fault growth modelsave predominantlybeenacceptedoy the scientific

community Oi sol ated6é and 6écoherentd (Cart wri

Cartwright et al., 200; Jackson and Larsen, 2009; McLeod et al., 2000

An early fault growth modelas als@roposedo explain the formation afdeabblind

faults that propagate in a radial direction, recording minimum migration of maximum
displacement location(s) (Barnedt al., 1987) (Fig. 1.6). As argued by Lohr et al.
(2008), faults grow most effectively by the coalescence of several smaller faults,
whereas tip propagation is only of minor importance. Also, it is argued that the
formation of a large fault is controtleby several small existing fault segments rather

than a large fault created immediately (Sibson, 1985).
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Fig. 15. Block diagrams illustratingfault refraction
geometry formed by shear failure in weak layers and hy
failure in strong layersSlip parallel to moderate dip fau
segments in weak layers causes dilation of steep segr
through strong layers (from Ferrill et al., 2014; Ferrill et
2017)
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Other researchers indicate that mature faults are often a result efdguaient linkage
(Lohr et al., 2008; Cowie et al., 2000; Cartwright et al., 1995; Stewart et al., 1997).
Significantly, in all these models fault reactivation processestlaoeight to be an

important parameter controlling fault growth (Walsh et al., 2002).

1.3.1. Relevant terminology

A Fault length For structures resolved on seismic data, fault length refers to the
longest horizontal or suhorizontal dimension along a fautlane (Kim and
Sanderson, 2005). For faults that are measured in the field, fault length refers to the
longest trace of a fault that is exposed at the surface.

A Fault throw: The throw of faults, as observed on seismic or field dsthe vertical
component ofdip separationbetween correlative hangirngall and footwall
reflections It is usually measured in seconds or metreallt throw decreases to
zero towards the latertip loops of an ellipse (fault surface) and increases to a
maximum (Dhax) close to the centre d fault (Childs et al., 2003; Cowie and
Scholz, 1992, Kim and Sanderson, 2005; Walsh and Watterson, 1988).

A Sampling pointComprises the exact point, alongeth 6t r ace | engt ho
which the throw values are measured; either at its maximum value, or its relative
value across a fault surface, i.e. relative to depth along a fault surface.

A Sampling intervalMathematically, the sampling interval in thralistance (Fx)
and throwdepth (Fz) plots is the distance, time, or depth, at which distinct throw
measurements are acquired and recorded. These measurements are obtained along
the 6trace | engthd of a fault azzomtal may r e

resolution in seismic data, data decimation (gfwnt spacing), or poequality
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imaging. The sampling interval can also be an important source of inaccuracy in
field data if fault throws are sampled at too coarse an interval (Tao and Alves, 2019)

A Throwdistance (x) plots: T-x plotscomprise systematic measurements of throw
along the full length of resolved faults on structural maps, seismic data, or outcrops;
the 6trace Il ength in map viewd as defi ne
throw is measured along the strikes of nornaallts or, preferably, interpreters
shouldacquirethrow-depth (Fz) data along the fully resolved length of fauits
orderto compile Fz plots Baudon and Cartwright, 2008a0 and Alves, 2019).

A ThrowDepth (Fz) plots: T-z plots comprise systematic maesments of throw
along fault dips that are completed across the trace of faults by comparing the
relative depth of correlative reflections across these same faults (Baudon and
Cartwright, 2008). They provide a record, at depth, of throw variations acfask

surface, from its upper to lower tips.

1.3.2. Scaling laws

The apparent scaling of fault dimensions has principally been used to corrdberate
fault growth modelfavouring radial propagation (Fig. 1.6). This model taketo
acount an idealised blind fault with dimensions that increase proportionally to the
elliptical slip events (Cartwright et al., 1995; Cowie and Scholz, 1992; Walsh and
Watterson, 1988) (Fig. 1.6). The relationship between the maximum cumulative
displacement on a fault (k) and the maximum linear trace lengtl) is expressedty

Equation 1.3.
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(@ o7 , %NOAGET 1

Wherec is an expression of fault displacement at unit lenibr a linear scaling (i.e.,
n=1),cissimpletheratbtma x / L &é 6 Ki m a n dTheeaporctreavages n, 2 0 (
from 0.5 to 2 (Walsh and Watterson, 1988; Cowie and Scholz, 1992, Scholz et al., 1993;
Dawers et al., 1993; Fossen and Hesthammer, 1997). An exponent of 1 indicates a linear

scaling law for fault dnensions, andq 1 reflects a scaldependent fault geometry.

This scaledependent relationship often relates to distinct fslijit events (Cowie and

Scholz, 1992).

Significant data scattering is observed when discrete datasets are used and compared,
often leading to misinterpretations of scale relationships between faults (Cowie and
Scholz, 1992; Kim and Sanderson, 2005; Torabi and Berg, 2011) (Fig. 1.7). As noted
by Kim and Sanderson (20Q8ata resolution, sampling effects, tectonic setting history
andhost lithology of interpreted faults cdiffer even for thoséaultsformed under the

same tectonic setting (Kim and Sanderson, 2005). Factors that can contribute to

scattering in faulscale relationships include:

a) Heterogeneous lithology in host rockerm the fault trace (Scholz et al., 1993;

Cowie and Scholz, 1992);
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Fig. 16. (a) Diagram to illustrate displacement distribution on an elliptical f

surface of length (L) and height (H)he density of shading increas with

increasing displacement towards centre of fault. The fault intersects the

surface of the block along line-B. (b) Displacement (eflistance (x) plot of fault

trace along line A (Barnett et al., 1987)
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b) Incoherent sampling methods and measuring errors during fault growth analyses
(e.g,Walsh and Watterson, 1988; Torabi et al., 2011; Tao and Alves, 2019);

c) Lithological and mechanical barriers hindering fault growth (Kim and Sanderson,
2005; Schultz and Fossen, 2002);

d) Fault segmenlinkage and reactivation (Cartwright et al.,, 199¢acock and
Sanderson, 1991; Dawers and Anders, 1995; Kim and Sanderson, 2005).

e) Complex and variable earthquake rupture and slip/propagation histories of faults

(Kim and Sanderson, 2005).

1.3.2.1. Effects of sampling intervals on fault-growth analyses

This sectiorsummariseshe effect of sampling intervals on thralistance (¥x) plots

(Fig. 1.8). For the discrete, isolated fault growtbde| one fault segment can always

be identified for all sampling intervals represented in Figure 1.8a. However, the
geometry of the fault changes significantly when the sampling interval increages (

Tao and Alves, 2019).

The maximum throw curve (T) shows an arching top with a sampling interval of 12.5m
37.5m and2.5m(e.g.,Tao and Alves, 2019) (Fig. 1.8a2 and a The details shown

in Figures 18a4 and 1.8a5 atest when sampling intervals are significantly larger. The
apex of the fault (maximum throw point) also changes (Fig. 1.&a4)the discrete,
isolated fault growth, a maximum sampling intereB62.5m is regarded as necessary
to obtain accurate-X plots (Fig. 1.8a3), i.e. reflecting accurate fault geometries without
losing significant detailFor the coherent fault growth, thexTplots at minimum
sampling intervals idengffive (5) distinctsegments (Fig. 1.8b1). Important detail is
lost in fault segment 1 when the sampling interval increases, in effect masking

significant areawhere fault overlap occurs (Tao and Alves, 2019) (Fig. 1.8b3). When
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the sampling interval further increases, linkagpnes between segments 1 and 2, and
segments 2 and 3, are represented by only one minimum throw point. The width and
geometry of the fault zone are significantly changed (Fig. 1.8b4). With these sampling
intervals, maximum throw values are underestimated fault segment 5 becomes
unrecognisable (Tao and Alves, 2019) (Fig. 1.8b4). When the sampling interval further
increases, only two fault segments can be identified in-th@l®t, while its maximum

throw value is underestimated (Fig. 1.8b6). A minimsmmpling interval is required

to accurately resolve distinct segments (Fig. 1.8b2).

In summary, samplinghterval has a significant effect on fault growth analysis in the
regions where fault segments are linked (Fig. 1.8). When increasingly coarse gamplin
intervals are used to compilexTplots, the following effects are recognised: a) fault
geometry is significantly changed, b) maximum throws are underestimated, c) fault
segmentation is lost on close analysis, d) the geometry of fault linkage points is
changed, e) the width of fault linkage zones is underestimated, and f) fault interaction
zones (relay ramp&ult stepovers, hard linkage points) are lost (Tao and Alves, 2019)

(Fig. 1.8).

1.3.3. Isolated and coherent fault growth models

Overlapping, interacting, and linking fault segments have been observed in numbers of
studies. Two enenembers in the literature, differentiating fault growth histories
according to whether fault segmentsds are Kk

6coherentdé fault models (Walsh et al., 20
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The isolated faultnodel is supported by multiple authas explaining fault growth
under the assumptidhattip lines offault propagate radially outwards with maximum
displacement at the cent€artwright et al., 1995; Dawers and Anders, 1995;
Mansfield andCartwright, 1996; Peacock and Sanderson, 1991). However, as high
quality 3D seismic data becomes increasingly availablepiplane fault propagation
models have been increasingly suggested as reflecting coherent fault model9)Fig. 1.
With the coherenfault model, fault segments initiate, propagate, and develop as part

of a spatially, kinematically and mechanically organised fault array (Walsh et al., 2003).

Hardlinked or softlinked faults can be formedduring their propagationeither by

surface Hurcation or bythestepping of initial fault segments (Walsh et al., 2003) (Fig.

19) . I n the 6isolated faulté model, fault
contrast with the coherent fault growth model in which fault propagation is closely
associated with the growth of adjacent fault segments (F&). Throw-distance

profiles for coherent fault growth will therefore show a coherent profile, which will be

variable for oO0isolateddé faults (Tao and A

1.3.3.1. Fault growth via radial propagation

Fault propagation refers to an increase in fault length and displacement from their initial
nucleation point (Segall et al., 1983; Walsh and Watterson, 1987). An ideal blind fault,
not reaching nor offsettinghe surface, is often characterised by a maximum throw
value at the centre of the fault plane, progressively diminishing tovtartiilt tips
(Barnett et al., 1987) (Fig. 1.6). The propagation of an idealised blind fault, developed
in a mechanical homegeous medium, often follows a radial direction, and presents

an elliptical fault plane geometry (Barnett et al., 1987) (Fig. TI6¢. depth in which
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the maximum displacement values are recorded often inditeténitial point of fault

nucleation.

1.3.3.2. Fault growth via segment linkage

Most of the Earthds upper crust compri ses
complex faults resulting from the coalescence of distinct fault segments (Segall and
Pollard, 1980; Walsh and Watterson, 19®tBnsfield and Cartwright, 199&im and

Sanderson, 2005Faults developed in sedimentary basins often cover a wide range of
scales, from centimetres to tens of kilometres, even when formed under the same

tectonic setting (Granier, 1985; Pollard and Aydii84; Tao and Alves, 2016).

Segmented faults can result in a general scattering of displackmngtit data, making
any single scaling law hard to be applied in a specific area, or when comparing distinct
regions (Mansfield and Cartwright, 1996; Burgmagtnal., 1994; Cartwright et al.,

1995; Childs et al., 1995; Peacock and Sanderson, 1991; Willemse et al., 1996).

Fault growth by segment linkage can be classified into two modes according to the
observed linkage directions: a) lateral tip linkage, andip)linkage Mansfield and
Cartwright, 1996Baudon and Cartwright, 200&aults linking at their lateral tips were
initially observed in thrust faults, where the nucleation of fault segments can be
recognised by displacement maxima and minima at the point of fault linkage (Ellis and
Dunlap, 1988Kim and Sanderson, 20P%ig. 1.10). Kinematic analyses for distinct
normal fault zones revealing displacement variations due to segment linkage, suggest
that faults show an approximately linear profile by initially developed isolated
structures (Peacock and Sanderson, 19®1hreestage model is often proposed to
explain the growth of faults by lateral tip propagation and linkage (Ellis and Dunlap,

1988; Peacock and Sanderson, 199y and Sanderson, 20P&ig. 1.10). The first
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Figuremodifiedfrom Walsh et al. (2003)
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stage 1 witnesses the formation of distisotated faults, with a blind propagation mode
leading to their coalescence towards each other ljg&fige; stage 2)Eventually,
lateral fault tips will interact with one another forming effective connections (hard
links) in breached relay zones (ste®)eor showing no apparent connections between
distinct fault segments.¢., soft linkages) (Kim and Sanderson, 2005) (Fig.0).1n

faults that are hartinked, the interaction zones (relay zones) will act as barriers for
further faultpropagation, a character often leading to the accumulation of displacement
over a constarength structure in the later stages of fault growth. This phenomenon

usually results in high displacement/length ratios for {iaksed fault segments.

Faultdip linkage refers to the linkage of the upper tip of faults growing in lower
stratigraphic levels, with the lower tips of shallower faultsis linkage zone is often
characterised by relay structures that aregarallel to the strike of faults (Mansfield
andCartwright, 1996) (Fig. 110). As the linked faults propagate further as one single
structure, a progressive destruction of the linkage zone (relay zone) will occur. Yet
again, this latter phenomenon often results in high displacement/length ratios (Child
et al., 1996). With enough data resolution, falitow minima can be recognised to

differentiate this mode of fault segment linkage.

1.3.3.3. Constant-length fault growth model

A constant fault model has also been proposed in the literature based on the postulate
that fault length is established rapidly, resulting in essentially constant lengths for much
of the duration of faults. With further fault propagation, faults can ontyraclate
displacement in a vertical direction, returning highaffL ratios (Walsh et al., 2002)

(Fig. 112).
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(a) 7/\ (c)

e
A ﬁL
(b) (d)

Fig. 1.11. Fourstage, schematic model depicting the progressive evolutionahaal fault dominatec
by the dip linkage direction between two initially igeld faultsegmentgMansfield and Cartwright,
1996)
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accumulatesFigure modified fronWalsh et al. (2002)
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1.4 Salt tectonics

Saltrich continental margins such as the Gulf of Mexico,thi@ea, and the conjugate
continental margins of southeast Brazil and West Africa are characterised bydalge
withdrawal and forward movement of salt units undesedimentary overburden
(Demercian et al., 1993; Cramez and Jackson, 2000; Fort €0@#4; Alves et al.,
2009). Movement and withdrawal of salt units ungengradingdeltaic wedges
triggered gravitational instability capable of deforming gt overburden strata to a
great extent (Jackson et al., 1994). Salt systems often form gdiyetand
kinematically linked groups of faulted intervals, diapirs, and welds connectirsptub

and suprssalt strata (Rowan et al., 1999).

Saltrich basins occurs under three main geological settings: a)ciatiemic basins as
represented by the Zestiein Super Group of the North Sea (Cameron, 1992; Stewart
and Coward, 1995), lsyn- and postift passive margins such as those developed along
East Brazil and its conjugate West African margin (Mohriak et al., 2008; Mohriak et
al., 2012; Chang et al., 992, Petri, 1987)and c)continental collision zones and

foreland basins such as the Tarim Basin in Northwest China (Yu et al., 2014).

Different classifications of salt basins have been proposed in the literature when
considering the timings of salt degtion relative to rifting such as prét, syn-rift,
postrift salt basins (Jackson and Vendeville, 19%t) prerift, syn-stretching, syn

thinning, and syrsexhumation salt basins (Rowan, 2014).

