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Figure 2.25: Summary diagram of the timings of tectonic inversion identified within the European Plate. (Stratigraphic columns modified from Ziegler et al., 1987)

DCG (Danish Central Graben) ages from Cartwright, 1989; Vejbaek and Andersen, 2002 . DCT (Dutch Central Trough) ages from De Lugt et al., 2003. BF/WNB (Broad Fourteens and West
Netherlands Basins) ages from Haywood et al., 1989; Nalpas et al., 1995; Worum and Michon, 2005. SP (Sole Pit Basin) ages from Walker and Cooper, 1987. WB/CB (Weald and Channel Basins)
ages from Underhill and Stoneley, 1998; Blundell, 2002. WAB (Western Approaches Basin) ages from Holford et al., 2005. BCB (Bristol Channel Basin) ages from Holford et al., 2005. CSB (Celtic
Sea Basin) ages from Holford et al., 2005. CISB/ EISB (Central and Eastern Irish Sea Basins) ages from Green et al., 2001; Holford et al., 2005. LS (Lower Saxony Basin) ages from Ziegler, 1990.
NGB (North German Basin) ages from Ziegler, 1990. BM (Bohemian Massif) ages from Malkovsky, 1987. NDB (Norwegian-Danish Basin) ages from Hansen et al., 2000. MPT (Mid-Polish Trough)

ages from Dadlez et al., 1995; Lamarche, 2003.
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Two Way Travel Time (seconds)

Relief over crest of Zechstein salt diapir may be attributed
to: either salt uplift (e.g. due to Cenozoic compressional
squeezing); to differential compaction effects; or to both
processes. The contribution from differential compaction

has been modelled in Ch5 (see figure 5.2).

There is a thick lid of locally elevated strata above the
diapir, capped by pronounced onlap onto the top
Hordaland surface, rather than a gradual upward

reduction in fold amplitude. There is also the suggestion
of thinning in the neck of the salt diapir, with upward-
rotated onlaps of adjacent sediments. These observations
suggest Cenozoic compressional squeezing has occurred
(see figure 2.18).

land Reflections above top Humber are less asymmetric. They

e —__—m SR | _._“:___ ek g e / are typically concordant and indicative of passive infill not
g ' i S B a thermally subsiding basin.

Two Way Travel Time (seconds)

6

Figure 4.2a: Seismic cross segfion A-A’. Vertical scale is in TWTT but approximates to g two times vertical exaggeration.

The Zechstein diapir (Breiflabb South) is situated above a sub-salt extensional Asymmetric infill between top Zechstein and top Humber,
fault. From this single line interpretation it is not possible to determine whether the with sediment thickness in the hangingwall increasing
diapir's location is controlled by this fault, nor the extent to which the interpreted towards the fault. This is a syn-rift geometry that dates
fault offset is real as opposed to being an artefact of velocity differences between extensional growth on the fault to the post-Zechstein, pre-
the salt and non-salt layers. 3D interpretation has enabled the fault-salt relationship Cromer Knoll (i.e. Triassic and Jurassic) interval,

to be examined more thoroughly (see section 4.3.3 for discussion).



L e i

__L--_u ..-J-——-.-—-"-“

-

e e S

P

o

Two Way Travel Time (seconds)

e . e

emm _“.__.;LT#-.-——-_' -.41_1. ""»__:'-__'?-'IP o ——

6
1/6-3 T3
0 e T * 0
AT As with the diapir In figire 4.2a, thers Is a thick lid of ALBUSKJELL At Albuskjell a Lower Cretaceous thick forms a- ==
S s ? locally elevated strata above the salt crest, suggestive of structural high-and js-capped.by-ar -an_ﬂﬁper_u- = R
A salt uplift. Prominent onlaps have been labelled within the- - — Cretaceous and Cenozoic section that is thinner than
™ — e Hordaland and Nordaland Groups: the timi N — the regional average. This is indicative of Late = )
o with respect to the diapir in figure 4.2a is likely only partly Cretaceous- Early Cenozoic uplift (see figure 5.17 Localized Lower Cretaceous thick
§ e e e N Hordaland explamed by data uncertainty (see mage above) . and Ch5 text for discussion). i
e Phplasiabie = s s = i
& e s e e o —=
® Normal fault detaches on salt: evidence that salt presence e
£ _influenced the extensional development of the NCT, and ot
[ e Ll that salt movements were occurring at this (Ere— =Ll e R o b s k]
Tg“ - T T e - Cretaceous). time. e iy e
£
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2
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Figure 4.2b: Seismic cross section B-B’. The localized Lower Cretaceous thick on the NE part of the section
(labelled) is attributed to the collapse of a salt wall dividing two Triassic minibasins, creating accommodation
space at this time (see also figure 2.12).

