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Evaporites precipitation order of seawater
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. Fig. 1. Present-day distribution of the Messinian eva- RO TR N A F30°N

3 porites across the Mediterranean (redrawn from Ryan,
5o\ 2009), and sites where Lago Mare fauna has been 20°E 25°F 30°E 35°E
identified (from Ryan, 2009; Tekin et al., 2010;

Bowman, 2011; Cipollari et al., 2013a, 2013b; Manzi

et al.,, 2014). The morphological basemap of the

Mediterranean region is compiled using GeoMapApp

(Ryan et al., 2009), and shaded using Caris Base Editor

(4.1). Coastline is from the International Bathymetric

Charts of the Mediterranean (I0OC, 1981). (For inter-

pretation of the references to color in this figure le-

gend, the reader is referred to the web version of this

article.)
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Fig. 3. Schematic drawing across the western and eastern
Mediterranean basins, illustrating the Messinian Salinity Crisis
seismic markers and units (from Roveri et al., 2014a, 2014b). On-
shore units: PLG = Primary Lower Gypsum; H = halite; RLG = Re-
sedimented Lower Gypsum; UG = Upper Gypsum; LM = Lago Mare;
Offshore units: LE = Lower Evaporites; LU = Lower Unit; H = Mes-
sinian Salt; MU = Mobile Unit; UE = Upper Evaporites = UU.
MES = Messinian erosional surface/marginal erosional surface. BS/
BES = Bottom Surface/Bottom Erosional Surface (or N-reflector),
TS/TES = Top Surface/Top Erosional Surface (or M-reflector). (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Mediterranean Sea

Sebkhat (or Sebkha) EI Melah, Tunisia in 2001, mostly dry. Note rectangular
industrial evaporite pans, probably for sea-salt production, upper right. Landsat 7 image.

Cebxa — NnpnbpexHble CONOHYaKku Ha cyLue

Coastal sabkhas — located in the upper intertidal to supratidal zone of arid coastlines and strongly influenced by water of a marine origin.
Continental sabkhas — occurring in inland areas of arid regions and influenced by ground water.
The accepted type locality for a coastal sabkha is at the southern coast of the Persian Gulf, in the United Arab Emirates
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Fig.44. Carbonate — evaporite intracratonic basins: sequence stratigraphic model for a basin with incomplete drawdown,

leading to basin-margin gypsum wedges (from Tucker 1991).
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1. highstand open basin, carbonate rim
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Fig.45. Carbonate — evaporite intracratonic basins: sequence stratigraphic model for a basin with complete drawdown lead-
ing to basin-fill halite (from Tucker 1991).
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Sarg 2001). The designation of sequence boundary in this diagram conforms with Posamentier and Allen (1999).
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XapakTepHble Mopdonorndeckme Tunbl CondaHbIX gnanupos (TwisS,
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CxemaTnyeckass Mmoaerb pa3BuUTuUS
Onanupos.
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Mopaenu cTpoeHuna ConaHou
MHTPY3UU U CONAHOUN NOAYLLKN.

A. ConsiHasi UHTpY3us

ronoBa

" wupuHa

ebicoma

cTBON (NbeaecTan) ananupa

LWMPUHA 30HbI
BOJOYeHuUs cnoe

KOpeHbL Ananuvpa

B. ConsiHaa noayLuka

ColidHadaA noAayLlika

(@ ocagkv ooananupoBOW MOKPLILLKK COnen
@ ocazkn HOPMUPOBABLLMECS CUHXPOHHO C POCTOM Auanupa
@ Hecornacve MapKupytoLLMe OKOHYaHWe pocTa auanupa



NHTepnpeTauns cencmmyeckoro npoduna ons pamoHa consHoro auanupa B
CesepHom mope (Davison et al., 2000a). Hag consiHelM guanvpom BUAHbI
cuctembl cbpocoB. BHyTpnmMmnoLeHoBOe Hecorracme CooTBETCTBYET (pase

nogbema gvanvpa u KOHceAUMEHTaUNOHHbIX AedopMaLlni.
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[MpMep CTpOEHUs1 BEPXHEN YAaCTU COSIAHOro Amanumpa u BMeLlatomx
nopopa B panoHe CesepHoro mops (Davison et al., 2000Db).
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[MpuMmepbl CTPYKTYPHbBIX KapT Ansl paroHOB CONAHbIX Anannpos B CeBepHOM
mope (Davison et al., 2000a). 3onnHum nposeaeHbl N0 rOPU3OHTY B KPOBIe
naneoueHa