1.4.1 Mechanisms promoting salt flow

Pure salt comprisescrystalline aggregate of halite (NaCl) (Warren, 206&wever,

salt units in sedimentary basins often include other (evaporite) minerals shalit@s
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anhydrite and carnallite, and interbedded carbonate and siliciclastic sediwarsn,

2006). The unique physical and chemical properties of salt contribute to its viscous
plastic behaviour when buried beneath4ewaporite deposits, resulting in its complex
overburden deformation. The inherent viscosity of salt makes it sensitredative
increases in temperature and pressure, and to stress variations imposed by-an often
mobile and thickening overburden straBedimentary rocks lose effective porosity
within depth of several kilometresf burial, after which they will become les
compressible. With salt, density will remain constant, for example 216G kyfmre

halite (Talbot and Jackson, 1987). This property differs from that of siliciclastic
sediments, which progressively lose their porosity and permeability because of

compation (Hudec and Jackson, 2007).

Different responses of salt and its overburden strata with increasing burial depths result
in important density inversions. When overburden units exceed a certain thickness
5002000 m accordi ng t os foridiffezeat!lithologies)mgala c t i o n
layersstart toconcentrate important buoyancy forces (Hudec and Jackson, 2007). The
viscosity of rock salt is usually inferred from laboratory experiments, field observations
and numerical models, typically falling betere 1010 to 1023 Pa (Mukherjee et al.,
2010).If one disregards known impurities within rock salt, the viscosity of rock salt
depends on factoréncluding i)water contentii) temperatureiii) grain size andv)
differential stresgTalbot and Rogers, 1980; Van Keken et al., 1993). Impurities and
spatial variations in viscosity are nevertheless important in evaporite sequences; though
salt is viewed as an impermeable material that acts as a competent seal interval,
saturated brinefaifferent chemical compositions, and hydrocarbon residuals, are often

observed in naturally deformed salt (Schoenherr et al., 2007).
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Density inversion, which causes satth basins to become gravitationally unstable, is
postulated as the main mechanismr Obuoyanté salt rise to
due to density inversion, a minimum thickness of overburden strata between 1600 to
3000 m is necessary (Nelson and Fairchild, 1989) or 2000 to 4000 m (Jackson and
Lewis, 2012). Apart from buoyancy,hich can potentially contribute to important
halokinesis, unloading of overburden strata by erosional andwaatsg processes,
together with regional extensional and compressional stresses, can also promote salt
movement in a sedimentary basin (Stewaad Coward, 1995; Jackson and Vendeville,
1994; Evans et al., 2003). Conversely, important resisting forces retarding the flow of
salt, such as the strength of overlying strataraadhanicafriction between salt layers

and surrounding sutand suprssalt strata, have also been proposed in the literature

(Hudec and Jackson, 2007; Alves et al., 2017) (Fig. 1.13).

Three driving forces are considered in the published literature as initiating and
promoting salt flow on regional scales of analysis, 1) graweitati loading, 2)
displacement loading and 3) thermal loading (Hudec and Jackson, 2007). Differential
overburden loading is often regarded as the primary mechanism inducing salt
movement from highto low-pressure zones (Fig. 1.14). Gravitational loadirsylte

from the combined weight of the rocks overlying the salt and the gravitational body
forced inside the salt (Fig. 1.14). Displacement loading refers to the movement of
sediment towards or away from the salt, a phenomenon usually related to regional
tectonics such as regional extension or shortening (Fig. 1.15). Thermal loading is
postulated to have a significant influence on salt flow due to the high thermal
conductivity of salt rock, with volume changes occurring whenever thermal conditions

change.
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The initial mechanism for salt flow varies in different salt basins (Rowan, 2014). Salt
mobilisation and diapirism are suggested to be triggered by-skioked extension
during the stretching stage in pié salt basins. In systretching salt basins,ohility
begins as soon as the salt is deposited. Irespiumation salt basins, salt mobility is
triggered by gravity gliding as the margin tilts oceanwards due to differential thermal

subsidence (Rowan, 2014).

1.4.2. Structural styles in salt-rich passive continental margins

Salt tectonics within passive margins is mostly a graswityen process occurring over

a décollement surface such as evaporites or shales (Fort et al., 2004), with
evaporites/shales being considered a viscous material. The upperddlsakrich
continental margins is generally dominated by an extensional domain, where salt pillow
and rollers are associated with the formation of large faults (Rowan et al., 999).
mid-continental lower-slope domains salt structures grow intoptfist and salt walls,
essentially making a transition between extensional eflppe and loweslope
compressional domains. The latter compressional zones are dominated by salt ridges,

thrust, allochthonous salt sheets and canopies (Fort et al., 2004a@m02014).

Fiduk et al. (2004) studied the structural style of thergdit passiveontinental slope

margin of the SE Brazil and related the deformation structures on this margin to gravity

gliding and spreading due to seaward progradation of setiemenresulting loading.
Fiduk et al. (2004) identified three structural zones on the SE Brazilian continental
slope, namely: 1) ampper extensional zone beneath the continental shelf, characterised
by both basinwardlipping and counteregional growth listric faults and associated

rollovers depocenters, salt rollers, diapirs and rafts. This extensional zone is the main
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interval of nterest for part of this study (see Chapter 4)Jn@rmediate, translational,
diapirism in the mieslope regioncharacterised by passive, active, and reactive salt
diapirs including salt overhangs, vertical salt diapirs 8hd, compressional distalpa
of the continental slopayhich is characterized by active and reactive salt diapirs
including vertical salt diapirgalt overhangsallochthonous tongues asdlt canopies

(see Chapter Eig. 2.2)

1.4.3. Modes of salt diapirism

The flow of salt can be diapiric or natapiric. In parallel, overburden sediment must

be removed or replaced so that a diapir can be formed. Modes of diapirism include
reactive, thrust, active, ductile, erosional, and passive piercement (Hudec and,Jackso
2007). The generation of salt structures, as observed on seismic data, involves complex
processes, and diapiric salt structures often form due to regional extension in an initial
stage, e.g. diapirs on the Brazilian continental margin and in the Gulfesico
(Vendeville and Jackson, 1992). After salt flow is initiated, mechanisms for salt growth
and halokinesis vary due to regional and local controls on salt structures (Cartwright et
al., 2001; Rouby et al., 2003; Yu et al., 2014). It is noted thedt atsucture has a mudti

stage nature, and that sdlapir growth does not involve simple inward flow and
thickening of salt (Jackson et al., 2014). In fact, known mechanisms forming salt diapirs

include reactive, active, and passive diapirism (Fig.)1.16
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Younger roof strata Older roof strata
much less deformed strongly deformed

Salt, less Salt, strongly Sediments
restricted flow restricted flow

Fig. 1.13. Factors resisting salt flow. Salt deformation occurs if the roof is
and weak but becomes progressively more difficult as the roof thickens. ¢
strongly sheared near the edges of salt bodies during flow, a phenomenon ¢
resistance to deforman. Salt flow is inhibited when the salt layer becomes

thin. Figure taken fronHudec and Jacksq2007).
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Gravitational loading

c)

Fig. 1.14. Effects of gravitational loading on salt floa) A laterally

varying overburden thickness above a horizontal head gradient
will flow from left to right alang the pressure head gradiemt.A
uniform overburden thickness above an inclined, tabular salt |
produces an elevation head gradient. Salt will flow from left to r
down the elevation head gradi.c) A uniform oveburden thickness
above a flalying salt layer produces neither elevation nor he
gradients, even though the salt thickness vafggure modified
from Hudec and Jackson (2007)
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Fig. 1.15. The effects of displacement loading on salt structueB shortening, salt is loaded horizontally by inw:
movement of one or both sidewalls where the horizontal displacement load exceeds the vertical gravitational loa
salt to rise. b) Durig extension, the salt is unloaded horizontally by movements of one or both sidewalls. The
gravitational load then exceeds the horizontal displacement load, so salt subsiddsuéecrand Jackson (2007).
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1.4.3.1. Reactive diapirism

Regional extension, which thins the overburden above salt intervals, accounts for
reactive diapirism (Jackson and Vendeville, 1994; Vendeville and Jackson, 1992).
During this process, 6roomb or accommod :
overburden andnore frequently, by separating faulted blocks to create space for salt
to intrude (Fig. 1.16a). During reactive diapirism, salt diapirs will stop rising on the
condition that sufficient overburden remains above the salt structures when regional
extensionstops, as salt diapirism is controlled by regional extension (Jackson and
Vendeville, 1994). As the breaching of the resisting forces that retard salt diapirism will
result in weakened salt roofs, one possible phenomenon to consider is that of salt diapirs
intruding the overburden strata up to the surface, a process involving both active and
passive diapirism (Vendeville and Jackson, 1992; Jackson and Vendeville, 1994; Hudec

and Jackson, 2007).

1.4.3.2. Active diapirism

An active salt diapir often presisnan arching roof (Dooley et al., 2009) (Fig. 1.16b).
The main driving forces for active diapirism are either regional compressional forces
or buoyancy, especially when a previously formed salt structure is present in the area
where the diapir is ultimaleformed (Davison et al., 1996). As salt is weaker than other
lithologies in sedimentary basins, the overburden strata above salt diapirs are often
shortened during regional compression in greater degree than adjacent areas with
relatively little salt. Shrtening forces adding to previously deformed salt structures
often amplify any preexisting structures, such as crestal faults above salt diapirs
(Hudec and Jackson, 2007). Buoyancy forces alone do not provide sufficient lift to form

active diapirs in am@s of thick overburden rocks (Dooley et al., 2009). A threshold of
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260 m was suggested for buoyancy forces to raise thesalbstverburden (Davison et

al., 1996). However, the validity of such a strict value can be argued since the strength
of s afk,tard she retarding forces generated both within salt bodies and between
salt structures and their flanking siliciclastic units are known to vary in many
sedimentary basins. Jackson et al. (1994) suggested a 5:1 ratio between the thickness
of strata flaking salt structures and the thickness of the overburden strata as a threshold
for buoyancy to act as the main driver of diapirism. In fact, with an overburden
thickness < 20% of the flanking strata thickness, active salt diapirism tends to occur

without regional compressional forces.

1.4.3.3. Passive diapirism

Passive diapirism is often driven by differential loading between adjacent salt
withdrawal basins when diapirs are already exposed at the surface (Jackson et al., 1994),

as in the case of the Persian Gulf. Here, large volumes of sediment depositech@uring t

Late Cenozoited to greater subsidence of saithdrawal basins and promoted passive
diapirism of thellowerMi ocene) Farsodos salt, as well a:
into neighbouring structures (Alsouki et al., 2011). Passive diapirism pitteas the
saltdés roof on t he deHoweser the acomirast betwaemtsala c e  (
supply and sedimentation rates often results in partially covered roofs in evolving salt
structures. In any case, buoyancy is sufficient to drive furéderise during passive

diapirism (Rowan et al., 2003).

1.4.4 Salt-related structures

Once the driving forces of diapirism overwhelm the resisting forces, upwards

movement of the salt through the overburden is set to b8gihpiercement causes
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Vertical salt flow
Reactive Diapirism

salt

Active Diapirism

salt b)

Passive Diapirism

salt C)

Fig. 1.16. Schematic modes of diapir piercemea}t.Reactive diapir, b) Active

diapir and c) Passive diapir. (Vendeville and Jackson, 1992; Hudec and J:
(2007).
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the roof rocks to be carried upwards by the salt, and a variety of structures related to
halokinesis are formed consequently (Jackson et al., ®4an et al., 1999 The
resulting salt structures can be categorised according to their forms, sizem)skiat

to host and overburden rocks, and by considering any relationships between these
structures and regional deformation styles. A full detailed account of how these
structures is classified into distinct groups and-grdups is given in Jackson and
Talbot (1994) andRowan et al. (1999 he term salt diapir is employed for all the salt
related structures in Jackson and Talbot (1994) regardless of the mechanism by which
the salt pierced the overburden. However, different salt geometries may result from

distinct modes of salt emplacement.

The largest and most mature groups of salt structures compriseafiatinopies and
saltstock canopies, whereas the least mature salt structures include salt rollers, salt
anticlines and salt pillows (Fiduk et alQ@). Sakrich passive continental margins are
dominated by extensional forces, which result in the formation of immature salt
structures such as salt anticlines, salt pillows and rollers associated with large faults in
upper slope regions (Alves, 2012pWan et al., 1999; Fiduk et al., 2004). At the
transition zone separating the extensional wspmye from the compressive lower
slope domains, dominant salt structures include salt walls, whereas in the compressive
lower slope domain include mature sahustures such as thrust, allochthonous salt
sheets and canopies (Fiduk et al., 2004). Faults that areclsédtd (e.g. radial,
concentric, crestal, keystone, roller, and rollover faults) have been documented in many
areas such as southeast Brazil (Bawaiod Cartwright, 2008; Alves et al., 2009, Alves,

2012) and the Gulf of Mexico (Rowan et al., 1999; Brun and Mauduit, 2009).
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1.4.4.1. Roller faults

Roller faults are defined as dominantly basinwaifgpbing, listric growth faults that sole

into a salt layer or its equivalent weldowan et al., 1999Where salt is present, the
faults merge with the top salt at prominent cusps; where salt has beeatedathe
faults have triangular salt rollers (Bally, 1981; Jackson and Talbot, 1991) in their
footwalls (Figs. 1.17 and 1.18). In both settings, the triangular salt roller has one flank
(beneath the footwall) conformable to supedt bedding and the ahflank (beneath

the hanging wall) in fault contact with the overburdBRowan et al., 1999Figs. 1.17

and 1.18).

The hanging walls of roller faults generally contain prominent landwsed rollover
monoclines or anticlines with expanded growth isest such that displacement
increases downward, and strata thicken landwRalvan et al., 1999) (Fig. 1.17)
Roller faults accommodate gravity spreading or gliding of the overburden along the

salt/weld detachmerlves, 2012; Rowan et al., 1999; Fidukad, 2004).

1.4.4.2. Keystone faults

Keystone faults develop in the hinge zone of anticlines where strata are most strongly
curved(Rowan et al., 1999) (Figs. 1.17 and 1.1Bje faults are planar rather than
listric, linear to curvilinear in map vievgnd form symmetric graberfRowan et al.,

1999) They are like crestal faults, except that (1) they form over the crests of folds; (2)
they do not root into salt, even though salt can core the fold; and (3) they are not growth
faultsgenerally having dispacements that decrease both upward and downward (Figs.

1.17 and 1.18).