'End Jurassic

W

Triassic /

minibasins

End Cretaceous
|

[R—

/

Remnant salt wall
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w

w

Delta diapir exhibits onlaps near base Nordaland

There is no direct evidence of compression/inversionat ~
Ekofisk on this line. However, compression is one
/ candidate explanation for the top chalk relief (figure 5.3).

-
1/9-5 (mid Miocene). Earlier onlaps are less clear, though
1/9-4 / data quality is a factor.
| 0

‘ — . = Z.—— TOMMELITENGAMMA ==/ - ~ — = - — T e e v

= Here, the post-salt, pre-Cretaceous section appears ; -‘-'"—"""f_:"ﬁ_. s S e Em s EKOFISK_ A e e o o e S SRS T
relatively isopachous, suggesting little salt movement at ' s Sl ey I e e e L e it e i e s o
| —thistime.-Indetail, however, this-interval comprises = : - ———————————————————
discordant seismic reflections indicative of structural -
- movements-oceurs W'—'} T topHordaland

__top Zechstein _

~ - - -t - - lop,

SRS 2 Delta diapir AP0 0

NE

Figure 4.2c: Seismic cross section C-C'. Tommeliten Gamma and Ekofisk labels mark the locations of Chalk Group oil (and gas) fields.
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ELDFISK

= =

L Ling

beneath this ridge varies along its
strike. Fault and salt interaction at the

The elevation of top Chalk strata at th

oY
rrmore

esnes Ridge, / _detail in Chapter 5 (see figures 5.9 _to

and further East near 2/8-2, can be attrib
=== . presence of underlyin

5.16, and figure 5.16 in particular)

1 — Piggvar fault: forms Eastern

margin to the Feda Graben (see
figure 4.3 for summary of
structural framework, as
established by this study)

Figure 4.2d: Seismic cross section D-D’.
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such onlapy may be attributable to” K ~ rather than local uplift. Piggvar fault, along with some salt

_to regional flt (down tathe NE) - - _Fold due to compressionondhe = =i o
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“lt‘ldl aWal UEIUVY

Fold due to underlying salt e
movements

Skrubbe
fault

_ \ 2 s
- \ | e toplonitand _ e TEa

Absence {
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TTace. Discordant, deformed seismic
rosion, withdrawal) rather than non-

bf Zechstein salt in well 2/9-3 on the

character injthe vicinity of the well indicates halite
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deposition.

Figure 4.2e: Seismic cross section E-E'. Shows the location of two timeslices through the ga3d93 survey posted in figure 2.16
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Figure 4.7: Top Humber Group TWTT horizon map (50ms contour interval). Pink blobs are salt structures that pierce the top Humber surface.
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Figure 4.11: Top Chalk Group TWTT horizon map (50ms contour interval). Pink blobs are salt structures that pierce the top Chalk surface.
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Figure 4.13: Top Rogaland Group TWTT horizon map (50ms contour interval). Pink blobs are salt structures that pierce the top Rogaland surface.
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Figure 4.15: Top Hordaland Group TWTT horizon map (50ms contour interval)
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a) Present Day

Growth of salt diapir has failed to keep pace with Cenozoic sedimentation.
The narrow neck of the diapir and relief at top Hordaland are attributed to
arlyl Cenozoic compressional squeezing

Depth/ m

B

Early Cretaceous sedimentation is at least partially attributed to
passive infill of relict end Jurassic topography

Depth/m | g o | |

Salt structure developed prior to end Jurassic, its location probably
controlled by the underlying basement fault. Subsequent diapir growth is

T ~ | attributed to passive downbuilding.