% NpopbIB COMMU CKBO3b

iCKBa>KV|HbI KpOBIiO naneoueHa

MyHzo0 DS N c6pocosast 30Ha
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Radial and concentric faults mapped on various 3D seismic data attributes. All scale bars 1 km. (a) Radial faults in domed sediments above salt

diapir, North Sea (dip magnitude of mapped surface shaded). (b) Radial faults adjacent to diapir in layer that shows far field polygonal faulting, example
from a South Atlantic salt basin (coherence slice). (c) Sediment minibasins separated by salt walls, and extensional faults. Diapirs at wall intersections.
Seabed shaded bathymetry, Gulf of Mexico, after Diegel et al. (1995). (d) Radial faults and crestal conic graben, North Sea, coherence slice. (¢) Concentric
faults around rim syncline associated with mud withdrawal, Caspian Sea (horizon parallel coherence). (f) Concentric faults around cylindrical void

(crater), North Sea—analog for collapsed salt diapir conduit.



NHTepnpeTauns cencmmyeckoro npodouna ansa ConsaHoro Hagsura B CEBepHom
yacTtn MekcukaHckoro 3anuBa (Hudec, Jackson, 2006). B nogowse
HaZBUroBOM NIACTUHbI rPaBUTALMOHHOIO NPOUCXOXAEHNS MetoTcs conun. Mo
NX NOAOLLBE NMPOXOoANT OCHOBHAA HagBUrosasi MoOBEPXHOCTb. Hannune pamnos
N onNaToB B OCHOBaHUK TOSILLM CINOEB CBUOETENbCTBYET B NOMb3y HA4BUTOBOIO
XapakTepa 3Ton rpaHuubl.
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Cencmuyecknn npodusib U ero NHTepNpeTauns ans panoHa
CONSAHOKYNONbHOW TEKTOHUKM B CeBEPHOM MOpE B panoHe rpabeHa
LleHTpanbHbIn (Davison et al., 2000a). BK — ocHoBaHue mena.
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CEKyHObI

CEKYHObI

Cencmuyecknn npodusib U ero MHTepNpeTauns ans panoHa
CONSAHOKYNONbHOW TEKTOHUKM B CeBepHOM Mope (Stewart et al., 1996).
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[MpuMepbl MHTEpNpeTaumMnm ceMcMuyYeckux npodunen ang pamoHa consgHoro guanmpusma

Ha NacCMBHOW KOHTUHEHTanbHOW okpanHe Adpuke B panoHe AHronsl (Cramez, Jackson,

2000). A, b, B — pasHble crniyyaun n HapacTaHue rnybuHbl Ha KOHTUHEHTANbHOMO CKIoHa.
Ha paspese "b" oT4eTnIMBO BMOHa CBA3b CONMAHOIO AnannpmamMma 1 Da3BUTUS HaaBUIOB
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NHTepnpeTauns cemcMmyeckoro npodouna n gaHHbix bypeHus ang
[HenpoBckoro baccenHa, paspes rno nuHum I'ynanueka-I ytbl (panoH
[MonTaBbl) (CToBOA...). OTYETNMBO BbIAENAOTCS KPYMNHbIE COMNSAHbIE

avanupbl pasHon reomeTpun. Cornb No3aHeaeBOHCKas.

NHTepnpeTaums cencmmnyeckoro npodounnsa n gaHHblx 6ypeHmsa no nuHum N'ynaniska-lytu

CeBGE

-« 158 km -

19 Km




S5m0

S2=amao 530

S2m0m0

~S0ipmo

Structure map of kungurian salt
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Smooth thickness map of kungurian salt
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Block diagram showing schematic shapes of salt structures. Structural maturity and size
increase toward the composite, coalesced structures in
the background. (a) Elongated structures rising from line sources. (b) Structures rising
from point sources. Simplified from Jackson and Talbot (1991).
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Examples of hydraulic head-gradient analysis in salt tectonics.