48



Chapter 1: Introduction and Literature Review

The location of keystone faults in anticlinal hinges suggests that they are created by
outer arc stretching during folding and thus do not normally accommodate any regional
extension(Rowan et al., 1999fFigs. 1.17 and 1.18). Folding is caused by either
bending or buckling. Four settings for keystone fault families can be distinguished in
the northern Gulf of MexicfRowan et al., 1999)1) turtle anticlines, where bending

of stratais caused by subsidence of both flanks into underlying salt; (2) rollover
monoclines in the hanging walls of normal faults, where bending is related to extension;
(3) contractional folds, where shortening is accommodated by buckling; and (4) domal
structues above diapirs or salt pillows, where arching may be caused by active
diapirism (bending) or by rejuvenation of diapirs during regional contraction (buckling)

(Rowan et al., 1999)

1.4.4.3. Rollover faults

Rollover faults are associated with a monaalirollover in the hanging wall of a fault

or weld (Rowan et al., 1999)Fig. 1.18). A rollover fault family has a dominant dip
direction antithetic to the bounding fault/weld; the faults dip in the same direction as
the rollover stratdRowan et al., 199). The dominant fault dip can be basinward, as
for a rollover above a counteegional weld, or landward, as for a rollover above a
roller fault(Rowan et al., 1999) (Figs. 1.17 and 1.IR)e faults essentially are planar
and dip uniformly. They cut theub-horizontal limb just above the axial trace of the

monocline and migrate egection toward the master fault or wéRbwan et al., 1999)

Growthfault expansion is absent or negligible, and the faults do not extend downward
into salt; they generally die out both above and belotheit tip lines (Rowan et al.,
1999) Rollover faults generally have linear map traces parallel to the tretiuke of

monocline.
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aS/'n Wal'd

Salt roller

Fig. 1.17. Schematic diagram showing typical assemidaafesaltrelated structures includingplt
roller, roller fault, rollover faults and keystone faults. Figure modified fRowan et al(1999)

50



Chapter 1: Introduction and Literature Review

The association of these faults with monoclinal rollovers suggests they accommodate
some of the bending strain in the hanging w@lswan et al., 1999)n this sense, they
are like keystone faults; both form where strata are most sharply curved, ardrhey

occupy similar settings in rollover folgRowan et al., 1999)

1.4.4.4. Crestal faults

Crestal faults are dominantly planar growth faults that root into the crests of triangular
diapirs and form symmetric graber®ofvan et al., 1999)Fig. 1.18).The age of syn
kinematic strata, and thus of the faults, increases down the diapir fRoksn et al.,
1999) Offsets in the top salt where faults intersect the salt tend to be small. In map
view, crestal faults form narrow, linear to curvilinear gralibias parallel ridges in the
underlying sal{Rowan et al., 1999} ike the salt ridges, the grabens typically form

complex polygonal patterrf®owan et al., 1999)

The described fault geometries are characteristic of thoseyionereactive diapirs,
which form during extension above a salt layer (Vendeville and Jackson, 1992). Such
grabens were termed A rElawdtlacksen (1996R Bhesp s 0
Rowan et al. (1999nfer that crestal fault families form due to mas/ard translation

of the overburden, where the faults strike roughly parallel to the coastline and shelf
margin. Where they form true polygonal patterns, they probably record radial or
multidirectional spreading of the salt and its overburden (Jacksorivandeville,

1995).
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Keystone

fault
Salt
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Crestal

Keystone
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Fig. 1.18. Schematic diagram showing typical assemidafealtrelated structures including salt roller, roll

fault, rollover faults and keystone faults. Figure modified fRowan et al., 1999)
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1.5. Thesis layout

This thesis is divided into eigkB) chaptersThecurrentchapter(Chapter 1xomprises

an introduction to the thesis, including its bacground and hypothesis. It also presents a
literature review of the key concepts covered in this th&gscifically, mechanical
stratigraphy and faulting, fautfrowth modelsnd sakrelated stratures.The literature

review is followed by the Geological settings of the three study are@bapter 2.

These areas include: tBspirito Santo Basin, (offshore SE Brazitje Broad Fourteen
Basin, offshore the Nertherand&Southern North Seajpand Ofshore Nankai

accretionary prism, (SE Japan

Chapter Jresents the methods used in the thesis, including a brief general description

of seismic data acquisition, processing and interpretation methods. Also a brief
description of seismic data uséthaptes 4, 5, and 6 ard@ataanalysischapterssome

of these datarealreadypublished in international journals at the time of submission

of thiswork.Chapter4 nvesti gates the | mpakistabbty t ect
on faut geomerty and readdition in theEspirito Santo Basin, offshore SE Bradihe

chapter was pulshed as Maunde, A., @es, T.M., 2020. Impact of tectonic raft

6 g r av i instablityoon #aut reactivation and geomgt Journd of Structura

Gedogy, 130, 103916https//doi.org/10.1016/}.js9.2019.103916

Chapter Snvestigates the effect of tectonic inversion on stgailéfaut geontey and
reactivation histories in titéouthern North Sedhe chapter wageerreviewed and re
submitted adlaunde, A., Aves, T.M.,2021 Effect of tectonic inversion on supsalt
faut geometry and reactivation histories in the Southern NorthJ8aen& of Marine

and Petroleunedogy, Ms. Ref. No.: IMPG-D-21-00702
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Chapter 6explores a set of shallow fault systems from areas dominated by thrust
anticlines in the outer wedge region of the Nankai accretionary prism (SE Japan). The
chapter was pulshed as Maunde, A.,@es, T.M. andGregory F. M. 2021. Shallow

fault systems of thrust anticlines responding to changes in accretionary prism lithology
(Nankai, SE Japan). Tectonophysics 812 (2021) 228888.

https://doi.org/10.1016/j.tecto.2021.22888Bnhe results are compiled in Chapter 7 to

discuss their wider importance. Final conclusiofithe thesis are presenteddhapter

8.
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CHAPTER 2

Geological setting of the three
study areas in the thesis
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2. Geological setting of the three study areas in the thesis
2.1. Introduction

This chapter aims to review the geological settings of the sueg areas in the thesis.
Thesethreestudy areas include: ife Espirito Santo Basin (SE Brazil), )e Broad
Fourteens Basin (Southern North Sea) andh8)Nankai Accretionary Prism (SE

Japan).

2.2. Espirito Santo Basin, Offshore SE Brazil

The study area of thEspirito Santo Basin icated on the continental margin of
southeast Brazil (Fig. 2.1). The basin covers an area of about 125,6006fkmhich

18,000 km are onshore and 107, 000 kmre offshore (Fiduk et al., 2004). It is
associated with the continental bragk of Gondwanawhich lasted from the Late
Jurassic to Early Cretaceous, and the subsequent opening of the South Atlantic Ocean

(Chang et al., 1992; Davison, 1999; Meisling et al., 2001).

The Espirito Santo Basin shares a very similar geological history to other staymen
basins in southeast Brazilg., Campos and Santos Basins); all have accumulated a very
thick stratigraphic succession that includes lithologies as variable as basalt flows in the
pre-rift, continental sandstones and shales in the rift sequencenasetand evaporites

in the transitional sequence, and deegrine siliciclastic and carbonate sediments in
the postrift sequence (Bruhn and Walker, 1997; Mohriak et al., 1998). The basin is
limited to the north by the Early to Middle Eocene volcanic Alws Plateau and to

the south by the Vitoria High, which separates it from the Campos Basin (Guardado et
al., 1989; Bruhn and Walker, 1997; Fiduk et al., 2004; Alves et al., 2009; Alves, 2012)

(Fig. 2.1).
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2.2.1. Tectono-stratigraphic setting

The geodynamic evolution of the Espirito Santo Basin was primarily controlled by four
tectonic stages common alongpst South Atlantic continental margins: the-pfg

synrift, transitional and drift stages (Ojeda, 1982; Mohriak et al., 1998; Gibbs et al.,
2003) (Figs. 2.2 and 2.3). The architecture of resulting tectonic megasequences was
largely controlled by regimal magmatism and thiskinned gravitational gliding and

spreading over Aptian evaporitdsquk et al., 2004GGamboa et al., 20)0

Magmatic and volcanieventsplayed significant roles in shaping the architectafe

the basin Theseeventsincludel flood basalts extruded prior to and/or during early
rifting, lavas extruded just prior to continental separation during the transition stage,
theemplacement of seaward dipping reflectors after continental separation during the
early drift stage andfinally, early to middle Eocene volcanic activity, whiglas
associated with emplacement of the Abrolhos volcanic complex to theofitnehstudy

area(Gibbs et al., 2003; Fiduk et al., 2004).

The deposition of Aptian evaporites and its subsequent deformation into rollers, diapirs,
tongues, canopies, and imbricate thrusts during gravitational failure of the margin has
stronglyinfluenced the deposition of overlying and surrounding carbonate and turbidite
bearing strata. This process occurred througlthe Cenozoic, peaking during the
Eoceneearly Oligocene (Fiduk et al., 2004; Alves et al., 2009; Alves, 2FFiayk et

al. (2001) andGamboa et al(2010)related the deformations at the continental slope
margin of the SE Brazil to gravity gliding and spreading as a result of seaward
progradation and sediment loading. They then classified the SE Brazilian continental

slope marginnto three structural domains (Fig. 2.2).
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2.2.1.1. Tectonic phases and megasequences

Fiduk et al. (2004) and Gamboa et al. (2010) recognised four tectonic phases in the
Espirito Santo Basin: 1) prét/rift onset, 2) syrrift phase, 3) postift (Transitional)
phaseand (4) drift phase. Mohriak et al. (1998) correlated these tectonic stages with
three main depositional megasequences: 1) difpr@megasequence (Late Jurassic to
Earliest Cretaceous) dominated by extrusive magma, volcaniclastic material and tuffs
depoged unconformably over a R@ambrian basement (Asmus et al., 1971); 2) asyn

rift megasequence (Berriasian to Early Aptian), with continental sandstones, silts and
shales, together with faulelated syrtectonic conglomerates and basaltic
volcaniclastiaocks (Ojeda, 1982; Mohriak et al., 1998; Gamboa et al., 2010; Chang et
al., 1992); and 3) the pesft megasequence (Aptian to Recent), the main interval of
interest of thichapterdataset, which is subdivided into three sequentessitional,

earlydrift transgressive marine, and late drift regressive marine (Figs. 2.2 and 2.3).

The transitional sequence (MAptian to Early Albian) comprises thick layers of
evaporitic sediments separated from thesfgrsequencdy an angular unconformity

of regonal expression (Ojeda, 1982; Chang et al., 1992; Demercian et al., 1993;
Davison, 1999). The transitional stage in southeast Brazil records the deposition of
>3000 m of evaporites, mainly halite and anhydride resulting from extreme marine
evaporation irarid climatic conditions (Franca et al., 2007; Mohriak, 2003; Mohriak et
al., 2008). The end of the transitional cycle is marked by the onset of extrusive igneous
activity related to a newdjormed oceanic spreading ridge (Mohriak et al., 2008; Ojeda,
1982 Davison, 1999, 2007). Salt structures in the transitional sequence show a

proximal to basinward shift from salt rollers to vertical diapirs (Fig. 2.2).
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The early drift sequence (Albian to Early Eocene), wioekrliesthe transitional
sequence, comprises two marin@nsgressivesubsequences materialising the
development of a shallowater carbonate platform from the late Albian to
CenomaniarfChang et al., 1992). The onset of this carbonate platform is documented
by the S&o Mateus and Regéncia Formations, which were deposited over the Italinas
Member evaporés (Mohriak, 2003; Franca et al., 2007) (Fig. 2.3). The B@abeus
Formation consists fosandstones deposited in a proximal marine setting over a
succession of shales, siltstones, and carbonates. The Regéncia Formation (Asmus et al.,
1971) comprises a relatively thick carbonate sequence of limestones, carbonate
mudstones, and wackestonesthwostracods, gastropods and pelecypods fragments
deposited in distal parts of the Espirito Santo Basin (Mohriak, 2003; Franca et al.,
2007). The Albian carbonate platform is overlain by shales of Turonian to Palaeocene
age, indicating a relative deepeniofythe basin (Gamboa et al., 2010, 2011; Ojeda,

1982; Demercian et al., 1993) (Fig. 2.3).

A mid-Eocene sequence boundary occurs across the entire southeast Brazilian margin
and separates the early from the late drift stages (Gamboa et al., 2011 B{Fib@ve

this boundary, Eocene to Holocene siliciclastic units were deposited during a regressive
period recording sediment progradation on the continental slope (Demercian et al.,
1993; Chang et al., 1992). At this time, clastic sediments filling thie base derived

from the erosion of coastal mountain ranges and from relatively local volcanic activity

on the Abrolhos Plateau (Chang et al., 1992; Gamboa et al., 2010). Tuffs, volcanic
breccias and hyaloclastites formed the bulk of the volcanoclastit iwpereas fine to

coarse massive sandstones, conglomerates and siltstones were eroded from nearby

mountains (Gamboa et al., 2010).
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Sedi ment transport occurred on Brazil 6s
particularly important in the Late Oligocene to Holocene, as shown by the generation
of vast channel systen(¥iana et al., 2003; Fiduk et al., 2004; Alves, 2010). Between

the Early/Mid Eocene and the Holocene, miaaasport deposits (MTDs) were also
deposited in response to the uplift of coastal mountain ranges, subsequent tilting of the

continental slope andalokinesis (Mohriak et al., 2008; Alves and Cartwright, 2010).

2.2.2. Hydrocarbon systems

The recent deeprater hydrocarbon discoveries made adjacent to the Espirito Santo
Basin (e.g. Campos Basin) led to an intensive aegger exploration of the basiNew
discoveries have been made in deger settings above the Aptian evaporites (e.g.

Golfinho Field) (Toniatti, 2003; Fiduk et al., 2004; Alves, 2012).

The hydrocarbon plays in the Espirito Santo Basin extend from the shallow to the deep
water slope rgion and involve a variety of reservoirs above and below the Aptian salt,
including NeocomiasBarremian fractured basalts near the top of the continental
basement, Barremian to Aptian carbonates and fhaglihic successions, early Albian
carbonates, anthte AlbianMiocene turbidites. These intervals have been charged
principally from late Barremiaearly Aptian (syrrift phase) source rocks deposited in
graben sulbasins with restricted saline lacustrine environments (Mello and Maxwell,

1990).

2.2.2.1. Source rocks

The main source rocks in the Espirito Santo Basin comprise Cenomanian/Turonian
deepmarine shales in the Urucutuca Formation, shallow to deep marine marls in the

Albian Regéncia Formation, fluvmarine shales in the Aptian Mariricu
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Formatiov/Mucuri  Member (Transitional), and lacustrine shales in the
Barremian/Aptian Cricaré Formation/Sernambi member (Mello and Maxwell, 1990)
(Fig. 2.3). Finggrained lacustrine sediments consist of fine sand, silts and dark shales

deposited in symift depocentres (Ojeda 1982; Chang et al., 1992; Fiduk et al., 2004).

2.2.2.2. Reservoir rocks and traps

The Valanginian/Barremian (Cricaré Formation), Aptian (Maricuca Formation),
Regéncia Albian) carbonates, transgressive sands (Campanian and Maastrichtian;
Urucutuca Formation), and regressive sands (Cenozoic) represent the main reservoirs

intervals in theEspirito Santo BasirF{duk et al., 2004; Franca et al., 2007) (Fig. 2.3).

The Middle to Late Aptian carbonate and fluwitgltaic deposits and evaporites were
distributed across the Espirito Santo Basin depocenters. Tsalph®sts and grabens,

and tte thick cover of salt above these depocentres form trapping mechanisms and a
regional seal for subalt hydrocarbon systems (Vieira et al., 20@)er continental
breakup in the middle Aptian to Albian, the pedft development of the basin was
characerised by major carbonate progradation to aggradation (Regéncia carbonates)
(Franca et al., 2007). The Regéncia carbonates have formed as shoals over salt induced
highs and are reputed to be productive in the basin. The Regéncia Formation contains
carbonags platform that form rafts and turbackstructuresbothcommon features in

the basinFiduk et al., 2004).