Depth/ m -

f) End Permian (Top Zechstein Group)

Original Zechstein thickness = 345m

Legend
Colour | Depth Coefficient | Porosity ‘r ':m
05L] 0630~ ppy Figure 5.2: Structural restoration of seismic cross section A-A’ (figure 4.2a) using 2dmove. Vertical and horizontal
051  0.63 6" Fax scales are equal.
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= 0716 sibasss The effects of compaction and isostasy, and faulting have been modelled for progressively older time steps.
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T same values were used for all shown restorations. Model layers are named and coloured according to their upper
0—'01 u‘ o L | — surface (a seismically mapped horizon). The B (stretching) factor records the amount of extension at top

== - O] s || 2 Rotliegend level since late Permian times. It is not possible to measure any shortening because the magnitude of

Top Rotliegend 0.27 0.49 | Young's Modubus | Fe+10

that shortening is significantly less than the magnitude of extension, and may have been substantially
accommodated by salt movement. ‘Original’ Zechstein thickness was calculated under the assumptions of
constant area (no salt movement perpendicular to the plane of section) and uniform initial thickness.
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el B (26" Figure 5.4: Structural restoration of seismic cross section E-E’ (figure 4.2e) using 2dmove. Vertical and horizontal
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. ::x The effects of compaction and isostasy, and faulting have been modelled for progressively older time steps.
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Figure 5.6: Structural restoration of seismic cross section I-I’ (figure 4.2i) using 2dmove. Vertical and horizontal
scales are equal.

The effects of compaction and isostasy, and faulting have been modelled for progressively older time steps.
Legend records the parameters used for decompaction and isostatic adjustment. The B factor indicates 2.7% net
extension since end Permian, and an original Zechstein thickness of 330m was calculated.
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Offset on the reverse fault, and asymmetry of the domed
sequence, is most pronounced where salt is least involved

Discrete doming within the top Rogaland to top Hordaland interval
interpreted as an Eocene-Oligocene pulse of compressional uplift

Us

Offset on the reverse fault, and asymmetry of the domed
sequence, is less pronounced where salt is most involved

e

— S —

w

Two Way Travel Time (seconds)

End Albian reconstruction

2A
7/
*\ /
Early Cretaceous syn-rift Salt thick adjacent to fault,

(predates compression)
to present day

Figure 5.8: Serial sections 2A2A’, 2B2B’, 2C2C’, and 2D2D’. The top Chalk high
is the structural trap for the Tor field and has been drilled at 2/5-1.
Geometries within the Chalk Group vary in relation to the underlying fault
and presence of Zechstein halite. Moving westwards from section 2A2A' to
2D2D’, salt involvement increases, Chalk Group onlaps become more
pronounced and occur at later times. Vertical scale in TWTT corresponds
approximately to two times vertical exaggeration.

but low in amplitude relative

2/5-7

top Hordaland

- top Rogaland

~ 1! top Chalk

-H top Hod Fm

R top Cromer Knoll

top Humber

top Zechstein

— top Rotliegend

End Albian reconstruction

7

Salt thick with associated End Albian relief (justified by onlaps onto this surface
in the present day section), but low in amplitude relative to present day
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Two Way Travel Time (seconds)

Onlap within Late Cretaceous section (Santonian/ Onlap within post-Palaeocene to Mid-Miocene Pattern of onlap onto the Mid-Miocene unconformity is Minor inversion of Early Cretaceous infill due to

Campanian); compressive pulse at this time section (~Late Eocene/ Early Oligocene); regionally consistent, indicative of a basin-wide down-to-the- Late Cretaceous contractional reactivation of
/i compressive pulse at this time east rotation rather than a pattern of localised onlap over the earlier normal fault (Piggvar fault)
2/8-14T2 top Chalk highs, which would indicate a compressive pulse

top Hordaland

top Rogaland
top Chalk

top Hod Fm
top Humber

top Rotliegend

top Zechstein
SW

0

Skrubbe fajt -

km 5

Figure 5.9: Section 3A3A Locus of maximum graben extension moves eastwards
(towards the Piggvar fault) at the time associated with this
unconformity (assumed Late Jurassic given its location within
the post-Permian, pre-Cretaceous sediment pile)

Early Cretaceous salt withdrawal beneath Lower Cretaceous thick; major phase of salt withdrawal
into the hangingwall diapir at this time. Subsequent topography over salt diapir due to combination
of: differential compaction; salt squeeze and consequent uplift; and tectonic inversion
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Two Way Travel Time (seconds)