(a) A laterally varying overburden thickness above a horizontal,
tabular salt layer produces a pressure head gradient from Point 1 to
Point 2 but no elevation head gradient. Salt will flow from left to right

along the pressure head gradient. The load variation may be produced
by sedimentation (e.g., a river delta) or deformation (a stack of thrust
slices at the left end of the section) or by erosion. (b) A uniform
overburden thickness above an inclined, tabular salt layer produces an
elevation head gradient from Point 1 to Point 2 but no pressure head
gradient. Salt will flow from left to right down the elevation head
gradient. (c) A uniform overburden thickness above a flat-lying salt
layer produces neither elevation nor head gradients, even though the
salt thickness varies. Salt remains at rest because there is no hydraulic
head gradient. Note that the shape of the base of the salt layer is not
important for producing a head gradient (although it may influence the
geometry of flow once it begins).
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Schematic diagrams showing the effects of displacement loading on preexisting salt structures. (a) During shortening, salt is loaded horizontally
by inward movement of one or both sidewalls. The horizontal displacement load then exceeds the vertical gravitational load, forcing salt to rise. In a
natural example, the salt would flow out over the sediment surface rather than form a vertical column. (b) In extension, the salt is unloaded horizontally
by outward movement of one or both sidewalls. The vertical gravitational load then exceeds the horizontal displacement load, so salt subsides.

(a) Uplifted salt

Displa cement
I load \

Original outline
of salt

Subsided salt

e = = —— — —

Displacement

' load

Original outline

L — of salt

QAd4004x



Sketch illustrating factors resisting salt flow. First, diapir rise requires deformation of the overlying roof. This
deformation is easily
accomplished if the roof is thin and weak but becomes progressively more difficult as roof thickness increases.
Second, salt is strongly sheared near
the edges of salt bodies during flow, which resists deformation. If a salt layer becomes too thin, flow is
inhibited.

Younger roof strata Older roof strata
much less deformed strongly deformed

Basemeant '/
Salt weld / QAd4003x

Salt, less
restricted flow

Salt, strongly
restricted flow

Sediments




Modes of diapir piercement, shown in schematic cross sections. The
overburden is brittle except in (e).

(a) Reactive piercement (d) Thrust piercement

(b) Active piercement (e) Ductile “piercement”

(C) Erosional piercement (f) Passive piercement




The cross-sectional shapes of passive diapirs are tied to the
relative rates of net diapir rise (salt rise minus erosion and dissolution)
and sediment aggradation. (a) Where diapir rise rate exceeds
aggradation rate, diapirs widen upward and may ultimately form
extrusive sheets. (b) Where diapir rise rate is equal to aggradation rate,
diapirs have vertical walls. (c) Where diapir rise rate is less than
aggradation rate, diapirs narrow upward and may ultimately become
completely buried. Modified from Giles and Lawton (2002).

(a) Diapir rise rate > Aggradation rate

(b) Diapir rise rate > Aggradation rate

(c) Diapir rise rate > Aggradation rate




Diapir piercement during regional extension. Diapirs do not
necessarily progress through all of these stages. The maturity of a given
structure depends on availability of salt, total amount of extension, and
relative rates of extension and sedimentation. Modified from Vendeville
and Jackson (1992a).
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Photographs of cross sections from physical models showing
stages of reactive piercement in extension, in the absence of
synkinematic sedimentation. Numbers above fault tips refer to the
order in which the faults formed. (a) Onset of extension. A small
reactive diapir forms in the footwall of a normal fault. (b) Faulting steps
inward to dissect the graben floor. Locus of reactive diapirism shifts
inward to lie beneath the thinnest part of the graben. (¢) Advanced stage
of reactive diapirism. (d) After the roof thins to the point where pressure
within the salt is sufficient for the diapir to actively force its way
through to the surface, the diapir emerges and becomes passive. The
former roof is preserved in steeply dipping flaps against the flank of the
dome. Modified from Vendeville and Jackson (1992a).
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Seismic examples of salt diapirs. (a) Reactive diapir in the Gulf of Mexico. Modified from Rowan et al. (1999). Reprinted bypermission of
AAPG, whose permission is required for further use, AAPG©1999. (b) Formerly passive diapir from the Gulf of Mexico, now buried. Passive
emplacementis inferred from the relatively undeformed reflectors abutting the diapir. The original image showed only half ofthe structure and has
been mirrored for consistency with other images in this figure. Modified from Hale et al. (1992). Reprinted by permission ofthe SEG. (c) Formerly
active diapir, Lower Congo Basin, Gabon. The active rise is recorded by the arched roof. Onlap of the crestal anticline indiates that uplift has ceased
for now. Seismic section courtesy of Total Astrid Marin Gabon and partners. (d) Allochthonous salt sheet, Gulf of Mexico. Thefeeder has either been
pinched off or is not on this line of section. Modified from Hodgkins and O'Brien (1994). Reprinted by permission of the SEG.
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Serial sections of a diapiric wall formed in an extensional physical model. The northern
section intersects a symmetric reactive diapir. In the
southern section, this diapir evolved further to form a passive diapir. The inward-dipping
array of normal faults above the diapir's pedestal reveals this
structure's extensional origin. Modified from Vendeville and Jackson (1992a).
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(a) Uninterpreted and (b) interpreted versions of a 3-D seismic section across a teardrop
diapir in the northern Lower Congo Basin, offshore
Gabon. The welded feeder has been reactivated as a thrust. Sediments adjacent to the
salt have velocities comparable to salt, so the image is minimally
affected by velocity pullup. Image courtesy of Total Astrid Marin Gabon.
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Four schematic models for salt-sheet advance. White lines within the salt
represent selected deformed markers from an originally rectangular
grid. The original grid was drawn at an arbitrary earlier time in sheet evolution,
so the deformed grid represents incremental, not finite, strain.
Modified from Hudec and Jackson (2006).
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Satellite image of the Garmsar salt nappe, an open-toed extrusive sheet in northern Iran. Eocene salt
has been carried up to the surface in
frontal thrusts of the Alborz Mountains. Erosion at the leading edge of this thrust complex has exposed
the salt, allowing it to extrude as an open-toed
sheet. This sheet is carrying and rotating rafts detached from the leading edge of the roof.
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Schematic forward models of salt tectonics during regional extension,
constructed using Geosec-2D.
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Schematic forward models of salt tectonics during regional shortening,