Transgressive marine sands (Campanian and Maastrichtian; Urucutuca Formation)
have been deposited in channels, canyons, and fan complexeghthubtheEspirito

Santo Basin. ldentifying where these deposits are incorporated in turtle structures
defines the deepater prospects with greatest reserves poteriiduk et al., 2004)

With the continental margin development, differential subsidé€basin tilting) and
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increasing sediment load triggered intense salt remobilizationrebatieéd structures
(diapirs, rollover structures) form potential structtsthtigraphic hydrocarbon traps
in the Late Cretaceotdeogene succession. At the same firsalt welds and
extensional faults formed migration pathways from thesalbsource rocks (i.e. Late
BarremianAptian lacustrine shales) to pesdlt reservoirs, including Albian mixed

carbonateclastic successions and Late Cretacedesgene turbiditeavison, 1999).

2.3. Broad Fourteens Basin, offshore The Netherlands

The Broad Fourteens Basin is located in the Dutch sector of the Southern North Sea,
encompassing blocks K, L, P, and Q offshore The Netherlands (Fig. 2.4). The basin
trends northwessoutheast and is approximately 120 km long by 45 km wide (Verweij

and Simmelink, 2002) (Fig. 2.4).

2.3.1. Tectonic setting

The Broad Fourteens Basin, part of the larger South Permian Basin, records a complex
history of rifting, halokinesis and inversion (Verweij and Simmelink, 2002; Van Wijhe,
1987, Ziegler, 1990; Nalpas et al., 1995; Duin et al., 2006). It was formed during the
Mesozoic in response to\W extension associated with opening of the Atlantic Ocean
(Verweij and Sinrmelink, 2002). The evolution of the basin can be divided into three
intervals with distinct deformation styles and histories: 1)rPweift onset phase
(CarboniferousPermian); 2) Sysift phase (Triassidurassic); 3) Inversion phase

(Late Cretaceou€enozoic) (Fig. 2.5).
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Fig. 2.4.a) Map of the Southern North Sea highlighting its Dutch sector and location of the study
the northern end of Broad Fourteens Basin (BFB), offshore The Netherlands, b) Zaaneguof the NW
SE trending Broad Fourteens Basin and associated struslemants. Figures modified froman Verweij

and Simmelink (2002). Letters A to S refer to hydrocarbon exploration blocks in the Southern Nor
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2.3.1.1. Pre-rift/rift onset phase: Carboniferous-Permian

Towards the end of the Carboniferous, the $@an Foreland basin developed in the
Southern North Sea. Thick lacustrine and deltaic intervals with interbedded coal seams
were deposited as part of the Limburg Group (Fig. 2.5). Included in this Group are the
Westphalian Coal Measures, a major souragagfin the Southern North Sea (Gerling

et al., 1999; Van Wijhe, 1987). Oblicuséip normal faulting predominated after the
Variscan Orogeny, with the largest faults cutting through the Variscan fold belt to
propagate along older NASE trending basement féa1 The presendlay structural

grain of the Southern North Sea follows horst and graben structures formed by these
faults (Ziegler, 1990; Duin et al., 2006; Van Wijhe, 1987; Oudmayer and De Jager,

1993).

Sedimentation in the Permian was interrupted by thermal upwelling from dolerite
intrusions through obliquslip dextral normal faults. This hiatus is expressed in the
form of a Saalian unconformity separating Lower from Upper Rotliegend strata (Van
Wees etl., 2000) (Fig. 2.5). Subsidence resumed in the Late Permian, and the South
Permian Basin became separated from the North Permian Basin by the Mid North Sea

High (Duin et al., 2006).

Upper Rotliegend terrestrial sandstones of the Slochteren Formatiendegosited
above the Saalian unconformity and became the major reservoir for the Permian gas
plays offshore, the Netherlands (Verweij and Simmelink, 2002). The Zechstein Sea
subsequently flooded the study area in the Latest Permian. Carevapt&ite gcles

in Zechstein evaporites reflect fluctuations in sea level, but thick deposits of Zechstein
evaporites in the North of the Broad Fourteens Basin became an effective seal rock for

Permian gas plays (Coward, 1995) (Fig. 2.5).
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Sea. Main stratigraphic groups, tectonic phases and unconformities rela
regional tectonic events are based Renge et al. (1999) and van Verweij a
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2.3.1.2. Syn-rift phase: Triassic-Jurassic

Rifting intensified during the Triassic, allowing for differential subsidence in the
Southern North Sea (Alves and Elliott, 2014; Duin et al., 2006). In the rapidly subsiding
Broad Fourteens Basin, aeolian sands aweddtrine claystones from the Lower and
Upper Germanic Trias Group were deposited (Fig. 2.5). The Lower Buntsandstein is a
prolific gas reservoir, particularly where Zechstein salt has been withdrawn and welds
have formed between Triassic sequences andRtittegend Group (Van Hulten,

2010b).

Towards the end of the Triassic, salt tectonics and reactive diapirism became
concentrated along extensional boundary faults (Stewart and Coward, 1995; Ziegler,
1992). Riftraft tectonics led to the further deepenaighe Broad Fourteens Basin and
open marine conditions (Alves and Elliott, 2014; Penge et al., 1993). As a result, the
deepwater Altena Shales were deposited in the Broad Fourteens Basin, with the more
bituminous Posidonia Shale Formation comprisingsitngrce interval for Jurassic oil
plays in the basin. The deposition of the Posidonia shales accompanied the significant
isolation of the Southern North Sea in the form of confinedagins (Nalpas et al.,

1995; Duin et al., 2006).

Deposition of the Altea Shales stopped during the Md@dmmerian upwarping event
(Middle Jurassic). In areas of greatest uplift, up to 1500 m of Jurassic rocks are thought
to have been eroded (Heim et al., 2013). Despite this localised uplift event, sharp pulses
of NE-SW rifting continued to rotate the Broad Fourteens Basin to its prdagitd\W

SE orientation (Fig. 2.4b). Increased erosion of Triassic, Zechstein and Rotliegend

rocks on active structural highs generated thick successions in the Delfland Subgroup
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and Vlieland Sagistone both comprising reservoirs for oil sourced from the Posidonia

Shale (Van Wijhe, 1987; Verweij and Simmelink, 2002; Duin et al., 2006).

2.3.1.3. Inversion phase: Late Cretaceous-Cenozoic

A major episode of selavel rise, accompanied by past subsidence, led to the
accumulation of thick layers of chalk both in individual basins and on adjacent marginal
highs (Van Wijhe, 1987; Verweij and Simmelink, 2002). In the Turoniaf, Alpine
compression interrupted subsidence and Subhercynean invexaaivated Variscan
faults with a reverséextral motion (De Lugt et al., 2003; Nalpas et al., 1995). In such
a setting, the localisation of a salt (Zechstein) décollement layer to the North of the
Broad Fourteens Basin accounts for the lack of conngdiigtween suisalt and supra

salt faults (Van Wijhe, 1987). Maximum erosion (~3000m) took place in the centre of
the inverted basin, close to the axis of inversion (Nalpas et al., 1995; De Lugt et al.,

2003).

Three additional inversion events took platcdehe Broad Fourteens Basin, separated

by periods of subsidence. The Laramide inversion in the Cenozoic reactivated
Subhercynean faults, creating a prominent Cretae@erttary unconformity
(Oudmayer and De Jager, 1993; De Lugt et al., 2003). Majar magrsion events are
recorded in the Cenozoic, the largest of which coincided with the Pyrenean Orogeny
(Oligocene) and created an unconformity at the base of the Miocene (Oudmayer and
De Jager, 1993; Verweij and Simmelink, 2002). It separated the LNaeh Sea

Group from the Middle North Sea Group (Wong et al., 2001).

The boundary between the Middle and Upper North Sea Groups is based on a break of
sedimentation resulting from regional uplift and global low in sea level associated with

the Alpine Orogeny (Savian unconformity; Middle Miocene) (Oudmayer and De Jager,
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1993 Wong et al., 2001). Together with these tectonic phases occurs, at present, a
general updip migration of hydrocarbons (Van Balen et al., 2000; Verweij and
Simmelink, 2002; Isaksen, 2004). Broad folds formed in response to the inversion
events, causingservoirs to be tilted beyond spgiibint, allowing secondary migration

of fluids into shallower reservoirs (Van Balen et al., 2000). Since compression initiated
in the Late Cretaceous, contemporaneous faulting and diapirism created fluid flow

pathways (laksen, 2004).

2.3.2. Petroleum systems

Stratigraphic sequences including source, reservoir and seal rocks create economic and
large hydrocarbon fields. Subsidence and uplift histories, along with fluctuations in
eustatic sedevel have produced this stigriaphy and enabled the maturation and
charging of the oil and gas (Verweij and Simmel@B02; Verweij et al., 2003; 1990;

Van Hulten, 2010; Van Wijhe, 1987).

2.3.2.1. Permian gas plays

During the Westphalian stage, the Variscan Orogeny created anfbitedein in the
southern North Sea. The equatorial terrestrial setting recorded at this time allowed the
basin wide deposition of thick lacustrine sediments prograding into deltaic and fluvial
fine-grained siliciclastics with intercalations of coal (Verpand Simmelink, 2002;

Van Wees et al., 2000; Quirk, 1993; Glennie and Provan, 1990). Most coal seams
belong to either the Ruurlo or Maurits Formations of the Limburg Group (Fig. 2.5). It
is a kerogen type Il coal, with a total organic content (TOC) déast 70% and

comprising the main source rock in the Permian gas plays of the southern North Sea.
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Coal content reaches 4% in the Ruurlo Formation, and 6% in the Maurits Formation

(Verweij and Simmelink, 2002; Van Hulten, 2010).

The Limburg group has beemeasured to be >1000 m thick (Quirk, 1993), with
individual coal seams having a cumulative thickness >10 m. Because the Limburg
Groupis sowidely reaching and thick, the basin could have been charged with gas
several times as different coal seams reached the gas window (Van Hulten, 2010).
Verweij and Simmelink (2002) suggested that the central part of the Broad Fourteens
Basin entered the gavindow during the Jurassic (main syt sequence), with peak

gas expulsion in the Cretaceous {preersion). The northern part of the basin likely

remained out of the gas window.

The Upper Rotliegend Group lies unconformably over the Variscan basement
sandstones of this group are the main reservoir for Permian gas. The sandstones consist
largely of the Slochteren and Silverpit Formations (Fig. 2.5). Thick aeolian and fluvial
coarsegrained clastics of the Slochteren Formation were deposited in ¢hledahian
throughout the southern North Sea. Figaained desert lake deposits of the Silverpit
Formation increase in thickness towards the north of the basin (Verweij and Simmelink,
2002; Glennie and Provan, 1990). Thickness variation often dependseon th
palaeotopography of previous structures, with thinner deposits being recorded on

structural highs and thicker strata occurring in late Permian basins.

Facies changes in the Upper Rotliegend Group occur at a large scale in the basin and
are very gradualampared to the high concentration of faulting. Therefore, gas is often
structurally trapped by dip closures rather than stratigraphically across the Broad
Fourteens Basin (Van Hulten, 2010). Secondary permeability has been lowered due to

diagenetic illitegrowth. Expulsion of Krich brines from underlying Westphalian coal
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and overlying Zechstein salts led to the illitization of kaolin group minerals during the
Kimmerian, when the Rotliegends subsided to a depth of about 4000 m (Glennie, 1997;

Glennie and Rivan, 1990; Lanson et al., 1996; Purvis, 1992)

Deposition during the Late Permian (Zechstein Group) conformably overlies Upper
Rotliegend rocks. The southern part of the Broad Fourteens Basin is rich in thick
bordering facies of siliciclastics and carbasat whereas the northern parts are
characterised by diapiric salt (Nalpas et al., 1995; Verweij and Simmelink, 2002). Peri
marine carbonates make prospective reservoirs for Permian gas (Van Hulten, 2010;
Glennie and Provan, 1990). However, the distingagfeature of the Zechstein Group

was the deposition of thick evaporite layers.

Five evaporite sequences are recognised in the Dutch offshore, each a contribution to
the sealing capabilities of the Zechstein Group (Van Hulten, 2010). It was estimated by
Quirk (1993) that halite in the Broad Fourteens Basin is betweeri300 m thick.
However, estimations of true and original thickness are hard because of the effects of
halokinesis. Halite flowed diapirically during the Jurassic, allowing salt to be
complaely withdrawn around diapirs to create salt welds between Triassic and

Rotliegend sandstones (Glennie and Provan, 1990; Davison et al., 2000).

Another important reservoir in The Netherlands belongs to the Lower Germanic Trias
Group (Stewart and Coward, 98) (Fig. 2.5). The Bunter Sandstone (referred to as
Buntsandstein in Dutch and German literature) was deposited during the Triassic in a
desert environment comparable to the Permian Rotliegend. Aeolian and fluvial
sandstones are the dominant facies inBbetsandstein and are constant over a large
area (Van Hulten, 2010; Verweij aBtmmelink, 2002). The Bacton Group (containing

Bunter Sandstone) displays a coarsening upwards sequence, relating to a fall in eustatic
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sea level (Coward, 1995). It has a vagythickness within the Broad Fourteens Basin

but attains a maximum thickness between 10800m (Van Wijhe, 1987).

Gas migrates upwards in areas where salt welds developed between Permian Rotliegend
rocks and the Bunter Sandstone, and through {maangn faults (Verweij and
Simmelink, 2002). This gas can accumulate between units of the Lower Germanic Trias

Group and diapirs which were activated during the Triassic (Van Hulten, 2010).

2.3.2.2. Jurassic oil plays

By the end of the Triassic, the Rhaetignsgression raised the eustatic sea level. Thick
open marine Jurassic clays were restricted to basin centres and the Altena Group was
subsequently deposited (Verweij and Simmelink, 2002; Van Wijhe, 1987) (Fig. 2.5).
The original lateral extent of the &fta Group is uncertain due to Cretaceous tectonic
inversion and its almost complete removal across structural highs (Duin et al., 2006;

Van Hulten, 2010a).

The onset of the Toarcian oceanic anoxic event coincided with the deposition of a thin
layer of biuminous clays in the Posidonia Shale Formation. ThiSa%n thick
sequence is the main source rock of the Jurassic oil plays in the Broad Fourteens Basin
and contains kerogen type Il oil, with TOC values around 5 % (Van Hulten, 2010;
Verweij and Simmelink2002; De Jager et al., 1996). Maturation was reached in the
centre of the basin during the Lower Cretaceous (latter part effsgequence). The
northern edge reached the oil window later in the Cretaceous (durirgfpsstuence)
(Verweij and Simrelink, 2002). Inversion in the latest Cretaceous and Palaeocene
reduced the temperature of oil and allowed access of meteoric waters: aerobic bacteria

consequently biodegraded the oil (De Jager et al., 1996).
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Overlying the Posidonia Shales is the Delfl&ubgroup, which acts as both reservoir

and a secondary source rock. Fluctuations in sea level during the Jurassic generated
fluctuations of lacustrine and fluvial deposits, resulting in the deposition of sandstone
and interbedded bituminous shales andetisgd lignitic material (Verweij et al., 2003).