6

In the case of salt absence, relief at top
Chalk is lower, with the fold axis more
closely aligned tﬁ the underlying fault axis

Early Cenozoic onlaps onto the
] Lindesnes Ridge (not shown)

2/9-1

“ Upper Cretaceousonlapsonto -~ — [~~~ =
- structural high in the immediate -5

-~ _hanging walllto the SKrubbe. s freme =
Fault, especially within the top

3

—

~— —Terrace due to halite removal (erosion/

dissolution) rather than non-deposition
(see also figure 4.2e)

R ;
. S

Skrubbe fau

top Zechstein B
- Piggvar fauf

e

S

Less thickness variation in the pre-
Chalk section because no salt

movements: this translates into less

structural variety in the post-salt section

|
| |

Postulated appearance of Lindesnes Ridge in the case of salt
absence from the immediate hangingwall to the Skrubbe fault

geometries can be predicted to be lower in amplitude, and more asymmetric.

top Hordaland

| top Rogaland
| top Chalk

4 top Hod Fm

1 top Humber

] top Rotliegend

Figure 5.10: Serial section 3B3B'. In the case of salt absence from the immediate hangingwall to the Skrubbe fault, top Chalk



Two Way Travel Time (seconds)

Area of salt present in the hangingwall to the Skrubbe Fault
differs significantly from that in sections 3A3A’ and 3B3B’
(figures 5.9 and 5.10). Geometry at top Chalk also differs

markedly. Along strike variability in salt involvement at the
Skrubbe Fault is examined in figure 5.16. \

Harpoon-shaped geometry of the top Cromer
Knoll is indicative of Cretaceous compression

Figure 5.11: Serial section 3D3D’. Relative absence of salt against the Skrubbe fault coincides with low top Chalk relief on the Lindesnes Ridge

O= — ——————————n — =
Lindesnes' Ridge : =
e e DR e ———
3 —_— —_— = — -“" ‘--1:._.-—_;-;;3-"”-"' ‘_‘:"‘__ e T
S _. e J : B
top Zechstein ~ 2
SW Skrubbe falyt = ~HE:
6L— —
0 km 5

top Hordaland

top Rogaland
top Chalk

top Hod Fm
top Humber
top Rotliegend
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Two Way Travel Time (seconds)

Salt presence in the immediate hangingwall to the Skrubbe
fault is minimal (compared with figures 5.9 and 5.10). A

2/7-9 candidate explanation is salt withdrawal into the Mode diapir.

p— e A — e e = S ——ie—aiet

- Saltisabsentinthe footwalltothe . |
Skrubbe fault (Grensen Nose) ~ . =~ 1=

e P ——————

~— Piggvar fault (Piggvar Terrace)
/

: /

/ ~——| top Hordaland

o /

T

- -] top Rogaland
tog C(h)glk
_ . === top Hod Fm
e S top Humber

top Rotliegend

Piggyar fault /

Skrubbe falit

Radial fault distribution (seen here in section). Faults within Hordaland sediments
Faults root above the crest of the salt diapir; a also observed away from salt high,
spatial link indicating causality. but geometries differ here.

Figure 5.12: Serial section 3E3E’. Caption illustrates pattern of faulting in lowermost Rogaland
sediments over crest of salt structure.

Concordant reflections SW of the
Piggvar fault, rotated by withdrawal of
salt into diapir to NE.

Strong impedance contrast associated
with top Rotliegend surface
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top Zechstein™ —~ -
- -"“_f."\_'-’

Two Way Travel Time (seconds)

Trud diapir Piggvar fault

_‘;Mode diapir

NE~

0 km 5

Figure 5.13: Serial section 3F3F'. Caption illustrates quality of cnsmerge seismic data on which
interpretation of salt-fault interaction beneath the Lindesnes Ridge is based.

Post-Zechstein, pre-Cretaceous
sediments rotated by Triassic-Jurassic
salt movements

top Hordaland

top Rogaland
top Chalk

top Hod Fm
top Humber
top Rotliegend



Two Way Travel Time (seconds)

w

2/7-19R

2/7-15

SW

e T
e

——

—— to p Cromer Kn

top Zechstein

Piggvar fault

Strong impedance contrast associated
with top Rotliegend surface

0

Figure 5.14: Serial section 3G3G’. Caption illustrates quality of cnsmerge seismic data on which
interpretation of salt-fault interaction beneath the Lindesnes Ridge is based.