constructed using Geosec-2D.
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G. Grando, K. McClay / Marine and Petroleum Geology 21 (2004) 889-910
NW REGIONAL LINE 1 SE

TWT 1
(sec)

(sec) Sigsbee Escarpment

Frampton

Allochthonous Salt

[0 Basement I Louann Salt I inter-Growth I Post-Growth
[1 ] sub-salt [ ] Growth 1 Growth 2 $ SaltWeld

Regional NW-SE seismic profile across the Atwater Valley fold belt, showing the eastern geometriesof K2/Timon, Mad Dog and Frampton detachment folds. Notice the shape of the Frampton anticline
on its eastern part: a box fold with well-imaged kink bands on the fold limbs. The Sigsbee allochtionous salt sheet over-rides the landward portion of the folds, partially masking their seismic expession (location
of line shown in Fig. 2).



G. Grando, K. McClay / Marine and Petroleum Geology 21 (2004) 889-910

NW REGIONAL SEISMIC LINE 2 SE

Sigsbee Escarpment

Frampton

1"

M@ Basement B Louann Sait [ inter-Growth W Post-Growth

[ 1 ] Sub-salt [ ] Growth 1 Growth 2 ¢ SaltWeld

Regional NW-SE seismic profile across the Atwater Valley fold belt, showing the western geometriesof K2/Timon, Mad Dog and Frampton detachment frontal folds close to the Green Knoll diapir.
Frampton anticline to the west is a breached detachment fold characterised by a NW vergent thrustgult (location of line shown in Fig. 2).



G. Grando, K. McClay / Marine and Petroleum Geology 21 (2004) 889-910

(a) NW 3D INLINE 01 SE

[T ] sub-salt I Louann Salt [T ] Growth1
[N inter-Growth V] Growth2 [V Post-Growth

a) NW=SE trending seismic profile from the Frampton 3D survey showing the symmetric detachment boxXoeld in the eastern part of the area. A wellimaged
constant- width kink-band geometries developed in the pre-growth sequence. (b) Line diagram interptation of the seismic profile showing the major
megasequences. Small arrows indicate onlap and truncation geometry of stratal terminations on foldimbs.



M.G. Rowan, B.C. Vendeville / Marine and Petroleum Geology 23 (2006) 871-891

S
sec TWT

3-D, time-migrated seismic profile from the deepwater Espirito Santo Basin of Brazil. The Aptian salt and its allochthonous equivalent is in black,

the near-top Albian carbonates are in short white dashes, and an undated shallow horizon is in medium white dashes. Shortening at the basal detachment
level has a regular wavelength and is accommodated by the squeezing of diapirs and by folding and thrusting. Shortening above the allochthonous salt is
accommodated by smaller-wavelength folding because of the thinner section being deformed. Data courtesy of CGG Americas.
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Overview orrthe results of backstripping and salt redistribution for all time steé
extension and during Late Cretaceous inversion. The deformation intensity is largest during Late Getaceous inversion.
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900 M. P. A. JACKSON ET AL

(a) Halokinetic sequences (b) Inflation and deflation (c) Multiwavelength buckling
of autochthonous salt ; — N