The main reservoir unit in the Broad Fourteens Jurassic oil plays is the Vlieland
Sandstone Formation. Transition from coastal to shallow marine deposits occurred
during the Lower Cretaceous, characterisedslpw sedimentation (Verweij and
Simmelink, 2002; Verweij et al., 2003). This can be resolved seismically as a rapid
change of facies, a character indicating a potential stratigraphic trap (Van Hulten,

2010).

The Vlieland Formation can only be found irpdeentres, as it has been eroded from
structural highs similarly to the Altena Group of the Lower Jurassic (Duin et al., 2006).
Charging of the Vlieland reservoir occurred by the Palaeocene. Migration of Posidonia
oils linked to basin inversion filled ¢hVlieland Sandstones, with the Werkendam and
Delfland sandstones act as secondary reservoirs, thus containing much lower volumes

of hydrocarbons (Verweij et al., 2003).

The Vlieland Shale Formation is the top seal member for the Jurassic oi(fais,
1996). However, shales, like the Cretaceous Vlieland Shale Formation, make an
ineffective seal and most of the oil accumulations are structurally trapped by faulted

anticlines formed in the CretaceeBalaeocene inversion (De Jager et al., 1996).

2.4. Nankai Trough accretionary prism, SE Japan

Accretionary prims such as the Nankai Trough in SE Japan are dominated by large
scale tectonic shortening and uplift driven by plate subduction (Miyazaki and Heki,

2001; Bird, 2003; DeMets et al., 2010; Tisef al., 2014). Offshore SE Japan, the
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subduction of the Philippine Sea Plate beneath the southeast margin of Eurasia occurs
at a variable convergence rate of 4.0 to 6.5 cm/year (Seno et al., 1993; Miyazaki and
Heki, 2001; DeMets et al., 2010). This presdas led, since the PlioceRkeistocene,

to largescale tectonic shortening and uplift of overburden strata above a subducted
oceanic slab to form the Nankai accretionary prism, i.e. a mass of sediment that has
been scrapped off from the subducting iPpihe Sea Plate and accreted together with
sediment derived from SE Japan (Taira, 2001; Miyazaki and Heki, 2001; Bird, 2003;

Kimura et al., 2011, 2018).

The continuous movement of the subducted Philippine Sea Plate has induced a
continuum of internal defmation that is expressed in the form of imbricate thrust
faults, thrust anticlines, peyp structures, megasplay faults, strétp faults, and
normal to reverse faults (Kimura et al., 2011; Moore et al., 2013; Alves et al., 2013; Lin

et al. 2015; Van iyl et al., 2015; Azevédo et al., 2018).

2.4.1. Tectonic setting

The Nankai trough spans the boundary between the Eurasian and the Amurian Plates,
being limited to the east by the Pacific Plate and to the south by the Philippine Sea Plate
(Bird, 2003; Kmura et al.,, 2011, 2018) (Fig. 2.6a). The Philippines, Pacific, and
Amurian Plates converge under the Tokyo metropolitan area, resulting in a uniquely
complicated tectonic environment; the Amurian Plate overrides the Philippine Sea Plate
at the same timéhe Pacific Plate dips beneath both the Philippine Sea and Amurian
Plates (Bird, 2003; Kimura et al., 2011) (Fig. 2.6a). These convergent plate margins
generate large earthquakes within and in between the latter tectonic plates, e.g. the 1944

Tonankai andl946 Nankai earthquake events along the Nankai Trough, and the 1923
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Great Kanto Earthquake along the Sagami Trough (Harris, 1998; Ide et al., 2011; Lee

et al., 2011).

Three major subductierelated boundaries, marked by dexean trenches or troughs,
define the tectonic setting of Nankai: a) the Sagami Trough at the interface of the
Philippine Sea and Amurian Plates, b) the Japan Trench between the Amurian and
Pacific plates, and c) the Nankai Trough between the Philippine Sea and the Eurasian
Plates (Bid, 2003; Kimura et al., 2011) (Fig. 2.6a). The Nankai Trough, which is the
oceanward boundary of the study area, delineates an active (and seismogenic)
convergent margin under which the Philippine Sea Plate is subducted at a variable
convergence rate of ppximately 4.06.5 cm/year, following an azimuth of 30®

315 (Seno et al., 1993; Miyazaki and Heki, 2001; DeMets et al., 2010; Moore et al.,

2013) (Fig. 2.6).

2.4.2. Stratigraphic setting

Integrated Ocean Drilling Programme (IODP) drilling sites vte valuable
lithological and stratigraphic information on the shallow sedimentary cover, uppermost
part of the accretionary prism, and underthrusted sediments from the Philippine Sea

Plate (Figs. 2.6 and 2.7).

Multiple IODP campaigns reached strata within the outer wedge of the Nankai
accretionary prism and collected stratigraphic evidence to show that the Nankai Trough
is mainly composed of a relatively thin slope basin, overthrusted and underthrusted
sedimentgExpedition 315 Scientists, 2009; Expedition316 Scientists, 2009; Kimura et

al., 2011, Strasser et al., 2014) (Fig. 2.7).
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Fig. 2.6 a)Inset highlighting the three principal subduction trenches surrour
the Japanese Islands. i) the Nankai Troughhe Sagami Trough (ST) and iii
the Japan Trench. The study area is shown by the red box. Figure modifie
Bird (2003). b) Bathymetry map of the Kumano Basin and adjacent region -
Nankai accretionary prism highlighting structural zones, tleation of IODP
sites and the location of the study area (red box). Figure Modified from Mo«
al. (2013). KPRKyushuPalau Ridge; FSCFossil Spreading Centre; IBEkuU-

Bonin Arc; ST-Sagami Trough; OK#khotsk Plate, MSFRegasplay Fault
Zone; IODP- Integrated Ocean Drilling Programme. c) Arbitrary line throt
the 3D seismic volume along some of the sites drilled by IODP (Moore e
2009) highlighting structural zones and study area within the outer wedge :

78



Chapter 2: Geologic Settings

Slope sediments were accumulatedvaban angular unconformity separating them
from an underlying overthrusted/accreted sediment, this latter comprising strata
belonging to the upper part of the accretionary prism (Kimura et al., 2011) (Fig. 2.7).
In addition, cores collected at IODP Site(06 drilled through a deep underthrusted
sediments composed of deeyarine sediment from the subducting Shikoku Basin

(Figs. 2.6c and 2.7).

Slope basin sediments can be up to ~2.4 Ma old and comprisesiplopdinegrained
turbidite facies spanning tHatest Pliocenddolocene. Data from IODP Sites C0008
and COO018A (Expedition 315 Scientists, 2009; Expedition 316 Scientists, 2009;
Expedition 333 Scientists, 2012) divided slope basin sediments into three, which mark
a gradual transition from uppstope @ron facies to base of slope apron facies: a)
hemipelagic mud and sikglayey sequences intercalated with multiple ash layers, b)
hemipelagic mud, silty clay and silty turbidites with ash layansic) turbiditic sand

and sandy silt intercalated with madd ash layers (Expedition 315 Scientists, 2009;

Kimura et al., 2011; Alves et al., 2013; Strasser et al., 2014).

IODP Sites C0006, CO008 and C0018 (Expedition 315 Scientists, 2009; Expedition 316
Scientists, 2009) define overthrusted/accreted sedinasntsflecting the uppermost

part of the accretionary prism (Figs. 2.6¢ and 2.7). This package is Pliocene in age or
older. It comprises accreted sediments with mudstaneanddominated lithologies
(Expedition 315 Scientists, 2009; Kimura et al., 201l¥ga et al., 2013; Strasser et al.,

2014).

Underthrusted sediments were identified below overthrusted sediments in the Frontal
Thrust Zone, at IODP Sites C0006 and C0007 (Expedition 316 Scientists, 2009), and

comprises hemipelagic mud interbedded with volcanic ash and tuffs. Overthrusted
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sedimentsare deformed by thrust faults and transitions at depth into underthrusted
Shikoku Basin sediment (Expedition 316 Scientists, 2009) (Fig. 2.7). In the inner wedge
of the Nankai accretionary prism, the presence of an overlying forearc basin (Kumano
Basin), ad underlying thrusandfold accretionary prism, agrees with the stratigraphic

units defined by IODP.

2.4.3. Main structural styles offshore Nankai

The mechanics behind the deformation of accretionary prisms have been explained by
the Coulomb and dynamic coulomedge theories (Davis et al., 1983; Dahlen, 1984;
Wang and Hu, 2006). These two theories propose a transition between a highly
compressionabuter wedge and a less compressional (and moderately seismogenic)
inner wedge. As a result, Wang and Hu (2006) described the outer wedge region of the
Nankai accretionary prism as comprising a series of imbricate thrust faults that
accommodate a zone ofdcshear strength, while the inner wedge region forms a zone

of accreted sediment characterised by the absence of active compressional structures,

thus normally acting as a backstop.

More recently, Wu et al. (2013) and Lin et @015) used a compilation of borehole

and core data to determine stress states and deformational styles across the Nankai
accretionary prism. The authors showed that, in its inner wedge, horizontal maximum
stresses relate to stridsfip faulting. Howeverthe sediment overlying the inner wedge
(Kumano Basin) records a vertical maximum stress, a configuration that reflects a
normal faulting regime, leading to the conclusion that the Nankai accretionary prism is

currently experiencing a predominantly (irg&ismic) extensional regime.
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Fig. 2.7. Stratigraphicinterpretationacross the outer and inneedge of the Nankaiccretionary prisniBoston et al., 2016)The prism

consists oklope basin, overthrusted and underthrusted sediments.
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Lin et al. (2015) and Lackey et al. (2020) also showed evidence for compression
seawards from a Megasplay Fault Zone, with a maximum principal stress parallel to the
convergence vector. They stated that, at present, the Nao&agtionary prism is
dominated by a shallow extensional regime and a relatively deep-diphke reverse
faulting regime, mainly due to stress field reorganisation in the areas where maximum
principal stress becomes horizontal. This transition betw#tarent tectonic regimes

at depth is often referred to as Extensi@ompression Depth (Lewis et al., 2013; Van

Tuyl et al., 2015; Lin et al., 2015).

Azevédo et al. (2018) recently interpreted seismic data in the outer wegdge oéthe
Nankai accretionary prism to reveal a complex set of thrustsup@tructures, thrust
anticlines and strikslip faults hinting at a complex strain distribution across SE Japan.
The authors suggest that lateral slip, together with thrustiddadding, are the major
styles of deformation operating in the outer wedge region of the Nankai accretionary
prism. Both styles of deformation reflect a transpressional tectonic regime in which the

maximum horizontal stress is geometrically close tatierergence vector.
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3. Data and Methods

3.1. Introduction

This research study uses highality threedimensional (3D) seismic reflection
datasets and well logs tmderstand the nucleation, reactivation and growth histories

of normal faultsand their implicationg sedimentary basinhe datasets were made
available by Dr. Tiago M. Alves, the Research Leader of 3D Seismic Lab, School of
Earth and Environmental Sciences, Cardiff University. This chapter aims to give a brief
overview on how marine seismic data are acquired and processed. It also gives an
overview and descriptions of seismic data and interpretation used in the study.
However, specific details of seismic dataset and methods related to each result chapter

are also provided in the corresponding Chapfer5 and 6

3.2. Seismic Exploration

Seismic @&ploration can provide the most complete subsurface picture of any surface
based geophysical technique. The essence of the technique is a real deployment of
sources and receivers on a tdimensional (2D) grid, followed by processing and
interpretation ofthe resulting densely sampled volumetric data (Gubins, 1990). A
typical marine 3D survey is carried out by shooting closely spaced parallel lines (line
shooting) the shooting direction is called the inline direction. A typical land or shallow
water 3D survey is done by laying out several receiver lines parallel to each other and
placing the shot points in the perpendicular direction (swath shooting). For-and 3
survey, the receiver cable is along the inline direction (Bull et al., 2009). The directio
that is perpendicular to the inline direction in @ 3urvey is called the crossline
direction. The line spacing inB surveys can be 50 m or less. Traces are collected as
common cell gathers/bins (Posamentier and Kolla, 2003).
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Threedimensional (&D) seismicsurveysaredistinguished from D seismic data by

the acquisition of multiple closely spaced lines that provides regular data point spacing
that feeds @ data migration during processing (Vermeer, 2012). This leads to a true
data volume from wich lines, planes, slices, or 'probes' can be extracted in any
orientation, with nominally consistent data processing characteristics (Vermeer, 2012).
The close line spacing of[3 seismic data means thheydo not have the problems of
spatial aliasingriherent to 2D seismic data andherefore have the potential to yield
better stratigraphic resolution, better migration, and imaging of structural and

depositional dips (Biondi, 2006).

The density of subsurface reflection point coverage allows stri&tiens to be
mapped using automated or seamitomated trackers to provide continuous mapped
surfaces that may in turn be used to derive a range of seismic and structural attributes
(Biondi, 2006). These attributes feature increasingly in exploratiordenelopment
workflows. Fundamentally, however, the greatest benefitDfrgsides in its spatial
resolving power both in terms of absolute spatial resolution and relative accuracy in
image positioning (Yilmaz, 2001). Features such as fault systems wapenmapped

in much more detail than with 2 seismic data, with its inherent limitations of spatial

aliasing (Freeman et al., 1990).

3.2.1. Marine streamer acquisition

The first marine @D surveyswere carried out with the conventionaD2geometry of a
single boat towing one source (array) and one streamer (Watson, 2009) (Fi§o3.1).
increase efficiency in recording[3 surveys, the industry has seen a gradual increase

in the number of midpoirines (also called bin lines) recorded in one boat pass.
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Seismic survey
vessel

Direction of vessel track (inline)

Hydrophones

Sediment

Sampling at half the
detector spacing

F1g. 3.1.Schematicsectioniliustrating the method behind the marine streamer acquisitioge SeISmIC Survey vessi

tows an acoustic source near the surface, which emits a loudwauedThese waves travel through the water and

the sediment layer, reflecting to the receiver (hydrophoiegjified from Bacon et al. (2007).
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The strongest vessels can tow 16 or more streamers, depending on the length of the

streamers, allowing efficient singlmat operations (Vermeer, 2012).

Figure 3.2 illustrates the evolution from three or four streamers tdrédraers with a
schematic display of some multisource matteamer configurations. The sources
represented by red stars, are always kept as close as possible to the boat to minimize
the length of the umbilicals (pressure hoses from the vessel to-pgnadrrays). The
sources take turn firing. The number of midpoint lines recorded by these geometries
equals the product of the number of sources and the number of streamers (Brown, 2004;
Vermeer, 2012). The configurations in Fig. 3ray still be adaptedpr changed,
depending on size of survey, operator, and concerns about illumination problems
associated with widéow configurations. The length of the streamers may vary from 2

to 9 km, depending on depth to target. The width of the swath of streamelsrony

the order of 1.0 km (Vermeer, 2012).

The survey areas are normally traversed by a seismic vessel along the longest dimension
of the area to minimize the number of line turns, the areas are usually covered in a
racetrack mode (Fig. 3.3); this means #nea is split into pairs of elongated regions in
which the shooting direction alternates between the members of each pair. This method
accommodates the large radius of the line turns that are necessary to prevent tangling
neighbouring streamers duringethne turn (Vermeer, 2012). It also reduces the length

of the turn to a semicircle rather than a nearly full circle, which would be needed if

adjacent seismic boat passes were acquired sequentially (Vermeer, 2012).