That concordant reflections can be traced towards
the SW almost to the Skrubbe Fault indicates an
absence of salt in much of the hangingwall

top Hordaland

top Rogaland
top Chalk
top Hod Fm

top Humber
top Rotliegend
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Cretaceous hangingwall EE : o -, Uplifted-Cretaceous section
uplift | /Lindesnes Ridge ; over salt diapir ey <
; \ 7 ' L__,_z_,_,.w,:.::;

F‘. = e

Two Way Travel Time (seconds)

Piggvar fault

NE

when individual interpretations are iteratively adjusted

Strong impedance contrast associated
with top Rotliegend surface

Seismic transparency due to salt presence in hangingwall to Skrubbe fault. The
fault position has been interpreted from detailed 3D mapping. (While there is
positional uncertainty on any given section, this uncertainty reduces significantly

)

Figure 5.15: Serial section 3H3H'. Caption illustrates quality of cnsmerge seismic data on which
interpretation of salt-fault interaction beneath the Lindesnes Ridge is based.
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Two Way Travel Time (seconds)

1/6-1

1/6-3 T3

4B’

4C’

Fold amplitude highest

asymmetry within the pre-
Cretaceous section

_where underlying salt
structure has greatest relief

.

“Symmetric fold over

‘symmetric graben

NE

I

top Hordaland

top Rogaland
top Chalk

top Hod Fm

top Cromer Knoll
top Humber

top Zechstein
top Rotliegend

End Albian reconstruction

4A 4A’ 4B 4B’ Figure 5.17: Serial sections 4A4A’, 4B4B’ and 4C4C’. The top Chalk
high that has been drilled in each section corresponds to the
Albuskjell oilfield. The observed geometry in 4B4B’ is
interpreted to be an inverted graben; the graben most likely
formed in response to an Early Cretaceous phase of salt

withdrawal/ salt wall collapse (see also figure 4.2b).

Vertical scale in TWTT corresponds approximately to two times
vertical exaggeration.
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Figure 5.18: Summary map shows locations where structural inversion has been identified in the Norwegian Central Trough. The areas exhibiting compression are superimposed
onto the Zechstein isochron (as figure 4.5) and the top Rotliegend fault interpretation (figure 4.3).
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Figure 6.7: Time thickness map for the Maastrichtian to Early Palaeocene section of the Chalk Group (Tor and Ekofisk Formations), annotated to show allochthonous chalk movements off
the uplifting Lindesnes Ridge and into the NE Feda Graben. Top Chalk salt piercements (pink) are superimposed on to the figure. There are thick Tor and Ekofisk sequences immediately
adjacent to some of the diapirs (e.g. Trud) and these thicks are indicative of salt movements (withdrawal and squeezing) synchronous with Tor and Ekofisk Formation deposition.
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Figure 6.9: Top Chalk Group dip-azimuth map and accompanying annotations.

"a) Dip-azimuth map. See text for discussion. Salt structures that pierce the top Chalk surface are shown in pink, and areas
without data are shown in blue. b) The sub-salt fault network (from figure 4.3); top Chalk relief is related to these lineaments,
but is also affected by the distribution of salt structures. c) Idealised pattern of radial and concentric tectonic fractures predicted
for an inversion monocline (e.g. Breiflabb Basin localities) d) Pattern of radial and concentric tectonic fractures predicted for the
crest of a salt diapir (€.9. West Feda Graben localities). Fracture patterns associated with the Lindesnes Ridge are most likely
include combinations of types in ¢) and d)
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Figure 7.7: Serial cross sections through forced folds of the southern Uinta Mountains. The pronounced variability in fold amplitude and
geometry is attributed to major lateral (along-strike ) variations in fault throw. An outcrop photograph of the Mitten Park faulted monocline (red
box in section EE’) is shown in figure 7.8.
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Figure 7.9: Fracture and bedding orientation data as measured from outcrops
within the SE Uintas study area. Strike and dip data were collected for bedding
(red), joints (black), and deformation bands (blue). The number of
measurements at each fracture locality is shown (n). Measurements are
tabulated in Appendix 2. See text for discussion.
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