Passive
diapir

Salt weld

(d) Epeirogenic uplift (e) Deep salt allochthons (f) Measured extrusion rates

—

(h) Overridden stocks (i) Strike—slip

~Uplift

Deformed stock

Fig. 1. Some concepts in salt tectonics recently discovered or improved: (a) halokinetic sequences around passive diapirs: (b) inflation and deflation of
autochthonous salt lavers; (¢) muliwavelength (A; and A,) compressional folding in thickening strata; (d) epeirogenic crustal uplift rejuvenating salt tectonics
on passive margins; (¢) emplacement of deep, old, allochthonous fringes: (f) directly measured rates of subaerial salt extrusion; (g) salt sutures; (h) surging
salt canopies overriding small stocks: and (i) strike-slip (here transtensional) enhancing or retarding salt diapirism.



(a) Extrusive advance

_ Dynamic bulge

/Salt glacier

(b) Open-toed advance

N N

Source layer exhausted
/ ° ®

® . - —If.l-\ PR I.".. PN —Iz-.l.\ PR - e~

(c) Thrust advance

RPOT Peripheral sediments
-

Fig. 6. Schematic cross-sections showing three ways in which salt sheets
can advance, depending on their state of burial. After Hudec & Jackson
(2009).
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Footwall flat
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S=s Roof-edge thrust
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(b) Sheetadvance oy erthryst salt
follows footwall
flat and becomes
S asaltflat
‘ [ N

Fig. 9. Schematic cross-sections showing how a thrust flat (a) can later
become a salt flat (b) as a salt canopy advances along the thrust. This change
creates ambiguities in interpreting a stepped base of salt.



(a)

Dynamic bulge (salt fountain)

Active feeder

(b)
Sag below regional
|- - _ _—Regional

—-"!’!!l,‘/lllll’"

Bulge above regional

No flow up feeder

Minibasin

” _—~No flow up feeder

Fig. 15. Schematic cross-sections showing how decay ol a dynamic bulge
of salt can create a minibasin. (a) Above an active feeder, the dynamic
pressure of rising salt supports a salt fountain. (b) After salt supply wanes,
the unsupported salt bulge sags by gravity spreading to form a Hat-topped
droplet of salt. The updip part of the salt surface sags below regional,
creating space lor a local depocentre. (¢) Sediments can gather in the
depocentre and further deepen it to form a minibasin. After Hudec et al.
(2009).



(a)

Sediment load decreases to right Low-density
water or air

(b)

No sediment load

Displaced salt czeates dynamic bulge

(d)

Prograding minibasin )
Extrusion

Fig. 16. Schematic cross-sections showing how the differential load of a

prograding sedimentary wedge can initiate a minibasin. (a) A wedge of
uncompacted sediments imposes a differential load because it 1s much
denser than adjoining air or water. (b) The differential load causes the thick
end of the sedimentary wedge to sink into salt, displacing salt scawards
(c) and (d). After Hudec et al. (2009).



(a) End Miocene

MNorthwest Poseidon minibasin Maximum sheet thickness ¢. 1000 m Southeast
Mlocane 4

- Upper Miocene
ower Miocene

Louann salt Pre-Miocene
. Deep subsalt

(b) End Pliccene Rafting impeded

Fliocene

\

(c) Early Pleistocene

Maximum sheet thickness ¢. 3700 m

2600 m structural buttress

Minibasin advances Sheet thickness ¢. 5200 m 1600 m sedimentary buttress

-

T T VE.x1

Fig. 20. Schematic restoration showing how a spreading salt canopy can carry an allochthonous minibasin seawards during the Pleistocene. (a) The original
Miocene location of the minibasin is unknown, but the restoration shows a stratigraphic gap into which the Miocene strata may have fitted. (b) The salt canopy
thickened by ponding against a late Miocene anticline, but this thickening was still not enough to carry the minibasin. (¢) Rapid aggradation of lower
Pleistocene sediments further thickened the salt canopy enough to transport the minibasin seawards. Vertical scale is only approximate but shows the initial
thickness of Louann salt as ¢. 4 km, a thickness used in other restorations (Peel et al. 1995). However, the autochthonous salt layer has been variably
inflated and defated, expelled to several canopy levels, and lost to the world ocean, so estimates of the original thickness are highly speculative.
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Fig. 3. Seismic profile from the Area A 3D seismic survey showing the deformed and layered Messinian evaporite

sequence, consisting of units M 1 -6, overlain by aless-deformed and partially decoupled post-Messinian succession and
underlain by relatively undeformed pre-Messinian strata.
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Figure 13. Schematic diagrams of the evolution of salt diapirs. a) Jurassic (201-154 Ma); b) Rijnland—Early Chalk Group (139-100 Ma); ¢) Upper Chalk Group (75—-61.6 Ma); d) Base
Lower North Sea Group (61.6 Ma); e) Middle North Sea Group (61.6—12 Ma); f) present day geometry.
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-1000