The layout in Fig. 3.2 is such that Bammbination of a source and a streamer provides

data for a unique midpoint line.
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Fig. 3.2.Schematic description of various multisource multistreamer configurat
Red stars represent sources; vertical lines represent streamevsludsunderhe

streamergsepresennumber of streamers arithe of introduction Figuremodified

from Vermeer (2012).
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Fig. 3.3.Schematic description of racetrack method for covering surveylarge figure, there are five sail lines (boat pass
on each side of the track. The width of the track is selected such that line turns take minimal time, given the a«

configuration (number and length of streamers and distance between streamers), Wb&usllyey area is Bpinto several
racetracksFiguremodified fromVermeer (2012).
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The distance between the two sources equaldhalfiestreamer interval (all streamer
intervals are the same, nominally), and their distance from the nearest streamer equals
one quarter streamer interval. This is also the interval between the midpoint lines
(Yilmaz, 2001) It is important to note that this interval between midpoint lines

constitutes, at the same time, the crossline bin(sieemeer, 2012jEquation 3.1).

AT 1 THIT B o COA KT DB OOAI %R OA G T 1
BT ARET BOAAOD b O

In standard marine acquisition, the depth controllers in a streamer must ensure a
constant depth along the length of the streamer. These controllers function properly
only if the speed of the streamer is at least 4 knots, which corresponds to about 2 m/s
(Vermeer, 2012)The time between shots depend on required record length and time
required to dissipate the energy of the previous shot. This time is often on the order of
10 s, so the streamer vessel moves overnat 20 m between shots. A frequentlgsdn
distance between consecutive shots is 18.75 m. In deep marine areas with deep targets,
the distance between the shots is larger; in the Gulf of Mexico, 37.5 m is quite common

(Vermeer, 2012).
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The advantage of using two sources is that it reduces the crossline bin size for the same
streamer intervals (Equation 3.1). Clearly, crossline bin size tends to be one of the
limiting factors in the resolution of marine streamer qaiémaz, 2001; Vermeer,

2012) Alternatively, using dual sources also allows for towing streamers with twice
the streamer interval for the same crossline bin size. Qteguality of data acquired

by marine streamers is excellent, allowiiog alower fold resulting from the use of two
sourcegVermeer, 2012)}owever, Hegna et al. (2001) show an example from offshore
Norway where higher fold leads to substantially better data quality. For more details

seismic data acquisition, the reader to congetimeer, (2012).

3.2.2. Seismic Data Processing

Seismic signals are generated by seismic energy sourceguffaidynamite and
vibroseis). These signals go into the earth and are reflected $arfiaee of the earth

where geophones or hydrophones are used to detect them. The detected signals are
amplified, recorded, and subjected to different types of seismic data processing. The
processed data in the form of seismic sections are then subseduerdd over to
interpreters who design geological models consistent with the seismic section. This
section briefly highlights some of the seismic data processing stages that constitute the
heart of most data processing. For more detailed on seismigrda&ssing, the reader

should consultYilmaz, 2001 Sheriff and Geldart, 1995).

3.2.2.1. Demultiplexing

In the early days of digital recording, field data were recorded in multiplex form (i.e.

order in sample time). To be able to process these dathdldy be in trace or channel
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order. This sorting process is known as demultiplexing. Today, however, this should be
necessary when reprocessing very old data, since modern seismic recording systems
supply field data in demultiplexed form. Demultiplexirg usually carried out by
computer program which sorts out given values into sequence for separate channels
(Yilmaz, 2001) The Uni t &dcietys of &xporation Geophysicists (SEG)
provide specified standard data file formats (SEG which is the malscommon
standard datéile format data are ordered into timg¢hen offsetsequential traces,
including header lines to each trace with all position coordinategacquisition details

(Barry, 1975).

3.2.2.2. Amplitude recovery

The measured amplitudes are in digital counts, but for any given reflection event will
decrease with increasing recorded time (TWT or-tvay-time) and offset for three

main reasons: intrinsic attenuation, energy partitioning at interfaces, or refleatidity
geometricspreadingor spherical divergend®’ilmaz, 2001) The decreased amplitudes
during data acquisition must be restored so that reflections can be seen and analysed.
Amplitude recovery tools include Automatic Gain Control (AGC) and Vel&gagel

Scaling (Ursin 1990).

3.2.2.3. Pre-Stack Deconvolution

Deconvolution is a process that improves the vertical resolution of seismic data by
compressing the basic wavelet, which also increases bandwidth of the wavelet. In

addition tocompressing or shortening reflection waveléeteconvolution can also be
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used to attenuate ghosts, instrument effects, reverberations, and multiple reflections

(Gadallah and Fisher, 1999)

A seismic trace can be modelled as the convolution of the inpodtsig@ with the
reflectivity function of the earth impulse response, including source signature,
recording filter, surface reflections, and geophone respdhgealso includeprimary
reflections (reflectivity series), multiples, and all types of ndisgeconvolutionwas
completely successful in compressing the wavelet components and attenuating
multiples it would leave only the reflectivity of the earth on the seismic trace. In so
doing, vertical resolution is increased, and earth impulse response or reflectivity is

approximately recovered (Sheriff and Geldard, 1995).

3.2.2.4. Frequency Filtering

The piocess of eliminating frequencies that do not carry seismic information is called
filtering. Frequency filtering can be in the form of bgraks, bandeject, and high

pass (lowcut), or lowpass (higkcut) filters. All these filters are based on the same
principle. Bandpass filtering is used because a seismic trace typically contains some
low frequency noise, such as ground roll, and some-fnggluency ambient noise
(Yilmaz, 2001). The usable seismic reflection energy usually is confined to a bandwidth

of approximately 10 to 70 Hz, with a dominant frequency aroundzZ3(¥ilmaz, 2001).

Bandpass filtering is performed at various stages in data processing. If necessary, it
can be performed before deconvolution to suppress remaining ground roll energy and
high-frequency ambient noise that otherwise would contaminate signal autocorrelation
(Yilmaz, 2001). It is a standard practice to apply a twaBant banepass filter to
stacked data to pass higher frequencies shallow in the section and lower frequencies a
greater depths (Yilmaz, 2001).
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3.2.2.5. Velocity Analysis

Velocity analysis is very important in reflection processing because once optimum
primary velocity is computed, Normal Moveout (NMO) corrections can be applied to
Common MidPoint (CMP) gathersyhich is concurrently stacked making signal stack

in phase and noise out of phase thus increasing the-signaise ratiqYilmaz, 2001)
Normal moveout is the basis for determining velocities from seismic data, computed
velocities can be used to corréat normal moveout so that reflections are aligned on

CMP tracegSheriff and Geldart, 1995).

3.2.2.6. Multiple Suppression

Multiples are events which are reflected more than once between layers. They are a
major problem in many areas and can seriodstyrade the usefulness of the data. The
three most used methods to eliminate multiples armaoag-out differences against the
primaries, b)eriodicity of the multiples, and dmageprocessing techniques (Sheriff

and Geldart, 1995).

3.2.2.7. Seismic data migration

Mi gration is a Areposit i oeflectiogto heirpropers s 6 0,
places with their corre@mountof dips. This results in a section that more accurately
represents a crosection of the earth, delineating sutiage details such as fault
planegYilmaz 2001).A vertical seismic section represents a cross section of the earth.

It appears more like the real earth when layers are flat and much like it when they have
gentle dip. Withgreaterdip, the reflections are not where they are supposed to be in the

Earth and hence, have differerdip values. In addition, iegularities on a reflection
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produce diffracted waveletwhich interferes with the reflection on a seismogram
(Sheriff and Gelddy 1995). On seismic sections, these diffractions produce arc like
patterrs (diffracted wavelet) creatg an image that could be mistaken for an accurate
reflector. Henceseismic datanigration involves repositioning data elements to make
their locationsappropriate to the location of the associated reflectors and to remove

diffracting images from the section (Sheriff and Geldart, 199&az 200).

The need to migrate seismic data to obtain structural picture was recognised at the
beginning of seismicgloration. Generally, migration is based on the premise that data
elements represent primary reflections or diffraction. The need for migration is usually
judged by examining a seismic section. Where dipping images and diffraction images
are found, migrabn is recommended. The quality of such a seismic section is

considerably improved by modern migration processifign@z, 2001;Levin, 1971).

3.3. Seismic resolution

Seismic resolution is one of the key parameters used to assess the quality of seismic
data ands related to the ability to recognise two points that are close to each other, and
can still be detected (Yilmaz, 2001). In other words, seismic resolution is the
measurement of how small a geologic feature, such as the thickness of a sedimentary
bed, or a fault, can be distinguished in a seismic dataset (Zhou, 20driyal
resolution, ado called temporal or depth resolution, quantifies the closeness of two
reflectionsand constrain fault analyses through detailed mapping of fault throws alone
fault planes(See section 7.5)Yilmaz, 2001). The vertical resolution is determined
along the dection of wave propagation by a reflected pdissgth on the seismic

profile, and it is measured in terms of wavelength (Kearey et al., 2013).
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Seismic wavelength varies from around 40 m in the shallower parts of seismic volumes

and 250 m at depth (Braw 2011). These values show an increasing tendency with

depth since the velocity becomes higher at depth due to the effects of sediment
compaction, and frequency decreases progressively due to wave (signal) attenuation
(Kearey et al., 2013). As the resadut decreases with increasing wavelength, it is noted

that the resolution deteriorates with depth. Sheriff and Geldart (1995) stated that the
maximum possible resolution for a reflected pulse, represented as a wavelet, varies
betweenonguart er oreeV ¢htmn@da/ 8) of the domi na
Typically, onequarter of the wavelength is assumed by many authors as the preferred
maximum resolution (Brown, 2011; Hart, 1999; Kearey et al., 2013; Liner, 2004;

Yilmaz, 2001; Zhou, 2014).

The thresht for vertical resolution may depend on the noise level of the data allowing,
for exampl e, rock | ay emaybewatectdd (Yamaz, RG0LY.k ne s s
However, the seismic amplitude and frequency may vary below the conventional limits
of the seismic resolution, indicating the possibility of recovering the frequency beyond
the seismic data bandwidth and inferring layer thicknesses below the seismic sample
rate (Yilmaz, 2001)The detection of smaller features on seismic data can be achieved
by increasing the dominant frequency of the stacked seismic data, either by recording
or by processing the raw seismic data (Yilmaz, 2001). During the recording of seismic
data, it is necessary to use adequate receiver arrays and antialiasing filtees o ord
prevent and reduce the loss of higbquency signal due to the statics. During the
processing of the obtained data, the primary concern is the removing of any statics that
can reduce the higliequency signal before stacking the data and with thegovation

and display of the highrequency signal. Deconvolution is the tool used to ensure that

the highfrequency signal is displayed on the stacked data.
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The horizontal or lateral resolution defines how close two points can be and still be
recogniseds two individual features, rather than one (Yilmaz, 2001). Compared to the
vertical resolution, the quantification of horizontal resolution in more complex, as it is
necessary to consider the detector (hydrophone) spacing and the properties of seismic
wawves (Kearey et al., 2013). The detector spacing is related to the position of the
hydrophones as previously discussed in tt}
must be kept closely from each other to make sure the reflection will be reliably

correlatel, as horizontal resolution decreases with reflection depth.

From Figure3.4 it is noted that reflections must be spaced at a distance that is equal to
half the detector spacin§eismicwave properties, such as the dominant frequency, the
depth of the réecting interface, and the velocity aboaeseismicreflector, must be
considered when quantifying horizontal resolution (Kearey et al., 2013; Yilmaz, 2001).
The seismic reflection method is better described when considering an infinite number
of rays traelling down onto a horizontal reflector through a circular area called the
Fresnel Zone (Fig. 3.5). The Fresnel Zone is also the horizontal resolution limit of the
seismic data, defined by the energy that returns to the seismic detector withialfone

of the wavelength of the primary wave front. This is the-half’elength constructive
condition necessary to reflect a coherent seismic signal (Kearey et al., 2013; Liner,

2004; Zhou, 2014).

The size of the Fresnel Zone is related to the reflector depthlddrhmant frequency

tends to be lower with depth after considering the effects of attenuation. This leads to

an increase in wavelength and in velocity of seismic waves with depth, which
consequently results in a lower seismic resolution (Brown, 2011; Keara., 2013;
Liner, 2004). The width of the Fresnel Zo

the source, and to the reflector depth (z) as expressed in Equation 3.3.
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Equation3.3

The I imit of the receiveroés horizont al re
Fresnel Zone, as closely spaced features separated at depth laypeedsshaller than

the Fresnel Zone cannot be distinguished (Liner, 2004). The lateral resolution limits of

the Fresnel Zone apply to seismic data that are not migrated. Seismic data must be
processed and migrated to produce a 3D volume or cube, whictbevifurther

interpreted. Data processing consists in the collection of seismic reflection events
falling into the same area, the common midpoint (CMP) gather, to create a CMP stack

that will improve the signalo-noise ratio (Yilmaz, 2001; Zhou, 2014).

Migration of the stacked seismic data is another essential step in the processing
sequence and involves the movement of dipping events to their correct position, rather
than their recorded location. In addition, data migration focuses seismic energy that i
spread over the Fresnel zone and collapses diffraction patterns from points and edges
(Bacon et al., 2007). The Fresnel Zone is, thus, ideally reduced to a circle with a radius
of a quarter the wavelength, as showed in Fig. 3.5. In practice, howevenpite likely

for the Fresnel Zone to be reduced to approximately half of the radius (Brown, 2011).
Data improvements resulting from the migration of seismic data include a reduction in

noise and a relative increase in horizontal resolution.

3.4. Overview of seismic dataset used

This section gives an overview and description of the-héglolution 3D seismic

datasets used in this studihe datasets include: Espirito Santo Basin (SE Brazil),
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Fig. 34. The Fresnel Zone, or the horizontal resolution of the seismic data
energy that returns to the seismic detector is half the wavelength of the de

spacing(Kearey et al., 2013).
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Pre-migration Fresnel Zone

Post-migrated Fresnel Zone (A/2)

[dealised 'post:-mi gration
Fresnel Zone (A/4)

Fig. 35. The large circle represents the Fresnel Zora poidata migration. The
oval red form is the Fresnel Zone after migration, which shows the wavel
reduced by half. The black dot located in the centre of the circle represer
idealised postnigration of the Fresnel Zone, with the wavelength cediuby a

guarter (Brown, 2011).
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Broad Fourteens Basin (Southern North Sea) and Nankai accretionary prism (SE Japan)
seismic surveysThe datasets include: Espirito Santo Basin (SE Brazil), Broad
Fourteens Basir{Southern North Sea) and Nankai accretionary prism (SE Japan)
seismic surveysSpecific details of seismic dataset related to each result chapter are

also provided in the corresponding Chap#r5 and 6

3.4.1. Espirito Santo Basin (BES-100)

The seismic blockBES-100) used in result chapter 4 was acquired 60 km from the
coastline of the Espirito Santo Basin (offshore Southeast Brazil), approximately
between 19%-20.5N and 38.8-39.9F, covering an area of about 2,450%kmithin

a range ofvater depths between 700 m and 1970 m (Fig. 2.1).