Rinjland Group
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Upper Germanic Trias
Group (Triassic)

Zechstein Group (Late
Permian)
Rotliegend Group
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45

Figure 6. Interpreted seismic cross section NW-SE through Salt Diapir A. The complex asymmetrical salt structure and the geometry of the overburden are illustrated here.
VPU = Velocity Pull Up; MTC = Neogene Mass Transport Complex. White dotted lines are key reflections, black dotted lines are unconformities. Glacial tunnel valley interpreted in

the top 400 ms. Above: vertical exaggeration x5; below: Vertical exaggeration x 1.5. Location of line in Figure 4a.
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Fig. 11. Time-migrated seismic reflection profiles illustrating intrasalt feeders, sheets and canopies, and synclinal flaps (red dashed line shows axial trace). (A) Martin (Fig. 9A);
below is a simple line drawing illstrating the intrasalt structure, based on a depth-converted seismic profile (VE = 1:1). (B) Martin (Fig. 9A); see Data Repository Item 2d for a simple
line drawing illustrating the intrasalt structure, based on a depth-converted seismic profile (VE = 1:1).(C) Freddie (Fig. 9D); below is a simple line drawing illstrating the intrasalt
structure, based on a depth-converted seismic profile (VE = 1:1). (D) Jimi (Fig. 9C); below is a simple line drawing illstrating the intrasalt structure, based on a depth-converted
seismic profile (VE = 1:1). (E) Jimi (Fig. 9C); see Data Repository Item 2e for a simple line drawing illustrating the intrasalt structure, based on a depth-converted seismic profile
(VE = 1:1).(F) Liam (Fig. 9B). (G) Liam (Fig. 9B); below is a simple line drawing illstrating the intrasalt structure, based on a depth-converted seismic profile (VE = 1:1). F = feeder;
S = sheet. See Fig. 5B for spatial context of diapirs. Vertical exaggeration (VE) is shown on the profiles.
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Fig. 1. Composite regional-scale cross-section of the north Angolan margin showing the extensional and contractional deformation domains and the type of individual structures.
See location of the two sub-lines 1 and 2 in the lower left insert (modified after Fort et al., 2004a). The two enlargements of the cross-section show the growth character of
structures since 100 Ma, in extension to the right and contraction to the left.
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Fig. 2. Block diagram indicating the location of the studied fault array related to the salt anticline to the east. Horizon displayed on the top of the block is the top of the Bryne

Formation. The colours on the sides of the block represent the age of the stratigraphy: Brown = Permian, Light red = Zechstein Supergroup, Purple = Triassic and Blue = Jurassic.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Seismic stratigraphy in the slope of the central Jequitinhonha Basin and seismic marker horizons of basinwide unconformities
used for interpretation of the 2D seismic
data in the study area.
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Interpretation of 2D seismic section D1. a) seismic section; b) seismic section with
interpretation; c) line interpretation.
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Detailed seismic sections and interpretations of extensional (a, b), mixed mode (c, d) and contractional salt structures (e, f)
observed in the seismic dip sections D1eD3.
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Shelf Silicone basin centre Deepwater basin

cm  AG EP Sb1 Sb2 Sb3 Mb1 - Mb2 Mb3 AS Section 26.5cm ";“

90 100 cm

Stratigraphic Marker: 336 hours ~ Lower Oligocene UC === 288 hours ~ Mid Eocene UC === 192 hours ~ Lower Paleocene UC === 72 hours ~Cenomanian UC === Pre-Silicone Basement

Representative sections of experiment JB4 (location shown in Fig. 12). Experiment scale (in cm) is comparable to the seismic
sections (in km) in accordance with

the geometric scaling factor. Silicone features and depocentres numbered sequentially from shelf to deepwater basin; D e diapir,

Df e late diapir collapse, Da e active diapir,

Sw e silicone wall, SF e silicone-cored fold, sF e early small-wavelength folds, BF e basinward listric fault, AG e asymmetric graben,
EP e expulsion rollover, Sb e silicone

withdrawal basin, Mb e minibasin, AS e aggradational deepwater sequence, : e primary silicone weld.
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Shelf Deepwater
W E
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: ; Frontal
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Contractional Diapir Polyharmonic Bivergente Salt-cored
with Reverse Fault Folds Reverse Faults Anticline km
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B Seismic Section

Stratigraphic/Seismic Marker:

Lower Oligocene UC ~ 336 hours === | ower Paleocene UC ~ 192 hours Top Basement \ Normal Fault
=== Mid Eocene UC ~ 288 hours == Campanian UC [ Silicone/Salt “\_ Reverse Fault
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Comparison of structural styles and depocentres in the JB4 experiment section (26.5 cm) and seismic interpretation of line D2.
Both sections show a comparable

structural architecture, e.g. polyharmonic folds, bivergent reverse faults, squeezed diapirs, minibasins and salt/silicone-cored
anticlines in the deepwater basin. Position of

experiment section shown in Figure 10 and in Figure 12. Due to technical limitations the experiment ended at the Lower Oligocene
equivalent experiment time when final kinematic

and depositional pattern were established. Consequently, structures in seismic section underwent an additional 24 Ma years

of shortening.



interlayered s,
impure A
evaporites

Upper Cretaceous

I

3
Cretaceous

- Cap rock
[ 2¢ Upper youngest halite
[ 24 Lower youngest haite
[ 2 Lower red peite
23 Younger potash

[] z3Haite

initial salt
thickness

increasing asymmetry and nearly symmetric
ol Salt E Overburden vorticity of internal structure internal structure {E‘

Vertical section

@ Relative rheology Vertical section|

E Less competent

i More competent
] ar

[oepiies]_

:
m

IREREREO000

overburden

Examples of intrasalt structures. (A) Natural diapir exposed in the Great Kavir, Iran (Jackson et al., 1990). The intrasalt stratigraphy here is similar to that in the Santos Basin,

with massive halite-dominated sequences being overlain by impure, interlayered evaporites (see Fig. 4). (B) Intrasalt structure revealed by mining of a natural diapir (H€anigsen-
Wathlingen salt dome, Germany) (modified from Schachl, 1987). Much of the intrasalt structure is inferred from limited three-dimensional coverage provided by galleries and
boreholes. (C) Physical model of intrasalt structure in salt rollers formed by thin-skinned extension (maodified from Brun and Mauduit, 2009). The strain markers were initially

vertical rather then horizontal so do not track bedding strain. However, these markers clearly reveal intrasalt vorticity. (D) Physical model of intrasalt structure formed in a simple

salt stock (Escher and Kuenen, 1929). Note extreme thickness changes in incompetent units (blue shading) caused by enhanced migration of material from these more mobile layers
from the source layer into the diapir. (E) Physical model of intrasalt structure in a density-neutral salt analogue inside a salt stock (modified from Jackson and Talbot, 1989). (F)
Physical model of a relatively simple internal (i.e. intrasalt) anticline formed at the end of a salt wall in a density-inverted salt analogue. Al-4 are analogues for the similarly named
intrasalt units referred to in the text. D j relatively low density, ductile layers; B j relatively dense, brittle layers. See Dooley et al. (2015b) for full details.
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Figure 8. (a) Uninterpreted and (b) interpreted seismic section Line 3 (see Fig. 5a for location) showing salt structures of the M block in the Southern Precaspian

Basin. Note the

asymmetric reflection geometry in the overburden on the salt diapir (right) could be characteristic of flip-flop’ salt structure, which is a type of salt structures
that bears similarity

to reactive salt diapir except that it is asymmetric and can itself drive normal faulting as it grows (Quirk and Pilcher, 2012).
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Conceptual model of the N kapp Basin

UPLIFT AND EROSION (Cenozoic)

- Cenozoic, Cretaceous, and Jurassic strata strongly truncated

- Salt structures are covered by glacial Quaternary sediments

REACTIVATION (Cenozoic)

- Reactivation caused by regional contraction (Nilsen et al., 1995)
- Syn-kinematic deposition of S10
- Marine fine grain silicilastics to fluvial environments of deposition

- Presence of salt-related sedimentary wedges

QUIESCENCE (Middle Jurassic - Late Cretaceous)

- Deposition of S8 and S9

- Organic-rich shales to fine grain silicilastics

LATE STAGES OF DIAPIRISM (Middle Triassic - Late Triassic)
- Low sedimentation rates vs salt supply ~ Conceptual model: deposition of 55,56, and 87
ir- | f: E)

- Exposure of salt structures Diapir-related al.vial fans

- Salt widening and divergent migration
of depocenters

- Deposition of Tabular Composite

Halokinetic Sequences (S5, S6, and S7)
E
- Third generation of rim-synclines !