The seismic dataset was acquired by C@&bitas using CGG $larmattan seismic
vessel. The vessel towed two sources and six streamer cables (2/6). Each cable is 5700
m long separated by 50 m interval fromeocanother. This survey layout has aféld

of coverage (Eqgn. 3.2). The inlines and crosslines of the seismic base map ranges from
2000 to 6600 (i.e. 460nlines) and 840 to 4250 (i.e. 34drbsslines) respectively, with

equal spacing of 12.5 m betwedretlines. The inlines trends in the-B/direction

perpendicular to the crosslirgahirection.

The seismic dataset was originally acquired using 2 milliseconds sample interval, and
later resampled to 4 milliseconds sample intervals. The seismic datasstrejpsase
processed and migrated using Stolt, 3D-gieek time migration algorithm. It display

a normal positive polarity (European convention) so that an increase in acoustic
impedance is represented by a peak on the seismic sections. The seisraichdatas

total available record length of about 5.0 seconds deep.
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3.4.2. Broad Fourteens Basin

Threedimensional (3D) seismic and borehole data from the Broad Fourteens Basin,
Southern North Seaere used ilChapter 50 investigate the geometry and reactivation
history of faults that resulted from tectonic inversion. taga were acquireth the
northern end of the Broad Fourteens Basin, offsfite Netherlands, between 5%3.1
53.FN and 3.8-4.2°E (Fig. 2.4) The suvey coversan approximated area of about 845

km? in a shallow water depth of 37.7 m.

The seismic datavere recordedvith a 2 ms vertical sampling interval, and a 12.5 x
12.5 m bin size, providing a maximum lateral resolution of 12.5 mast zerephase

time migrated and displayed with a normal positive polarity, so that an increase in
acoustic impedance is represented by a peak (red seismic reflection). A decrease in
acoustic impedance is represented by a trough (black seismic reflection) (SEG
European Covention; Brown, 2003). The vertical scale of the seismic data is in two
way travel time (TWTT), up to a recording length of about 3.5 seconds. The vertical
seismic resolution for the target intervals in Late Mesozoic to Paleogene sirata is

m, based o dominant frequency of 40 Hz and an average veloc850m/s.

3.4.3. Nankai Trough accretionary prism

Threedimensional (&D) prestack depth migrated seismic data were used in result
chapter 6. The data were acquired in the outer wedge regibe Niinkai accretionary
prism, SE Japan, between 3333.2N and 136.8136.8E (Fig. 2.6). The survey area
is oriented at 330and covers an area of approximately 12 km by 23 km in water depths

ranging between 2500 m and 5000 m (Fig. 3). The seismic data was acquired using dual
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airguns and an array of 4 x 4500 long streamers spaced at intervals of 150 m. This
configuration provied a 36fold coverage, and a maximum lateral resolution of 12.5

m. Data were recorded with a 2 ms vertical sampling interval, and a 12.5 x 18.75 m bin
size. The seismic data was zgiwase prestack depth migrated (Moore et al., 2009),

and displayed with anormal positive polarity (European convention), so that an
increase in acoustic impedance is represented by a red seismic reflection. Vertical
seismic resolution approaches 6 m in shallow slope basin sediments based on the
dominant wavelength of approxitety 24 m (Alves et al., 2014), whereas vertical
resolution in the overthrusted sediments approaches 14 m based on the dominant

frequency of 40 Hz and velocity of 2200 m/s.

3.5. Seismic data interpretation

Seismic data interpretation is a fundamental constituent of this thdsish was
undertaken in the 3D Seismic Lab, Car di
software Seismic data interpretation session usually begins with viewing selected
inline andcrossline sections to acquire a regional understanding of the subsurface
structural features. Data visualization techniques hold vast potential for improving both

the quality and efficiency of seismic interpretation. The interpreter can develop a quick
understanding of the structural settjrige. relationships between horizons and faults

prior to any detail interpretation.

Visualisation of the seismic data is a valuable tool for data preview and interpretations.
Colour, shaded, -B perspective displayslaiv the integration of information from
horizon attributes and structure and interpretation of detailed faulting patterns. These

displays are also used to explore the relationship between reservoir horizons and fault
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surface structure and to integrate reeg property estimations with structure

(Geoffery et al., 1995).

3.5.1. Horizon and fault mapping

Several seismic reflections were mapped as horizons representing stratigraphic features
in the study areas. These horizons were manually interpreted. The line spacing chosen
to interpret each seismic horizon varied according to the structural complexity of
specific areas. Laterally continuous reflections were mapped using a coarse grid line
Sspacing or automatic pi cki rBguctdralycbnipex t h a't

areas were mgedusingafiner grid spacingi.e. from 5 to 1Gline spacing.

Manually picked seismic reflections were used as seed points for the automatic horizon
tracking. The autotracking (or autokicking) option on Petrel software consists of
distinct algorithm operations that seek to identify similar features in terms of pithse a
amplitude in surrounding seismic traces (Dorn, 1998; Hart, 1999). If the autotracker
finds similarities among neighbouring seismic traces, it will pick the trace and move on
to the next trace. If the search criteria are not met, the autotracker stbps teéice

(Dorn, 1998). In areas with relatively low sigriainoise ratios, or with geological
complexity, the autotracking option may face difficulties. Manual checking and
constant edits of the autotracked horizons are thus necessary to estabtiallya lo

continuous, reliable stratigraphic framework (Hart, 1999).

Fault interpretation follows a similar approach to horizon mapping. Rather than
mapping seismic reflections, this method revolves around mapping breaks or
displacements in seismic reflectthat are linear, crosscut, and offset packages of

seismic reflections. Faults are mapped from the point where there offset starts to where
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it ceases, and no offset is visible on the fault tips. Faults are picked manually, both
vertically and laterally bynoving between inlines and crosslines at intervals ranging
from 10 lines to 1 line to capture structural complexity and generate an accurate 3D

representation of the fault plane.

3.5.2. Seismic attributes

Seismic attributes are a valuable tool inititerpretation of seismic data as they can be
used to derive further information on the stratigraphic and structural nature of the
seismic dataset. InPetfel numer ous seismic attributes
The volume attributes used in ghihesis include coherence (variance) amolway-

time structural maps.

Variance (or coherence) maps are created from a seismic volume, meaning the model
produced has not yet been interpreted, and is therefore presented without any
interpretation bias. Til method uses algorithms to compare the similarity of adjacent
waveforms, converting the seisramplitude volume of continuity into a volume of
discontinuity (Brown, 2004). Therefore, it captures geological discontinuities along a
horizon, such as a fdal and channelsTwo-way-time structural map provide the

interpreter with a view of the topographic relief across the study area.

3.6. Faults throw analyses

Faults throw measurements along fault strike and fault throw measurements with depth
are keytechniques in fault analyses throughout this thesis. Tdepth T-z) and

throwdistance T-x) plots are interpretation techniques that document the growth

105

-
C



Chapter 3: Data and Methods

histories (both vertical and lateral) of a fault. Both techniques involve the analysis of

fault throw along a specific horizon.

Throw is measured by the distance between the top of a horizon on the haatjing

and the respective horizon on the footwadl, vertical component of dip separation
(Fig. 3.6). The depth is then taken at the top of tmzdo on the hangingvall. Throw

depth [T-z) plots are a collection of throw measurements taken at every resolvable
horizon intersecting the fault on a single seismic line. Thadtance T-x) plots are
fault-throw measurements on a single horizon taken at regular intervals along the fault
strike. Therefore, they document the throw gradients from both tips (where throw is 0

m) and the throw maximum (Fig. 3.6).

Throwdepth (Fz) plots were analysed to determinvhether a fault is blind or
comprises a growth fault, and if it had been reactivated (Walsh and Watterson, 1989;
Mansfield and Cartwright, 1996; Cartwright and Mansfield, 1998; Baudon and
Cartwright, 2008). A reactivated fault is considered to haveppstevertical throw

profile. If there is a throw minimum and a negative gradient across a stratigraphic
unconformity that has been offset by a f
l inkageo (Mansf i el dftha thw Hasa dtepgegrofildy but 1996
maintains a positive gradient, the fault is believed to have developed predominantly by

Aupward propagationo (Baudon and Cartwrig

Throw-depth (Fz) plots also offer information on the rock competence, nucleation,
growth, segmentain, and linkage of individual fault8&udon and Cartwright, 2008
Maunde and Alves, 2020piscrepancies in throw gradients commonly result from
mechanical heterogeneities, fault reactivation and fault segmentation (Childs et al.,

1996;Baudon and Cartwght, 2008;Laubach et al., 2009).
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Schematic sections showing fault throw (T) and depth (Z) measurements
and their corresponding T-Z plots

-a') Fault throw (T -a’
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Fig. 36. Schematic crossection through a simple normal fault showing points of fault trdlepth (FZ) measurements an
their corresponding throxdepth (FZ) plot. a) Gshape throw profileFault segment with local thromaximum in the throw
depth plotrepreserg the interval where fault nucleate firgthis segmenpropagates outwardmtil it encountered other pre
existing fault segments to link togethé) Throw-depth plotexhibits a regular upward decrease in throw valuesnaeidtain

vertical, positively stepped gradients, revealing the classical model for fault growth by upward prapagatio
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Throw-distance plots are used to develop models for lateral fault growth. They show
the geometric evolution of faults and the mechanical interaction between undeformed
rock and the fault at its lateral tips (Jackson and Rotevatn, 2013, Cartwright 898).

Idealistic faults have a central throw maximum, but this is often not the case. When
there are multiple peaks of throw maximum, the fault can be interpreted as having

grown by segment linkage (Cartwright et al., 1995).
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4 . | mpact of tectonic raftods gravi
geometry and growth histories

4.1. Abstract

The downslope gravitational instability of tectonic rafts can deform large volumes of
suprasalt strata on continental margins. Detailed mapping of fault throw and geometry
using threedimensional (3D) seismic reflection data from the-gah Espirito Sato

Basin (SE Brazil) shows that the complex fault geometries observed are primarily due
to downslope gravitational instability of tectonic rafts. Three main tiers of faults were
identified and their geometry analysed in detail. Tier 1 faults are assbuardtethe

initial stage of fragmentation of supsalt strata into individual blocks, or rafts, which

are separated by listric (roller) faults and associated minibasins. These faults comprise
closely spaced normal faults that resulted from eaterstrething of strata overlaying
discrete tectonic rafts. The faults accommodate a significant part of the bending strain
occurring in the hangingall blocks of roller faults, thus forming a curvpdlygonal
planform geometry adjacently to large roller faulger 2 faults are associated with a
renewed stage of downslope gravitational gliding of tectonic rafts. The progressive
bending of overburden strata during this stage led to the progressive faulting of
overburden strata by these faults. The faults complisely spaced normal faults with

a restricted range in fault strikes, forming a rectangpddygonal planform geometry

over rollover anticlines. Tier 3 faults are associated with a later stage of diachronous
grounding of tectonic rafts. Differences inetdegree of diachronous grounding of
tectonic rafts are responsible for the development of these faults and subsequent
shortening of the overburden strata. These faults comprise densely spaced set of normal

faults with diverse range of fault strikes, fang an irregular polygonal planform
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geometry over rollover anticlines. The interpreted fault tiers show fault throw maxima
ranging from 50 m to 60 m, spacings of 1820 m and trace lengths of T850 m.

The interpreted fault tiers were reactivated, amadrthrowth is characterized by fault
segment linkage. The diachronous downslope translation and grounding (welding) of
tectonic rafts on subalt strata was an important process controlling the degree of
deformation off Espirito Santo. Successive episaafefault reactivation, and the
subsequent generation of salt welds below tectonic rafts, potentially formed large
conduits favouring fluid migration and the generation of hydrocarbon traps in supra

salt strata.

4.2. Introduction

The proximal continentallgpes of salrich continental margins, such as offshore
Angola Congo and southeast Brazil, are characterised by-ta@e withdrawal and
downslope movement of salt under deltaic wedges (Demercian et al., 1993; Cramez and
Jackson, 2000; Fort et al., 2Q@4ves et al., 2009). This process triggers gravitational
instability and has led, in the past, to the fragmentation of smgitrastrata into
individual blocks, or rafts, separated by listric (roller) faults and associated minibasins.
In places, these dgmented blocks of strata (rafts) are overlain by wide rollover
anticlines (Duval et al., 1992; Cramez and Jackson, 2000; Alves, 2012). Importantly,
the continuous downslope translation and grounding of rafts abowv&aiulmits have
induced a continuumfaverburden deformational styles not only in southeast Brazil,
but through vast areas of West Africa (Duval et al., 1992; Gaullier et al., 1993; Mauduit
et al., 1997; Penge et al., 1999; Alves, 2012; Pilcher et al., 2014). It also led to: a)
significant sibsidence in extensional basins located updip from moving rafts, b) the

development of large listric (roller) faults controlling seafloor topography during-supra

111



Chapter 4: Impact of tectonic rafts gliding on fault reactivation

salt extension, c) the development of growth strata infilling the accommodation space
createdby raft movement, and d) the development of reactivated structures, which at
places developed into payp structures and wide rollover anticlines -gavallel to the

strike of individual rafts (Alves, 2012).

On the continental margin of southeast Braafodmation driven by the gravitational
gliding of rafts has been a relatively continuous process. Local tectonic shortening
began early after the deposition of supadt strata and continued unabated up to the
present day. However, individual rafts ceassal/ement at different times depending

on their geometry, salt supply and overburden thickness (Fiduk et al., 2004; Alves,
2012; Piedade and Alves, 2017). Earlier studies on tectonic rafts considered that
differences in supraalt overburden thickness camraintain the downslope gravitational
gliding of rafts even if slope gradient is close to zero, if an efficient basal decollement
is present at depth (Duval et al., 1992; Gaullier et al., 1993; Mauduit et al., 1997,
Vendeville, 2005; Brun and Mauduit, 2009uch a story of gravitational gliding will

be potentially recorded by rollover faults, wide rollover anticlines, stratal shortening,
and associated salt structures. For instance, Alves (2012) reported that distinct tectonic
episodes of gravitational giiy in tectonic rafts controlled the Late Cretaceous
Paleogene evolution of the basin, inducing local shortening, wide rollover anticlines

and fault reactivation.

Fault reactivation has been described as reflecting the further propagation of pre
existing faults after a significant period of quiescence (Cartwright et al., 1995;
Mansfield and Cartwright, 2001; Peacock and Sanderson, 1991; Baudon and
Cartwright, 2008).The classical model for fault reactivation assumes upward

propagation from prexisting structures as faults are generated at depth (Richard and
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Krantz, 1991). The early fault growth model of Barnett et al. (1987) initially favoured
the development of isated normal faults propagating in a radial direction and records
no migration of maximum displacement points. Recent work has focused on
documenting changes in the dimensions and absolute fault displacements to build more
reliable faultpropagation model@Cartwright et al., 1995; Mansfield and Cartwright,
2001, 1996; Cartwright and Mansfield, 1998). It is now recognised that larger faults are
a result of fauksegment linkage associated with propagation in both the vertical and
horizontal directions (Castright et al., 1995; Mansfield and Cartwright, 2001; Peacock
and Sanderson, 1991; Dawers and Anders, 1995). Morley (1999) argued for an early
linkage of multiple smaller faults, rather than growth following the isolated fault model.

A supplementary model ag presented by Lohr et al. (2008), who demonstrated that
most faults grow by the coalescence of multiple smaller fault segments, whereas tip
propagation is of relatively minor importance. Acknowledging this latter process of
fault growth, Cartwright et al(2000) and McLeod et al. (2000) defended that the

geometry of large faults is essentially controlled by existing small fault segments.