- Total depletion of salt source layer at

the end of this period 10 Km Subsidence caused by third
generation of rim-synclines

MAIN STAGE OF DIAPIRISM
(Upper Early Triassic - Middle Tr ) o

Conceptual model: deposition of §3,54, and 85

- High sedimentation rates vs salt supply

kapp Basin
Salt-induced Gilbertg

- Deposition of Tapered Composite d:";s (:3] e’

Halokinetic Sequences (S3 and S4)

- Salt structures working as salt rollers

- Generation of primary and secondary
rim synclines .
= Prograding cinclorms +

- Major salt source layer depletion

- Inner shelf to fluvio-deltaic environments
of deposition with development of Gilbert-
deltas on salt rollers hanginwalls

(Glorstad-Clark et al.,
2010

Secohdary rim-synclines  Fine siliciclastics (F1) - /’
PRE-KINEMATIC (Late Permian - Lower Early Triassic)
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Deep-Waiér Gulf of Mexico

With 12 recently d deep-water di: ies and an aggressive leasing schedule for the Western

and Central Gulf of Mexico, exploration and production technology is being pushed to its limits. To meet

industry needs to image deeper and more obscure targets, TGS-NOPEC Geophysical Company has over 2.5 ; A

million km of 2-D and 88,000 km? of 3-D seismic data available in the Gulf, of which this line is an example. ?ﬁ:ﬂ?@:’m{;ﬂ”w nigis used to drill deep prospects i :x:‘shﬂ: :fm;.fm ::',m; :;Z:S;:: :::.; m\:d om
SW st AL - DANA POINT

CHINOOK CASCADE HELENA
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THE ONLY COMPLETE RTM re-processing gives a new look at the Gulf of
REGIONAL PERSPECTIVE Mexico Continental Margin

GulfSPAN Land GulfSPAN Offshore (RTM) s

5km
16,404ft

Main Foldout Line:
Louisiana - Keathley Canyon

1and data suppied by G and SEI

Imaged by GXT

Regiona GuitSPAN dip profile north to south from Central Loutsiana to Keathiey Canyon. This
oo

quivalent system:
@ major detachment surface accommodating Ofigocene and Miocene expansion updip and
the linked contraction o the south.

lines in the eastern Gulf of

Inset base map shows the location of seismic profile and the complete CUlfSPAN programn, fied

pro- e 5 = B signal for

rgins of the basin. > . L ETIT Y3 the subsolt deeper stata. Improved deep imoging should provide new
planning stage. i b T =" = 52 exploration targets.

o % =
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North Sea Renaissance

This example from the 2D North Sea Renaissance (NSR) seismic program is from the Norwegian Danish Basin. The
middle part of the section is dominated by 2-4 km of heavily structured Triassic sediments and Permian salt. The
parallel layers below the salt are assumed to represent the Rotliegendes Formation underlain by pre Permian sedi-
mentary basins and highs.

Desert Sandstones
The top of the deeply buried Rotliegendes Formation, extensive desert
degosis of Early Rermian age, is easily identified on the NSR regioral lnes
n spite of hyng beneath Upper Permian salt Few wells have driled through
these sandstones, and we know little of the Caboniferous, Devonian and
deeper strata

Deep Water Shales

The Cretaceous rests unconformably on Jurassic strata in the North Sea. It 1s 2
pronounced reflector that is diffcult to mss. The Jurassic below the reflector
consists of Upper Jurassic shales (source rock) or Middie Jurassic sandstones
reservoir rock] Along the caast of Dorset we find the type section for the Upper
Jurassic Kimmeridge shales

48 GEOExPro My 2007
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Petroleum Potential of the

Offshore
Namibe Basin

36 ceoexro OCTORER 2012

The frontier Namibe Basin holds tremendous potential for hydrocarbons.
The offshore West African basins have proven similarities with the
equivalent sediments of the Brazilian margin, both part of the Aptian Salt
Basin geological province, which formed as the Atlantic Ocean opened.

A GeoStreamer® dual-sensor regional 2D seismic survey, acquired in
2011 in association with Sonangol, covers the Angolan sector of the
Namibe Basin and has been used to improve regional understanding of
the tectonic evolution, geology and prospectivity of the Namibe Basin.

Sectionof a reak SR ikeline, showing salt-filled,
in the Angolan sector of the Nomibe Basin

Location map with position of PGS regional 20 MukiCient
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