This chapter aims at understanding the effect of gravitational gliding of rafts on fault
reactivation and the subsequiegeometry of rollover anticlines developed above
tectonic rafts. Using a highuality 3D seismic dataset from the Espirito Santo Basin,
offshore southeast Brazil, resultsre extrapolatéo other sakrich continental margins
where similar phenomena haweecurred (e.g.offshore AngolaCongo, North Sea,;
Duval et al., 1992; Mauduit et al., 1997; Cramez and Jackson, 2000). Thobabtisr

aims to address the following questions:

a. How are faults over rollover anticlines reactivated in areas dominatedftoy ra

tectonics?
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b. Does the geometry of faults over rollover anticlines document discrete episodes of
gravitational gliding?
c. What are the modes of fault propagation developing during the gravitational gliding

of tectonic rafts?

To simplify the analysis in thischapter eight age constrained stratigraphic
unconformities in Cretaceous and Cenozoic strate mapped These unconformities
truncate the interpreted fault families, thus allowing for the relatively dating of fault
movement below and above theffig. 4.2). Fault growth historieswere further
assessethrough the collection of fault displacement data (Pela@nd Sanderson,
1991, Cartwright and Mansfield, 1998; Mansfield and Cartwright, 2001; Stewart, 2001;
Morley, 2002; Peacock, 2002; Baudon and Cartwright, 2008; Zhang et al., 2011; Anette
et al., 2013). Throvdepth (FZ) plots offer information on the nwetion, propagation,
segmentation, and linkage of individual faults, providing at the same time important
data for fault seal prediction (Stewart, 2001; Koledoye et al., 2003; Faulkner et al.,
2010). In parallel, throw gradients have been used to assesslehof lithology and
tectonic reactivation on the growth of faults (Cartwright and Mansfield, 1998; Baudon
and Cartwright, 2008), as discrepancies in throw gradients commonly result from
mechanical heterogeneities, fault linkage and fault segmentaBaond6n and

Cartwright, 2008).

4.3. Chapter-specific dataset and methods

4.3.1. Dataset

The seismic block (BE300) investigated in thishaptercovers an area of 2,450 km

of the Espirito Santo Basin, in water depths ranging between 700 m and 1970 m (Fig.
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2.1). It was acquired using dual airguns and an array of 6 x 5700 m long streamers. Data
were recorded with a 2 ms vertical sampling interval, and ax1i?25 m bin spaang.
This configuration provides a déld coverage and a maximum lateral resolution of

12.5 m.

The seismic dataset was zgrioase migrated using a 3D Stolt prestack time migration
algorithm. It displays a normal positive polarity so that an increase onsac
impedance is represented by a peak and is red on the seismic sections. The vertical scale
of the seismic dataset is tweay travel time (TWTT) and, for thishaptey was limited

to a recording length of about 5.0 s (Fig. 4.1). Velocity informatidained from Alves

(2012) was used in the depth conversions indhapter(Fig. 4.1). Based on a velocity

range of 1900 2700 m/s, and the dominant frequency content of the seismic dataset
(40 Hz), vertical seismic resolution ranges between 12 m ifmogh&lenozoic strata

and 17 m at Cretaceous level. Stratigraphic information from Franca et al. (2007) and
Alves (2012) was used to identify, date, and correlate the interpreted seismic horizons

across the study area (Fig. 4.1).

4.3.2. Methods

Horizonsand aul t s wer e mapped using Schlumberg
the entire seismic volume was visually scanned and inspected to assess data quality and
develop a quick understanding of main structural features in the study area, e.g. main
relationdips between sedimentary units and structures. The overall quality of the
seismic dataset is good. However, some of the reflections are weak and chaotic within
Cretaceous strata (Unit S4) (Figs. 4.2 and 4.3). As a result, eigltoagiained

seismic unis were mappedand correlated them with stratigraphic data in Franca et al.

(2007) (Fig. 4.1). For the purposes of thisaptey the interpreted seismic unitgere
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groupedinto two main seismistratigraphic packages: Cretaceous and Cenozoic (Fig.
4.1). TheCretaceous strata is crossed by seismic horizons H1 to H5, which span from
the Aptian (118.5 Ma) to the Maastrichtian (67.2 Ma). Cenozoic strata -digded

by seismic horizons H6, H7 and theafloor spanning the Paleocene (67.5 Ma) to the

Holocene Fig. 4.1).

Distinct normal faults, including roller (listric), rollover, reactivated, radial and
concentric faults, were imaged on TWTT structural maps (Figs. 4.4 and 4.7). A major
advantage of the study area is that wielted Late Cretaceous to Miocene
unconformities truncate the interpreted fault families, thus allowing to relatively date
the periods of fault movement below and above these unconformities. The growth
histories of these fault families were investigated by measuring their throws at regular
intervals of 25 m along the strike of faults, except for large listric faults, which were
measured at 125 m intervals. This complied with the minimum sampling interval of
Tao and Alves (2019). The length of the interpreted faults ranges froml22eR2 m

with maximum fault throws of 5630 m (Table 1). The measured throw values were
plotted against depth to assess the vertical and lateral growth histories of faults in the

study area (Figs. 4.8.11).

Throw-depth (FZ) plots were analysed to determine ez a fault is blind or

comprises a growth fault, and if it had been reactivated (Walsh and Watterson, 1989;
Mansfield and Cartwright, 1996; Cartwright and Mansfield, 1998; Baudon and
Cartwright, 2008). A reactivated fault is considered to have a stegvadal throw

profile. If there is a throw minimum and a negative gradient across a stratigraphic
unconformity that has been offset by a f

l'inkageo (Mansfield and Cart wr i fjehbut 1996

116



Chapter 4: Impact of tectonic rafts gliding on fault reactivation

maintains a positive gradient, the fault is believed to have developed predominantly by

Aupward propagationo (Baudon and Cartwrig

Uncertainties associated with the measurement of-flandtv values may arise from

the vertical samplingate. The sampling interval, rather than the vertical stratigraphic
resolution, determines accuracy when matching two correlative seismic reflection
peaks or troughs (Baudon and Cartwright, 2008). An uncertainty in the positions of
stratal terminations do@stroduce a minimal error associated with the position in depth

of the recorded displacements. This is a function of the frequency content of the seismic
dataset (Mansfield and Cartwright, 1996). Errors associated with spurious velocity
estimates may alsaffect the throw values when converted to meters. Vertical sampling

for the interpreted seismic volume is 2 ms.

4.4. Interpreted seismic units

Eight seismic units bounded by Late Cretaceous to Pliocene unconformities were
mapped and correlated witttratigraphic data from Franca et al. (2007) and Alves
(2012) (Fig. 4.1). The interpreted seismic units are grouped into two main stratigraphic

seismic units, Cretaceous and Cenozoic (Fig. 4.1).
4.4.1. Cretaceous seismic units

The Cretaceous seismic unit®re named Units S1 to S5, and range from Aptian to

Maastrichtian in age (Fig. 4.1).
4.4.1.1. Unit S1 (Early Aptian to middle/late Aptian)

Unit S1comprises the syrift 1l sequence and the early past sequence (Fig. 4.1).
The unit is bounded by the Alagoas unconformity at its base and by evaporites (Unit

S2) at its top (Fig. 4.1).
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Fig. 4.1. Seismiestratigraphic correlation between the ipteted postift seismic units and stratigraphic ages, tecto
phases/megasequences and unconformities related to regional tectonic events in the upper slope (extensiong
the Espirito Santo Basin (modified from Franca et al., 2007). Velocfoynmation taken from Alves (2012
Deformation episodes in the Central Andes are based on Megard (1984) and -®edaigki (2010).
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Unit S1 belongs to the upper Nativo Group (Mariricu Formation) and comprises
conglomerates, sandstones and shales deposited in lacustrine and sabkha environments
(Franca et al., 2007). The unit comprises moderate to high amplitude, low frequency

reflectiors (Fig. 4.1).

4.4.1.2. Unit S2 (middle/late Aptian to Early Albian)

Unit S2 comprises main salt structures (e.g., salt rollers, pillows and diapirs) in the
study area (Figs. 4.2 and 4.3). The lower boundary of the unit (top of earyifpost
sequence; Unit S1) consists of an irregular reflection of moderate to high amplitude. Its
upper boundary coincides with the first continuous fagtplitude strata (carbonate
platform; Unit S3) covering Unit S2 (Figs. 4.2 and 4.3). In the study area, DJfoti@s

triangular salt rollers and vertical diapirs (Figs. 4.2 and 4.3).

4.4.1.3. Unit S3 (Early Albian to Cenomanian)

Unit S3 comprises higamplitude, lowfrequency seismic reflections and was
deposited above the evaporites in Unit S2 (Figs. 4.2 &)d¥he top of the unit is an
angular unconformity in the proximal regions of the Espirito Santo Basin, changing
laterally into a paraconformity in deeper waters (Franca et al., 2007). In the study area,

Unit S3 is fragmented into discrete tectonic rafig$. 4.2 and 4.3).

Unit S3 is part of the Barra Nova Group, which includes tieMNateus and Ré&gcia
Formations, with siliclastic and carbonate rocks deposited from the Albian to the
Cenomanian on a shallow shelf (Franca et al., 2007). BoeMateus Brmation
consists of sandstones deposited in a proximal marine setting over a succession of

shales, siltstones and carbonates (Franga et al., 2007).
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The Re@ncia Formation includes a relatively thick carbonate sequence comprising
limestones, carbonate nmatdnes, and wackestones with ostracods, gastropods and
pelecypods fragments deposited in distal parts of the Espirito Santo Basin (Asmus et
al.,, 1971). The Barra Nova Group is bounded at its top by thdJRtuca

unconformity (Franca et al., 2007) (Figl).

4.4.1.4. Unit S4 (Cenomanian to Santonian)

Unit S4 comprises continuous, leamplitude reflections (Figs. 4.2 and 4.3). The unit

is locally deformed by closely spaced normal faults. The lower boundary of the unit is
sharp, and marked by growth ontwjor regional and counteegional roller faults
above Horizons 2 and 3 (Fig. 4.3). The upper boundary of the unit (H4) is an irregular
high-amplitude reflection representing an unconformity of Santonian age (Franca et al.,

2007).

Unit S4 is part of théower Espirito Santo Group and Urucutuca Formation, comprising
shales interbedded with conglomerates, limestones, and sandstones deformed from the
Cenomanian to the Coniacian due to halokinesis (Franca et al., 2007). On the distal
margin, dark shales as@nds have been described by Cainelli and Mohriak (1999) and

Franca et al. (2007).

4.4.1.5. Unit S5 (Late Santonian to Maastrichtian)

Unit S5 comprises lownoderate amplitude strata above Unit S4. The lower boundary
of the unit is marked by an unconforgnitelated to the incision of a Late Cretaceous
channel system (horizon H4Golfinho Field; Vieira et al., 2007; Alves, 2012) (Fig.
4.4). This same boundary (H4) is marked by the appearance ofamgltude

reflections above a faulted succession that signewth of strata onto roller faults (Fig.
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4.3). A regional unconformity of Late Maastrichtian age marks the upper boundary of

the unit (Vieira et al., 2007).

Unit S5 comprises the middle portion of the Urucutuca Formation (Fiduk et al., 2004,
Franca etal., 2007) (Fig. 4.1). During the Coniacidfaastrichtian, the Urucutuca
Formation recorded the deposition of sandy turbidites sourced by the Fazenda Cedro
and Re@ncia palaeocanyons (Franca et al.,, 2007), leading to the accumulation of
turbidites at its Ase and predominantly shales and sandstones in proximal parts of the
basin (Franca et al., 2007). Unit S5 correlates with the topmost Cretaceous strata

mapped in the study area (Fig. 4.1).

4.4.2. Cenozoic seismic units

The Cenozoic seismic units compribe S6 to S8 units, which span the Paleocene to

Holocene (Fig. 4.1).

4.4.2.1. Unit S6 (Paleocene to Early Eocene)

Unit S6 is shown as a unit with higtmplitude reflections that are locally deformed by
closely spaced normal faults (Figs. 4.2 and 4.3)oit®r boundary coincides with an
unconformity of Maastrichtian age (H5; Fig. 4.1). The upper surface of the unit is
marked by another regional unconformity above which moderately faulted high
amplitude strata were deposited (H6). In Unit S6, the volasticl Abrolhos
Formation is interbedded with thick turbidites forming channelised bodies whose
distribution was controlled by halokinesis (Cainelli and Mohriak, 1999; Franca et al.,

2007; Mohriak, 2003).
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4.4.2.2. Unit S7 (Eocene to Early Miocene)

Unit S7 is composed of prograding highmplitude reflections (Figs. 4.1 and 4.3).
Moreira and Carminatti (2004) relate this unit to successive regressive and transgressive
events affecting the Brazilian marginnit S7 comprises turbidite sands intercalated

with volcaniclastic deposits (Franca et al., 2007).

4.4.2.3. Unit S8 (Early Miocene to Holocene)

Unit S8 overlies Unit S7 in a concordant manner and is bounded at its toskbatioer
(Fig. 4.2). It consist of a package of high frequency, continuous and moderate to high
amplitude reflections (Fig. 4.1). The overall thickness of Unit S8 changes significantly

where erosion occurred due to the development of channel complex systems.

Unit 8 correlates with th&®io Doce, Caravelas and the upper Urucutuca Formations
(Franca et al., 2007). Strata in this unit comprise sandstones (Rio Doce Formation),
calcarenites (Caravelas member) and turbidite sands and marls (Urucutuca Formation)
(Franca et al., 2007). Thus, aie Unit S8 is eroded by submarine channels, mass
transport complexes and chanfitl deposits predominate in Miliocene and

younger strata (Franca et al., 2007).

4 5. Rollover anticlines and associated structures

Seismic imaging shows that teudy area is characterised by wide rollover anticlines
developed above tectonic rafts, tectonic rafts separated by large listric (roller) faults and
associated minibasins, rollover faults over wide rollover anticlines, salt rollers in the

footwall of listric (roller) faults, reactivated peyp structures and drag folds (Fig. 4.3).
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Fig. 4.2. a) Uninterpreted, and b) Interpreted seismic section across the stud)
The section highlights the large roller faults bounding Cretaceous minibasins, r
faults over rollover anticlines, withdrawal synclines adjacent to roller fault
diapir, tectonic rafts between and above salt structures. Tectonic raft 2 forms tf
of wide rollover anticlines. Tier 1, 2 and 3 faults dominantly cgshorizons H4,

H5 and H6, respectively. Salt rollers, diapirs and tectonic rafts occur in Units S

$3.MTDs - Mass Transport Deposits
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Fig. 4.3. a) Uninterpreted, and b) Interpreted seismic section across the
area. The section highlights larg#ler faults bounding Cretaceous minibasit
normal faults over rollover anticlines, drag folds adjacent to roller fa
tectonic rafts between and above salt rollers and local reactivatedpp
structures. Tectonic raft 2 forms the core of rollovdrcéines. Tier 1, 2 and &
faults dominantly crossut horizons H4, H5 and H6, respectively. The prese
of reactivated pojup structures in Paleogene strata (Unit S6), and the drag
adjacent to the roller fault, materialise the diachronous grourafingctonic

rafts. MTDs - Mass Transport Deposits
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